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Abstract 

This thesis describes the strategies used to covalently immobilize iron porphyrin on carbon 

surfaces and attempts to improve its oxygen reduction reaction (ORR) catalytic performance 

in aqueous acid media. In order to develop a sustainable future for energy, ORR is one of the 

redox reactions that gain high interest for fuel cell development. Designing Pt-free materials 

as electrocatalysts with high efficiency, selectivity for H2O as the production (rather than H2O2) 

and high stability for ORR, especially in acid media, is the main goal. Immobilizing molecular 

metal complexes on the surface for ORR is one of the approaches. A few studies have been 

reported to immobilize iron porphyrin derivatives on surfaces for ORR catalysis, but there is 

lack of systematic study of their catalytic performance in acid medium. Not much work has 

focused on ORR enhancement by environment tailoring, and the degradation mechanism of 

metal complexes under ORR conditions remains unclear. To help address these issues, this 

thesis work identifies strategies to enhance the ORR performance in acid media catalysed by 

iron porphyrin immobilized on carbon surface. 

 

In this work, meso-tetraphenylporphyrin iron (III) chloride (FeTPPCl), a classic electrocatalyst, 

was chosen for ORR catalysis in acid medium. [FeTPP]+ was immobilized on glassy carbon 

and pyrolyzed photoresist film via imidazole (Im-Ar) axial ligand using post-coordination and 

pre-coordination approaches based on aryldiazonium ions grafting to form [FeTPPIm-Ar]+ film. 

[FeTPP]+ was also covalently bound to the surface directly via the porphyrin ligand (rather 

than via axial ligands) to form [FeTPP]+ film. 

 

For [FeTPPIm-Ar]+ film, among different strategies used in this thesis, the pre-coordination 

method was identified as the promising approach for [FeTPP]+ immobilization, as it provided 

a straightforward, simple and controllable way. The successful immobilization was confirmed 

by electrochemistry, spectroelectrochemistry, atomic force microscopy (AFM) and X-ray 

photoelectron spectroscopy (XPS). A wide range of surface concentrations (from 2×10-11 to 

3×10-9 mol/cm2) of electro-active [FeTPPIm-Ar]+ were obtained. By investigating the grafting 



 viii 

mechanism, redox grafting phenomenon was observed. It showed that the [FeTPPIm-Ar]+ film 

composition can be easily controlled by grafting potentials. 

 

During ORR catalysis in acid media, 70% of O2 was reduced to H2O2 for [FeTPPIm-Ar]+ film. 

Mixed layers of [FeTPPIm-Ar]+ with a second modifier were prepared to decrease the %H2O2 

produced by 10% under ORR condition, which improved the stability of [FeTPPIm-Ar]+ as 

confirmed by spectroelectrochemistry. 

 

Compared to [FeTPPIm-Ar]+ film, [FeTPP]+ film showed better ORR catalytic performance in 

terms of onset potential, peak current and %H2O2 produced. However, degradation was 

observed for both [FeTPPIm-Ar]+ film and [FeTPP]+ film. It was demonstrated that 

demetallation and reactive oxygen species produced from Fenton reaction are the two origins 

for degradation of immobilized [FeTPP]+ under ORR condition. 

 

Overall, this thesis work shows the robust and simple strategy for [FeTPP]+ surface 

immobilization, which can be applied to other metal porphyrin or phthalocyanine. The potential 

degradation mechanism proposed for immobilized [FeTPP]+ for ORR catalysis in acid media 

offers an insight into understanding other Pt-free metal complexes used for ORR catalysis. 

Importantly, it demonstrates the concept that using mixed layer with functional groups to tailor 

the environment of metal complex is a promising approach for ORR enhancement. 
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1. Introduction 

1.1 Carbon electrode 

Carbon materials such as graphite, diamond, and fullerenes, have been widely used as electrode 

materials for decades thanks to their well-known attractive characteristics, for example, low 

cost, relatively high chemical and mechanical stability, wide potential window, relative inert 

electrochemistry and active electrocatalysis for various redox reactions.1, 2 Due to structural 

differences, various carbon-based materials display different electrochemical properties. For 

instance, diamond is sp3 hybridized, graphite consists of stacked graphene sheets with sp2 

hybridized carbon atoms, and fullerenes are also formed from sp2 hybridized carbon but not 

planar graphene sheets. The most common carbon electrode is graphite, including amorphous 

carbon, graphene, glassy carbon (GC), carbon black, highly ordered pyrolytic graphite (HOPG) 

and pyrolytic graphite. 

 

In this thesis, GC and pyrolysed photoresist film (PPF) are the carbon materials used as 

working electrodes for surface functionalization, characterization and applications, and will be 

further described in the following sections. 

1.1.1 Glassy carbon 

GC is one of the most commonly used electrodes for electrochemistry, and is made by heating 

various polymers like polyacrylonitrile, under pressure in an inert atmosphere to 1000-3000 ºC 

until the heteroatoms are evaporated with only carbon remaining to form a disordered sp2 

structure.3 During the heat treatment, the graphitic planes formed are limited in size and the 

graphite structure cannot fully develop as the C-C bonds in the polymer backbone do not break. 

The interplanar spacing is about 3.6 Å.1 GC generally displays randomly intertwined ribbons 

of graphitic planes with many voids.4, 5 GC has good chemical resistance, stable microstructure, 

and thermal conductivity, allowing it to have various applications.6 For example, it is used for 

motor brushes manufacture, furnace elements,3 dental implants7 and electrode materials.1, 8 In 
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addition, the surface chemistry of GC has been characterized by Raman spectroscopy,9, 10 X-

ray photoelectron spectroscopy (XPS),11-15 and electrochemistry.13, 14, 16-18 The mixture of basal 

and edge planes gives GC reactive chemical sites, and making it is particularly interesting for 

electrode surface modification, which has been studied for decades. For instance, GC has been 

modified for catalysis,19-21 biosensing,22-24 and chemical sensing.25-27 Therefore, GC was 

chosen as the working electrode in this thesis work. 

1.1.2 Pyrolysed photoresist film 

Although GC electrodes are widely used in electrochemistry, the surface roughness of GC is 

normally 4.5-44 nm.28, 29 This roughness makes it impractical as a substrate when measuring 

the thickness of few nanometres of a surface film. A GC-like carbon material with lower 

surface roughness was developed by McCreery et al.30 and Kinoshita et al..31 PPF is fabricated 

by spin-coating photoresist onto a clean silicon wafer and pyrolysing in a tube furnace while 

flushing with forming gas (95% N2 and 5% H2). Two heating programs are generally used: (i) 

continuous heating of the photoresist directly to the required temperature at a constant rate, 

which was developed by McCreery et al.; (ii) heating by three-steps, and holding the 

temperature for a certain time at each step until the temperature reaches 1000-1100ºC.32 It was 

shown that the pyrolysis temperature, position in the furnace tube, and gas flow have a large 

effect on the properties of PPF.33 

 

The properties of fabricated PPF have been characterized by many techniques, including 

Raman spectroscopy, thermal gravimetric analysis (TGA), XPS, scanning electron microscopy 

(SEM), transmission electron microscopy (TEM), atomic force microscopy (AFM), four-point 

probe measurement and redox systems.28-30 After pyrolysis, the thickness of PPF is ~ 1-2 µm.28 

The best resistivity reported is 5.1×10-3 Ω cm after pyrolysis at 1100 ºC; this resistivity is close 

to that of GC.28 SEM shows a smooth surface for PPF without features, and TEM shows that 

PPF has graphite-like crystal planes in the amorphous carbon matrix. PPF has a root-mean-

square roughness of ~ 0.5 nm as measured from AFM.28 Ru(NH3)6
2+/3+ and Fe(CN)6

3-/4- have 

been used as redox probes to test the electron transfer kinetics on PPF surface. For example, it 
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was reported that PPF prepared by pyrolysis at 1100 ºC, has a 15 mV larger peak separation 

for Fe(CN)6
3-/4- than polished GC at 200 mV/s, but it is still comparable to GC.28 Since PPF 

has many attractive properties, such as low background current, comparable electron-transfer 

kinetics to GC for Ru(NH3)6
2+/3+ and Fe(CN)6

3-/4-, smooth surface and ability to be patterned,28, 

33 it is a low-cost alternative material for conventional carbon electrodes and chip design.34 In 

this thesis, PPF was fabricated by the three-step temperature program and used as an alternative 

electrode to GC for AFM film thickness measurement. 

1.2 Carbon surface modification 

1.2.1 Aryldiazonium salt grafting 

Surface modification attracts increasing interest as it can provide a low-cost and functional 

platform for material design aimed at specific real-world applications such as electronics,35, 36 

sensing,37 and catalysis. Aryldiazonium salts constituting an aromatic ring and diazonium 

group (Error! Reference source not found.),38 have been widely used for the preparation of 

covalently anchored, robust, nanoscale organic films on conducting, semiconducting and non-

conducting substrates, since the first demonstration by Pinson et al. in 1992.39 The synthesis 

of aryldiazonium salts is well established simply via a one-step diazotization from its 

corresponding aryl-amine compound by adding a nitrite source to generate a N2
+ cation under 

aqueous or non-aqueous conditions.40, 41 Aryldiazonium salts in aqueous solution are normally 

unstable at temperature > 5 ºC and pH > 2. As solids, tetrafluoroborate salts are stable and can 

be isolated with no risk of explosion.40 There are only a few commercially available 

aryldiazonium salts, such as 4-nitrobenzenediazonim tetrafluoroborate (NBD), 4-

bromobenzenediazonium tetrafluoroborate, 4-formylbenzenediazonium hexafuorophosphate 

and 4-aminodiphenylaminediazonium sulfate.42 However, many other aryldiazonium 

compounds with various functional groups can be simply synthesized as described above. 
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Figure 1.1 Chemical structure of aryldiazonium salt. R is the functional group and A- is the 

counter anion. 

 

Generally, surface modification using aryldiazonium salts can be achieved via isolated 

aryldiazonium salts and also using in situ generated aryldiazonium salts from aromatic amines 

in the presence of sodium nitrite (NaNO2) in acidic media,42-44 or tert-butylnitrite (tBuNO2) in 

acetonitrile (ACN).44, 45 Various methods can be used for aryldiazonium grafting, including 

using reducing substrates, reducing agents, neutral and basic media, ultrasonication, heating 

and microwave, mechanical grafting, photochemistry and most commonly, electrografting.46 

For most of the methods, aryldiazonium salts lead to surface modification via a reduction step, 

which produces aryl radicals that bond to the surface, giving an aryl layer (Scheme 1.1). 

Spontaneous formation of diazoate and its decomposition in neutral or basic media also gives 

rise to aryl radicals.47 Some evidence indicates that the spontaneous heterolytic cleavage of the 

C-N2
+ bond gives an aryl cation, as shown in Scheme 1.2.48 This cation may lead to surface 

grafting, however, the mechanism has not been fully understood yet.49 In this thesis, 

aryldiazonium salts were all electrografted to surface, so spontaneous grafting will not be 

further discussed. 

 
Scheme 1.1 Grafting of substituted aryl group by reduction of diazonium cations. 

R

N2+A-

R

N

N

R

Carbon surface

R

Carbon surface

.
+ e-

- N2
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Scheme 1.2 The formation of an aryl cation via heterolytic cleavage of C-N2
+ bond. 

 

Electrografting is a simple and widely used method to generate aryl radicals, and was used in 

this thesis work. Figure 1.2 shows a typical electrografting cyclic voltammogram (CV) for 

NBD, which was obtained on a carbon surface in acidic solution. As shown on the CV, there 

is a clear broad reduction wave on the first scan, which corresponds to the 1 e- reduction of the 

aryldiazonium ion. Sometimes a pre-peak can be observed, which has been assigned to the 

surface-catalysed aryldiazonium ions reduction on a clean carbon surface.50 No reduction 

process is seen on the second scan because the insulating aryl multilayer is formed during the 

first scan blocks electron transfer.51 This is one of the characteristic indications of grafting an 

organic layer on the surface from aryldiazonium salts. In addition to CV, chronoamperometry 

is used for electrografting. After grafting, ultrasonication needs to be applied to remove non-

covalently bound compounds. For NBD, during its electrografting process, spontaneous 

grafting can occur at the initial stage.52 

 

Figure 1.2 Electrografting of 10 mM NBD in 0.1 M H2SO4; first (black) and second (red) cycle 

on GC at a scan rate of 200 mV/s. 

 

R N2 R N2+
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Surface modification via aryldiazonium salts can provide strong and stable bonding to many 

materials. The aryl layers are stable after six months on GC and silicon substrates and also 

under ultrasonication in various solvents.53 TGA and XPS measurement confirmed the aryl 

layers are stable to at least 300 °C.53 It also shows the electro-stability and stability to soft X-

ray irradiation.53 Compared to physisorption, aryl layer is more stable, which is due to covalent 

bonding between the modifier and the substrates.41 In addition, aryl layers with terminal groups, 

such as amine,54 carboxyl55 and alkyne groups,56 provide a reactive platform for post-

functionalization with selected species, such as biomacromolecules, nanoparticles, metal 

complexes and polymers, aimed at specific real-world applications.38 These advantages make 

aryldiazonium salts appealing for surface modification. 

1.2.1.1 Multilayer formation from aryldiazonium salts 

It is well-known that the reduction of aryldiazonium ions leads to the formation of aryl layers. 

However, if no strategy is applied to control the growth of the grafted layer, it can produce a 

disordered multilayer on the surface. Multilayers can be grafted on surfaces during both 

electrografting and spontaneous grafting. 

 

The mechanism for multilayer formation during aryldiazonium ions grafting has been proposed 

as shown in Scheme 1.3.57 Firstly, in step R1, two aryldiazonium ions are reduced via 1 e- 

transfer to form two aryl radicals. One of the radicals attacks the surface through reaction R2 

to form a covalent bond, and the other radical attacks the grafted aryl group 2 to form a 

cyclohexadienyl radical 3 in step R3. Then, two possible pathways can occur: (i) form a pure 

polyphenylene layer through reactions R4 and R5. In step R4, an electron exchange reaction 

occurs, leading to re-oxidation of the cyclohexadienyl radical and reduction of an 

aryldiazonium ion; (ii) an azo bond is formed in the film, which is attributed to the reaction 

between a diazonium ion and the cycohexadienyl radical 3. The radical cation 6 formed via R6 

is then reduced via step R7 to produce neutral species 7. The reduction reaction could occur 

through an electron exchange with the conducting substrate or through an electron transfer 

from an aryl radical. R8 shows the re-oxidation of the cyclohexadiene with formation of the 
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aromaticity. The same steps are then continued to form a polyphenylene layer containing azo 

linkage, as shown in step R9. 

 
Scheme 1.3 The proposed mechanism for the formation of a multilayer on a conducting 

substrate. Reproduced with permission from reference 57. Copyright (2007) American 

Chemical Society. 

 

The thickness is dependent on the nature of aryldiazonium salt, its concentration, electrolysis 

time and applied potential or potential range used for electrografting.53 Typically, the aryl 

layers have a thickness from 1 to 20 nm.58 The film growth is self-limiting: as the film grows 

thicker the electron transfer through the film becomes more and more difficult and finally 

stops.46 However, if the aryldiazonium ion contains redox active groups such as nitrobenzene, 

anthraquinone or benzophenone, thick films can be obtained via redox grafting. The film can 

continuously grow by sweeping to potentials where reduction of the redox active groups occurs, 

leading to electron hopping through the film and reduction of aryldiazonium ions in solution.59-

62 
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The grafted aryl layer has been characterized by AFM,63-65 XPS,66 and electrochemistry.64-66 If 

the layer incorporates electro-active groups, it is possible to measure the surface concentration 

(Γ) of the electro-active groups directly.53 For example, nitrophenyl (NP) groups on surface 

grafted from NBD can be reduced to hydroxylamine via 4 e- and further reduced to amine via 

another 2 e-.65 Thus, NBD is widely used for fundamental study of aryldiazonium ion grafting. 

The reduction peak area can be used to calculate the surface concentration of NP groups grafted. 

Ferrocene (Fc) is an electro-active species, undergoing 1 e- transfer, which can be immobilized 

on the surface and its surface concentration can be calculated from Fc/Fc+ redox peaks. The 

grafted aryl film thickness can be quantified using ellipsometry and AFM depth profile 

measurement. AFM film thickness measurement involves using an AFM tip to scratch a section 

of film grafted to a PPF surface and then imaging across the scratch area to measure the depth 

and hence the film thickness. This technique was used in this thesis work.  

 

As reported by the Downard group, for NP film grafted on PPF, a linear relationship between 

surface concentration and film thickness was found for low film thickness, which suggests the 

film grows with constant density and all NP groups are electro-active.65 Calculated from the 

slope of the plot and molecular length of NP, the surface concentration of a NP monolayer 

equivalent was estimated to be (2.5 ± 0.5)×10-10 mol/cm2, which can be applied to other para 

substituted phenyl derivatives at a very smooth substrate.65 However, the linear relationship 

between surface concentration and film thickness can only be used for films thinner than 4 nm, 

because it was reported that above 4 nm, the measured surface concentration of NP groups did 

not change with film thickness, suggesting that a part of the NP groups was not electro-active.65 

In another study, the upper limit of surface concentration of a modifier based on Au atom was 

estimated to be 3-4×10-10 mol/cm2.67 Additionally, theoretical calculations have been carried 

out for NP films showing that the theoretical maximum surface concentration of a monolayer 

on an ideal flat surface is 4.9×10-10 mol/cm2 using a free-rotation model and circular footprint, 

and 9.5×10-10 mol/cm2 assuming a no-rotation model and elliptical footprint. As these two 

models are the two extremes, the experimental value is expected to be in this range.68 Although 
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the theoretical value commonly assumed throughout the literature for NP film is ~ 12×10-10 

mol/cm2, no details were given of how this value was obtained.69 These experimental and 

theoretical surface concentration values demonstrate that film grafted from aryldiazonium salts 

is not close-packed. Based on an experimental surface concentration of 2.5-4×10-10 mol/cm2 

per monolayer thickness of film, and a theoretical close-packed value of 4.9×10-10 mol/cm2 and 

9.5×10-10 mol/cm2, the experimental packing is 30%-80% of a close-packed layer on a flat 

surface.  

 

In addition to surface concentration and AFM measurement, the grafted aryl film can be 

qualitatively assessed using solution-based redox probes, such as Fe(CN)6
3-/4-, Fc and 

dopamine, to monitor and compare the film structure change during modification processes. 

These experiments are important as it can be a clear indication of the presence of a grafted 

layer on the electrode surface if a redox probe is partially or completely blocked.53 This 

characterization method is based on the effects of insulating aryl layers on electron transfer 

rates for the redox species as shown in Equation 1.1, where k is the rate constant, k0 is the 

standard heterogeneous rate constant, x is the thickness of the blocking layer, and β is a 

tunnelling parameter dependent on the nature of the blocking layer.70  

 

 

It is shown that the electron transfer rate constant relies on the blocking film thickness: 

increasing blocking film thickness will decrease the electron transfer rate. As the electron 

transfer rate between electrode and redox probe decreases, the peak separation (∆Ep) of a CV 

increases and meanwhile peak current decreases.71 For instance, as reported by Downard et al., 

before grafting with NBD, PPF had ∆Ep = 80 mV for Fe(CN)6
3-/4- at 200 mV/s, and after 

grafting, the peaks of this redox probe did not show in the measured potential range between 

0.0 and 0.75 V vs saturated calomel electrode (SCE).64 An increase in the peak separation 

indicates a blocking layer has been grafted on the surface.  

 !(#) = 	!!(# = 0) exp(−,#) Equation 1.1 
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Electrochemical impedance spectroscopy (EIS) involving redox probes can also be used to 

characterize the grafted layer by recording a Nyquist plot. It is possible to extract the charge 

transfer resistance (Rct) and capacity of the grafted film from the plot. For example, it was 

reported that Rct increased from 570 Ω for unmodified GC to (0.3-3.0) × 105 Ω for GC grafted 

with NP film from electrolysis at applied potentials of Egraft= Ep - 200 mV for 300 s using Fc 

(5 mM) as the redox probe in 0.1 M tetrabutylammoniumtetrafluoroborate in ACN solution 

([Bu4N]BF4-ACN).72 Although this method gives information on the blocking properties, in 

general, the disorganized structure of the layer means that details such as the presence of 

pinholes in the layer, and the thickness and structure of the layer in particular solvents cannot 

be obtained directly from such measurements.53 

 

XPS is also commonly used to study the elemental composition and oxidation states of the 

grafted film. XPS analysis has provided confirmation of the presence of azo linkage with the 

binding energy at ~ 400 eV in the multilayer films,57, 63, 66, 73, 74 which arises from the film 

grafting mechanism as shown in Scheme 1.3. In some cases, XPS has been used to calculate 

the relative surface coverage of the modifiers75 and the film thickness.76  

 

Fourier-transform infrared spectroscopy (FTIR) is also commonly used to identify functional 

groups in the layers on the surface of metal or semiconductors based on molecular vibration of 

the film.48, 77 

1.2.1.2 Monolayers grafted from aryldiazonium salts 

As discussed above, the film structure grafted from aryldiazonium salts is usually a loosely-

packed and disordered multilayer. The multilayers are not ideal for further functionalization of 

the surface. For example, Breton et al. coupled -COOH group functionalized (2,2,6,6-

tetramethylpiperidin-1-yl)oxyl (TEMPO) to monolayer and multilayers of aminophenyl films 

and investigated the interface reactivity of TEMPO.78 They showed that TEMPO immobilized 

on a monolayer had faster electron transfer kinetics, better stability and better electrocatalytic 

performance for phenethyl alcohol oxidation than on multilayers.78 In addition to allowing 
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faster electron transfer between grafting species and electrode surface, a monolayer provides a 

better-defined structure for further coupling to other functional molecules for particular 

applications.79 

 

For the preparation of monolayers, experimental conditions can be adapted to prepare thin aryl 

layers by controlling the charge consumed during the grafting process.53 For instance, it can be 

achieved by adjusting potential ranges, grafting times, solvent and concentrations to obtain 

monolayer or near-monolayer films. However, generally, it is not sufficient to give strict 

monolayers.80 Four main strategies have been developed to prepare aryl monolayers or near-

monolayers. These are based on the use of protection-deprotection strategy, redox cross 

reaction, ionic liquids and steric constraints. However, confirmation that a “real” monolayer 

has been formed is challenging; evidence is best obtained from measurement of layer thickness 

by AFM or ellipsometry.81 

1.2.1.2.1 Monolayers formed from the protection-deprotection method 

In an example of this strategy, the ethynyl (H-Eth) aryldiazonium ion was protected by the 

triisopropylsilyl (TIPS) group. As shown in Figure 1.3, after deprotection, the monolayer 

contains H-Eth as the terminal group. AFM depth profiling on modified PPF showed a layer 

thickness of 0.65 ± 0.18 nm, consistent with a monolayer. Alkyne and azide groups are very 

useful for post-functionalization as they react via copper-catalysed azide-alkyne cycloaddition 

(CuAAC), which is a rapid “click” reaction with high yield. Azidomethylferrocene was clicked 

to the H-Eth-Ar layer, allowing electrochemical calculation of the surface concentration as 

4.4×10-10 mol/cm2. It is assumed that this value corresponds to the surface concentration of the 

H-Eth-Ar monolayer.82 

 

In addition, Hapiot et al. used different sizes of protection groups, including trimethylsilyl 

(TMS), triethylsilyl (TES), and TIPS, to obtain monolayers.83 It was confirmed that the size of 

TMS (the smallest protection group) is enough to stop the multilayer formation. The different 

sizes of protecting groups resulted in variously sized pinholes in the monolayers. Thus, the 
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protection-deprotection strategy is an effective method to prepare H-Eth-Ar monolayers and to 

possibly control the density of the functional group, which can be further coupled with azide 

groups via CuAAC click reaction.83 The sparse monolayers also offer an opportunity to prepare 

mixed functional layers by adding a second modifier to the space between H-Eth-Ar groups. 

 
Figure 1.3 Approach for preparation of aryl monolayer with terminal group of alkynes. TBAF 

refers to tetra-n-butylammonium fluoride and click chemistry refers to the CuAAC reaction. 

Reproduced with permission from reference 82. Copyright (2010) American Chemical Society. 

 

Another example of this approach is preparing NH2-terminated monolayers from tert-

butyloxycarbonyl (Boc) and fluorenylmethyloxycarbonyl (Fmoc) protected aryldiazonium 

ions on GC and PPF.54 This method gives NH2-terminated monolayers, which can be further 

functionalized. Scheme 1.4 shows that the monolayers are further coupled with Fc or NP 

groups. Film thickness measurement showed that after deprotection, both Fmoc and Boc 

groups gave monolayer with film thickness of 0.4 ± 0.3 nm when n = 0, whereas, only Fmoc 

resulted in a monolayer when n = 1. The surface concentrations of the deprotected group on 

GC were estimated using Fc via amide coupling reaction activated by oxalyl chloride, giving 

(3.3 ± 0.1)×10-10 mol/cm2, (2.9 ± 0.2)×10-10 mol/cm2 and (2.5 ± 0.2)×10-10 mol/cm2 for Boc-

NH-Ar, Fmoc-NH-Ar and Fmoc-NH-CH2-Ar, respectively,54 which are close to the surface 
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concentration of a monolayer obtained from NP film as mentioned before, suggesting that the 

these NH2-terminated monolayers are loosely-packed. 

 
Scheme 1.4 Strategy for preparation of amine-terminated monolayers and then coupled to Fc 

and NP groups. Reproduced with permission from reference 54. Copyright (2015) American 

Chemical Society. 

 

Aryl monolayers with -COOH and -OH terminated groups could also be prepared by the 

protection-deprotection route. It was reported that the -COOH group can be protected by 9-

fluorenylmethanol (FmOH) and after grafting, the layer was deprotected in piperidine/DMF 

solution.55 The -OH group was protected using TIPS and deprotected in TBAF to obtain a 

sparse -OH monolayer, which was further reacted with Fc derivatives via mesylation, azidation 

and CuAAC click reaction.84 

1.2.1.2.2 Monolayer formed using redox cross reaction 

The aryl layer growth also can be controlled by using redox cross reactions with added redox 

species. In the first example, 2,2-diphenylpicrylhydrazyl (DPPH) was used; the proposed 

mechanism of one redox cross reaction is shown in Figure 1.4. DPPH is reduced at a 

sufficiently negative potential, giving DPPH- at the electrode/solution interface. DPPH- 

diffuses and quickly reacts with NBD cation near the electrode surface, decreasing its 

concentration to inhibit grafting. It was found that the surface concentration of NP can be 

controlled at a value of 2×10-10 mol/cm2. The reactivity of 2,3-dichloro-5,6-dicyano-p-

benzoquinone (DDQ) was also assessed using the same method, giving 1.5-2×10-10 mol/cm2 

for a NP film. These surface concentrations are close to the monolayer or sub-monolayer film 
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grafted from NBD as mentioned above. This method can be potentially applied to any the stable 

mediator which has a more negative reduction potential than the aryldiazonium ions.85 

 
Figure 1.4 Proposed mechanism of grafting inhibition by redox cross reactions. Reproduced 

with permission from reference 85. Copyright (2018) Wiley-VCH Verlag Gmbh & Co. KGaA, 

Weinheim. 

 

Breton et al. also proposed that superoxide ions produced from O2 at the grafting potential can 

sufficiently decrease the diazonium ion concentration at the surface/solution interface to give 

thin films. NP film was grafted to GC from O2 free and air-saturated solution and its surface 

concentration was compared. For film grafted from O2 free solution, the surface concentration 

of NP groups increased with more negative potential using chronoamperometric modification. 

In air-saturated solution, an ultra-thin film with Γ = 4-5×10-10 mol/cm2 was obtained at 

potentials below -0.6 V vs Ag/AgNO3. In addition, the film grafted from -0.8 V was measured 

with a thickness of 0.62 ± 0.15 nm, consistent with a monolayer or sub-monolayer of NP film. 

This method was also applied to 1-anthraquinone diazonium ion, 4-bromobenzenediazonium 

ion and 4-(2-aminoethyl)benzenediazonium ion.86 Thus, it can potentially apply to all 

aryldiazonium salts with a reduction potential less negative than that of O2. 

1.2.1.2.3 Monolayer grafted from ionic liquid 

Using ionic liquid as the solvent for grafting was also proposed for monolayer preparation. As 

reported by Ghilane et al.,87 1-ethyl-3-methylimidazolium bis(trifluoromethylsulfonyl)imide 

was chosen as the solvent for grafting NBD. Using the same conditions of forming multilayers 
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in other media, it was found that surface concentration of the formed film in ionic liquid was 

consistent with a monolayer. However, only a few examples88, 89 have reported to prepare aryl 

monolayers using this strategy. The mechanism for stopping multilayer formation is not fully 

understood and not enough evidence to confirm the formation of a real monolayer.87 

1.2.1.2.4 Monolayer grafted using steric constraints 

Another strategy reported for monolayer preparation is based on steric constraints. It blocks 

different positions on the aryl ring to prevent the formation of multilayers.90 For example, as 

shown in Scheme 1.5, it was reported that a near-monolayer film could be formed if the 3- and 

5-positions of the aryldiazonium ion are replaced with tert-butyl groups.81, 90 However, other 

substituents, such as 2-,3-,4-trimethyl; 2-methoxy; 3,5- and 2,4-dimethyl; 4-tert-butyl; 3,5-

bis(trifluoromethyl), and pentafluoro are not sufficient for monolayer preparation.91 Thus, it is 

quite challenging to hinder the multilayer formation using this method. Another limitation of 

this method is that further functionalization of the layer is not possible. 

 
Scheme 1.5 Electrografting of diazonium salts and formation of (a) multilayer and (b) 

monolayer. Reproduced with permission from reference 90. Copyright (2008) American 

Chemical Society. 

 

On the basis of strategies reviewed above for monolayer preparation, the protection-

deprotection approach has the advantages that a real monolayer can be reliably prepared and 

the monolayer is suitable for post-functionalization. This approach is also best-suited to prepare 
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mixed layers with the grafting of a second modifier into the pinholes.56, 92, 93 Thus, in this thesis 

work, the protection-deprotection method was used to prepare monolayers on surfaces. 

1.2.1.3 Mixed layers formed from aryldiazonium ions 

Preparation of layers containing at least two different modifiers (mixed layer) offers the 

opportunity to incorporate several reactive groups on the surface, to effectively dilute a reactive 

molecule or to tailor the environment of a reactive molecule on the surface. However, when 

simply grafting from mixtures of aryldiazonium salts, due to the high and unselective reactivity 

of aryl radicals, it is difficult to control the structure of obtained mixed layers if no special 

precautions are taken. Several studies have demonstrated different strategies to obtain mixed 

layers from aryldiazonium salts with controllable surface composition. For example, a step-

wise grafting method was designed by Hapiot’s and Downard’s groups (Scheme 1.6).56, 68, 94 

Protected diazonium salts, with H-Eth, -COOH, and -NH2 substituents, were firstly grafted on 

the surface and followed by backfilling with grafting of NBD to form a mixed layer. The 

obtained binary film was characterized by post-functionalization with Fc and AFM thickness 

measurement.56, 68 However, the second layer was grafted without protection, so mild grafting 

conditions were necessary to avoid multilayer formation.94 

 

Scheme 1.6 Step-wise method for preparation of mixed layers using the TIPS-Eth-GC surface 

as the starting layer. Reproduced with permission from reference 94. Copyright (2011) 

American Chemical Society. 

 

A one-pot electrografting method was also reported to prepare mixed monolayers with 

controlled composition from in situ electrografting of two different calix[4]arene-
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tetradiazonium salts. These calix[4]arenes have four aryldiazonium functions on their wide 

rims, and can form close-packed monolayers on the surface because the aryl groups in the 

narrow rims are protected from radical attack. By decorating the rims with different functional 

groups and adjusting the relative concentrations of each compound, films with controlled 

composition can be grafted. The resulting films were post-functionalized with Fc as shown in 

Figure 1.5.92 

 

Figure 1.5 Post-functionalization of calix[4]arenes mixed layer with Fc. Reproduced with 

permission from reference 92. Copyright (2014) American Chemical Society. 

 

Scheme 1.7 Preparation of mixed layer by post-functionalization of an azide-terminated film 

with different -Eth derivatives. PMDETA refers to N,N,N′,N′′,N′′-

pentamethyldiethylenetriamine. Reproduced with permission from reference 95. Copyright 

(2018) American Chemical Society. 
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Alternatively, mixed layers can also be fabricated through post-functionalization of a single 

component aryl layer with mixtures of two reactive species. For example, as reported by Breton 

et al., mixed layers were obtained from an azidophenyl layer. The binary film composition was 

adjusted by reacting the layer with mixtures of H-Eth derivatives as shown in Scheme 1.7.95 

1.2.2 Spontaneous amine grafting 

In addition to aryldiazonium ion grafting, primary alkylamine derivatives can be directly 

immobilized on the surface via a spontaneous reaction. The proposed mechanism is shown in 

Scheme 1.8. The amine acts as a nucleophile and undergoes a nucleophilic addition reaction, 

which is a Michael-addition reaction.96 The modification can be simply done by dipping the 

substrates into the concentrated amine solution for a certain time. Gallardo et al. modified GC 

and metallic surfaces (Au, Pt, Cu and Fe) with different amine derivatives, including 

nitrobenzylamine, n-hexylamine, 11-aminoundecanoic acid and cyclohexylamine. The 

modification was characterized by IR, XPS and electrochemistry. IR spectroscopy confirmed 

that a NH stretch was observed from the film on metal substrates. In XPS, secondary amines 

were detected for films grafted from primary amine, and quarternary ammonium was detected 

for films grafted from dimethylaminomethyl ferrocene. After grafting, the electrochemistry of 

NP film was tested and the surface concentration of NP group was recorded on GC and metallic 

surfaces. The surface concentration of NP groups was dependent on the solution concentration, 

spontaneous grafting time and the extent of oxidation of the substrates. Monolayer of NP (Γ = 

1.4×10-10 mol/cm2) was obtained on GC by using low amine concentration (i.e 5 mM) and short 

reaction time (i.e 30 min). Multilayer was prepared by using high concentration and long 

reaction time to reach Γ ≈ 7.5×10-10 mol/cm2 for NP layer.96 Aminomethylferrocene was also 

directly immobilized on a polished GC from different solvents (ACN, N, N-

dimethylmethanamide (DMF) and dichloromethane (DCM)) by the Downard group.97 Dense 

monolayers were grafted on GC using ACN as solvent and sub-monolayers were formed in 

DMF and DCM.97 
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Scheme 1.8 Mechanism of primary amine attachment on a carbon surface with carbon bouble 

bonds, where Z stands for the electron withdrawing groups and. Reproduced with permission 

from reference 96. Copyright (2006) American Chemical Society. 

 

Although this surface modification method is not as efficient as electrografting at the equal 

reaction time, it still deserves some interest. It is a simple and straightforward method, and 

additionally, a large variety of amine derivatives are commercially available. Functional groups 

like -COOH can be introduced on surfaces via this method. Moreover, dense monolayers and 

sub-monolayers can be grafted on the surface via this method, which makes it appealing for 

mixed layers preparation. Therefore, in this thesis work, spontaneous amine grafting was also 

used to form mixed layers. 

1.3 Post-functionalization of aryl layer with metal complexes 

As outlined above, well-defined monolayers can be prepared and post-functionalized through 

on-surface chemistry.38 Monolayers terminated with amine, ethynyl, and carboxyl groups can 

be used to immobilize functional molecules such as polymers, metal complexes, and 

nanoparticles with potential applications including electrocatalysis, energy conversion and 

storage, and sensors. The immobilization of metal complexes will be further discussed below. 

In the past decades, thanks to the rich chemical and physical properties, natural and synthetic 

metal complexes have been widely used in various areas. For example, haemoglobin and 

vitamin B12 play essential roles in biological processes. The intense colour of metal complexes 

enable them to be widely used in dye and pigment industry. In addition, due to the grand 

challenges of developing a sustainable future for energy and arresting climate change, metal 
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complexes become increasingly investigated as catalysts for H2 evolution reaction (HER), O2, 

CO2, H2O2 and hydrazine reduction reactions, amine oxidation, water oxidation, and 

hydroamination reactions. 

 

Metal complex surface immobilization is particularly interesting as it offers multiple 

advantages. For example, fewer molecules may be required, bimolecular deactivation or 

decomposition can be avoided, and the structure and properties on the surface can be 

investigated. However, immobilizing metal complexes on surfaces could be challenging. 

 

Aryldiazonium ions have been used for covalent immobilization of metal complexes. The 

metal complexes may be prepared as a diazonium ion derivative and directly grafted to the 

substrate, or step-wise procedures can be used. Examples of direct attachment of metal 

complexes have reported. As shown in Figure 1.6, Ni tetraphenylporphyrin (NiTPP) has been 

grafted on GC surface from its isolated diazonium ion [NiTPPN2
+]BF4

- formed from 5-(p-

aminophenyl)-10,15,20-triphenylporphyrinatonickel(II).98 It has also been achieved by 

grafting the Ni porphyrin diazonium ion formed in situ.99 In addition, this method was used to 

immobilize Ru complex on single-walled carbon nanotubes (SWCNTs).59 

 
Figure 1.6 Immobilization of NiTPP on GC surface from isolated [NiTPPN2

+]BF4
-. 

 

For the step-wise method, three main strategies have been used: i) a ligand is grafted to the 

surface from its aryldiazonium ion followed by coordination reaction with metal complexes 

(Scheme 1.9); ii) an aryldiazonium ion functionalized with anchor groups is grafted to the 

surface followed by a coupling reaction between anchor layer and ligand to assemble a metal 

complex on the surface (Scheme 1.14); iii) an aryldiazonium ion functionalized with anchor 
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groups is grafted to the surface followed by a ligand coupling reaction and then by 

complexation of a metal (Scheme 1.20). Examples of each strategy will be described below 

with its applications. The applications of metal complexes functionalized surfaces are mainly 

focused on either optoelectronic or catalysis. 

1.3.1 Immobilization of ligand from aryldiazonium ion followed by metal coordination 

reaction 

Scheme 1.9 shows the procedure to assemble a metal complex via an aryldiazonium-

derivatised ligand, followed by the coordination reaction with metal. 

 
Scheme 1.9 Metal complex surface immobilization through ligand diazonium grafting and 

coordination reaction. L1 and L2 refer to ligands, and M is the metal ion. 

 

For example, Harris et al. used 4-(1H-imidazol-1-yl)aniline to form 4-(1H-imidazol-1-

yl)benzenediazonium tetrafluoroborate salt ([Im-Ar-N2]BF4), which was directly 

electrografted on mesoporous antimony doped tin oxide (me-ATO) and planar tin doped 

indium oxide (pl-ITO). In this study, two immobilization strategies were used: ‘post-

coordination’ and ‘pre-coordination’ as shown in Scheme 1.10. The Fe porphyrin modified 

surface showed active catalysis for oxygen reduction reaction (ORR) in buffer solution. The 

effect of catalyst loading was investigated: the onset potential improved with increasing 

concentration of electroactive Fe porphyrin and the ‘pre-coordination’ method gave the best 

ORR performance at me-ATO. The stability of the Fe porphyrin film for ORR was also tested 

by chronoamperometry measurement. A decreasing current with time indicated the instability 

of the layer. The authors proposed that the ORR activity decrease was due to desorption of the 

interface linker molecules, a disruption of the linker-catalyst axial coordination, or deactivation 
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of the immobilized Fe porphyrin catalyst. However, there was no evidence to confirm these 

mechanisms and the deactivation pathway remains unclear.100 

 

 

Scheme 1.10 Two methods used to immobilize Fe porphyrin on the surface of me-ATO: (a) the 

two-step 'post-coordination' process, (b) the one-step 'pre-coordination' process. Redrawn from 

reference 100.  

 

Pyridine-type ligands, especially pyridine itself, have been widely used as the anchor layer for 

metal complex immobilization. For example, Fe was immobilized by complexation with ligand 

attached on carbon nanotubes to tune the electronic properties of CNTs.101 A mixed valence 

diiron complex has been used to decorate graphene to form redox- and electron paramagnetic 

resonance (EPR)-active nanocomposites as the basis for developing materials for energy 

storage, electrocatalysts and sensor devices.102 Ru complexes have been immobilized on 

indium tin oxide (ITO) for applications in designing optoelectronic devices.103, 104 

 

Using pyridine as a ligand is also popular for designing electrocatalysts for various reactions. 

For example, Cao et al. immobilized iron phthalocyanines (FePc) on SWCNT as shown in 

Scheme 1.11.105 In their study, 4-aminopyridine (4-AP) was used to form diazonium salt in 

situ. The formed diazonium salt was then spontaneously grafted on SWCNTs, followed by the 

+

+ e-

N2

N

N

N

N

N

N

N

N

N

N

N

N

Post-coordination

N
N

N
NFe

MesMes

Mes

O

t-BuC

t-Bu

O
RO

N
N

N
N

Fe

Mes

Mes

Mes

O

t-Bu

C

t-Bu

O

RO

Hangman Fe porphyrin

me-ATO

N

N2
+

N

me-ATO

+
N

N2
+

N

+ e-

N2

+

N N

NN
Fe

Mes

Mes

Mes

O

t-Bu

C

t-Bu

O

OR
N

N

N

N

N

N
N

N
N

NFe

MesMes

Mes

O

t-BuC

t-Bu

O
RO

N
N

N
N

Fe

Mes

Mes

Mes

O

t-Bu

C

t-Bu

O

RO

Pre-coordination

(a) 

(b) 

Mes = mesityl 



 23 

coordination reaction with FePc from solution. The modified surface was demonstrated to have 

higher electrocatalytic activity for ORR than Pt/C catalyst as well as exceptional durability 

during cycling in alkaline media. Similarly, Co complexes have been immobilized as 

electrocatalysts for ORR on carbon nanotubes106 or H+ and CO2 reduction on GC via pyridine 

linkers.107 Methyltrioxorhenium has been attached onto carbon nanofibres to form an efficient 

catalyst for the oxidation of different secondary and tertiary amines using H2O2 as oxidant in 

methanol.108 In another example, triazole multinuclear Cu compound has been immobilized 

via triazole-dipyridine on reduced graphene oxide as an ORR catalyst in alkaline media.109 

 

Scheme 1.11 Schematic diagram of the preparation of FePc-Py-CNTs. Redrawn from reference 

105.  

 

In addition to simple pyridine ligand, other pyridine-type ligands, such as quinoline and 

phenanthroline have been used. As shown in Scheme 1.12, Ru- and Ir-polypyridyl complexes 

have been covalently bound to ITO and fluorine doped tin oxide (FTO) semiconductors coated 

with TiO2 nanoparticle for photoelectrochemical oxidation of hydroquinone and triethylamine 

under neutral and basic conditions. In that study, the authors also reviewed other surface 

immobilization linkages to attach Ru and Ir chromophores, such as phosphonate and 

carboxylate ester bond. Covalent bonding through the ligand is more stable under neutral and 

alkaline conditions than immobilization through phosphonate or carboxylate ester linkages and 

the modifiers prepared. Thus, surface modified from aryldiazonium ions could be used for 

photoelectrochemical oxidation of water in a wide pH range.110  

 

The immobilization of a series of N, N- and N-P-donor ligands through diazonium ion grafting 

was described by Nyokong et al. Rh(I) complexes were assembled by coordination to the 
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ligands and were demonstrated to be active and efficient catalysts for the intramolecular 

hydroamination of 4-pentyn-1-amine, forming 2-methyl-1-pyrroline.111 

 
Scheme 1.12 Electrochemical deposition of 5-diazo-1,10-phenanthroline cation, and 

subsequent formation of semiconductor-chromophore electrode. Reproduced with permission 

from reference 110. Copyright (2018) American Chemical Society. 

 

Porphyrin-based metal complexes have also been immobilized on surfaces by forming and 

grafting porphyrin diazonium salts, followed by metallation with different metals for particular 

applications.112-115 Mn porphyrin has been immobilized on carbon cloth through this method, 

as shown in Scheme 1.13. The modified surface showed pronounced ORR catalysis in alkaline 

solution and stepwise reduction from O2 to H2O2 and then to H2O in acid solution. Meanwhile, 

it could also catalyse the water oxidation reaction.115 Similarly, this method was used to 

covalently immobilize Co porphyrin on carbon cloth for catalysis of CO2 electroreduction in 

KHCO3 solution. Compared to a noncovalent method, the covalent Co porphyrin produced 6.6 

times more CO in 24 h with Faraday efficiency for CO reaching 81%.113 Balland et al. showed 

that immobilizing Zn porphyrin on ITO surface provided new opportunities for making 

photoelectrodes with adjustable properties.114 
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Scheme 1.13 Preparation of Mn porphyrin on carbon through porphyrin diazonium ion 

immobilization and metallization. TFA refers to trifluoroacetic acid. Reproduced with 

permission from reference 115. Copyright (2019) American Chemical Society. 

 

This two-step surface immobilization is very simple. It has been widely used for modification 

of CNTs, carbon nanofibers, semiconductors and conducting substrates. It is possible to get 

high surface coverage of metal complex (10-10 to 10-8 mol/cm2).103, 106, 110, 111, 116 However, it is 

difficult to isolate stable diazonium salts of these heteroaromatic amine molecules, so the 

ligand diazonium ions need to be formed in situ and the ligand layers are generally grafted by 

spontaneous grafting. 

1.3.2 Immobilization of an anchor layer and coupling to a metal complex  

 
Scheme 1.14 Surface immobilization strategy via diazonium salt and coupling reaction. 

 

As an alternative to the approach above, a ligand can be immobilized through a two-step 

procedure by first grafting an anchor layer from a diazonium salt followed by coupling a metal 

complex to the anchor layer as shown in Scheme 1.14. The metal complexes used in this 

approach contains ligands with reactive substituent groups. Reported linkages to tether the 

metal complex onto the surface are mainly amide bond formed between the amine group and 
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carboxylic group,117-123 triazole linkages between azide and ethynyl groups124-132, and imines 

resulting from Schiff-base reactions between aromatic amines and aldehyde.133 Fc is the most 

common metal complex immobilized via this method. Fc derivatives are electrochemically 

active, and have been widely used for fundamental studies, such as a proof of concept to 

demonstrate the feasibility of surface functionalization,126, 134 and to quantify the active anchor 

groups on the surface.54, 56, 68, 95, 135 

 

Robert et al. used an amide coupling reaction to functionalize multi-walled carbon nanotubes 

(MWCNTs) with Fe porphyrin catalyst for CO2 reduction.122 As shown in Scheme 1.15, 

MWCNTs are firstly grafted with a NH2 terminated monolayer using the protection-

deprotection method followed by coupling with the Fe porphyrin bearing a -COOH group. This 

modified surface was demonstrated to have high selectivity and turnover for CO2 reduction 

catalysis in neutral aqueous solution.122 In another example, a dithiolate-bridged 

hexacarbonyldiiron complex was immobilized on carbon and Au surfaces using an N-

hydroxysuccinimide (NHS) ester. The complex catalysed HER in diethyl ether solution 

containing HBF4, but was rapidly deactivated due to the elimination of the carbonyl ligands 

was observed.136 In addition to direct electrografting of amine-terminated diazonium salts, the 

amine groups can be obtained from electrochemically reduced NP film, and then reacted with 

metal complex substituted with -COOH. Assaud et al. used this method to covalently 

immobilize a fluoroboryl-capped tri-(glyoximato) diphenyl Co clathrochelate complex on GC 

surface as HER catalyst in acidic ACN solution and in 0.1 M H2SO4 solution. It was found that 

the immobilized catalyst exhibited around 800 mV more positive onset potential for HER than 

the homogenous catalyst in ACN, and exhibited chemical stability for HER in strong acid 

solution as well.137 
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Scheme 1.15 Covalent immobilization of Fe porphyrin catalyst on MWCNTs. HBTU refers to 

hexafluorophosphate benzotriazole tetramethyl uronium and DIPEA refers to N-ethyl-N-

(propan-2-yl)propan-2-amine. Redrawn from reference 122.  

 

Scheme 1.16 Chemical attachment of osmium complex to the -COOH functionalized surface 

via classical carbodiimide coupling. EDC refers to 3-(ethyliminomethyleneamino)-N,N-

dimethylpropan-1-amine. Reproduced with permission from reference 119. Copyright (2008) 

American Chemical Society. 

 

Alternatively, the -COOH group can be first grafted on the surface via diazonium ion grafting. 

For example, redox-active layers were made from an osmium complex with a 4-

(aminomethyl)pyridine ligand coupled to -COOH groups on the surface prepared by in situ 

electrografting of the diazonium salt (Scheme 1.16). The modified surface was proved stable 

at neutral pH, and retained electroactivity for at least six months, suggesting it could be suitable 

for electronic devices.119 The same approach has been used by Calvo et al. to study the redox 

potential variation of osmium pyridine complexes tethered on Au with electrolyte 
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concentration and pH change to determine the surface electrostatic potential.138, 139 In addition, 

grafted -COOH groups were also reacted with -OH groups to covalently immobilize a Cu 

complex on graphite felts. The material exhibited high catecholase catalytic activity in 

continuous flow format.140 

 

Triazole linkages formed by CuAAC click reaction, have gained more and more attention as 

they are robust, with high yield, and resistant to high oxidative potential and O2-rich aqueous 

solutions. For example, FePc,131 MnPc,130 and NiPc129 and CoPc129 bearing alkyne groups have 

been covalently attached to surfaces pre-modified with N3-terminated layers grafted from 

diazonium salt for hydrazine electrocatalysis as shown in Scheme 1.17. A similar study also 

has been carried out to immobilize tetra(4-propargyloxyphenoxy) Co and MnPc. The modified 

surface exhibited good sensitivity and reproducibility towards the electrocatalytic reduction of 

H2O2 in pH 7.4 phosphate buffer (PB) solution.127 

 

Scheme 1.17 Steps for MPc immobilization to -N3 modified surface via CuAAC click reaction. 

Redrawn from references 129-131.  

 

Mixed layers can be prepared starting with anchor layers containing two different reaction 

groups. As shown in Scheme 1.18, the surface was modified with mixed layer -N3 and -

CH=CH2 groups grafted from diazonium ions by controlling the concentration of the two 

reagents in the grafting solution. As proof of concept, Fc and cobaltocenium derivatives were 
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clicked to the surface via thiol-ene and alkyne-azide reactions respectively. D-sorbitol 

dehydrogenase and a Rh complex were also co-immobilized to the electrode able to 

electrocatalyse the reduction of D-fructose to D-sorbitol.126 This approach provides a way to 

modify a surface with mixtures of catalysts, mediators or enzymes for synthesis, sensing and 

fuel cell applications. 

 

Scheme 1.18 Functionalization of a carbon surface with mixed layers of thiol- and ethynyl-

containing groups starting with diazonium ion electrografting of 4-phenylazide and 4-

phenylvinyl groups, followed by click coupling reaction with molecules containing alkyne and 

thiol groups. (A) Click reaction with Fc and cobaltocenium; (B) click reaction with D-sorbitol 

dehydrogenase and a Rh complex. Reproduced with permission from reference 126. Copyright 

(2018) John Wiley and Sons. 

 

In an alternative strategy, triazole linkage can be formed on surfaces by grafting an alkyne 

diazonium salt first and then clicking to azide derivatives. As shown in Scheme 1.19, 

Campidelli et al. functionalized SWCNTs with alkyne groups using the protection-

deprotection method and then immobilized ZnPc decorated with azide group via CuAAC. The 

SWCNTs-ZnPc was then tested as a photoactive material in an ITO photoanode.132 A similar 

experiment has been carried out by Cao et al. to immobilize Co complex on CNTs for ORR. 

Compared to noncovalent immobilization of Co complex analogues on CNTs, this method 
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gave more than 100 mV anodic shift of half-wave potential with improved activity and stability. 

The low loading density of Co complex with short linker prevented formation of face-to-face 

Co corrole dimers, indicating that dimers are not required to promote the 4 e- ORR pathway.141 

 

Scheme 1.19 SWCNTs functionalization with ZnPc via diazonium grafting and CuAAC. NMP 

refers to N-methylpyrrolidone and THF refers to tetrahydrofuran. Reproduced with permission 

from reference 132. Copyright (2008) American Chemical Society. 

 

Schiff-base reactions between an aliphatic or aromatic amine and a carbonyl group to form an 

imine linkage have also been used to attach metal complexes to surfaces.133, 142 The coupling 

reaction was used to modify screen-printed Au electrodes (SPAuE) and SWCNTs with MPc 

functionalized with -NH2 groups (MTAPc). Nyokong and co-workers pre-modified the surface 

with NP groups, which were reduced to an amine-terminated layer, followed by reaction with 

benzene-1,4-dicarbaldehyde (BDA) to give an aldehyde-terminated layer, which was further 

reacted with the amine groups on MTAPc via a Schiff-base reaction. The modified electrodes 

were demonstrated to have stable electrocatalytic performance for H2O2 reduction in pH 7.4 

PB solution. The authors also proposed that the use of BDA as a cross-linker could extend the 

electronic delocalization of the Pc ring so as to improve the electrocatalytic activity for H2O2 
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reduction.133, 142 However, the imine linkage is not widely used as the pKa of iminium ion is 

estimated to be around 7, and treatment of imines with water results in their hydrolysis back to 

aldehydes (or ketones) and an amine.143  

1.3.3 Immobilization of an anchor layer followed by step-wise ligand coupling and metal 

complexation 

 
Scheme 1.20 Metal complex immobilization through a combination of diazonium grafting, 

ligand coupling reaction and metal complexation. 

 

As shown in Scheme 1.20, a substrate can be modified with an anchor layer grafted from 

diazonium salt, followed by a coupling reaction between the terminal group attached to the 

surface and a functional group on the ligand, which can further react with a metal complex to 

immobilize a metal complex on the surface. Different from strategy (ii), this strategy avoids 

the difficulty of synthesis of metal complexes derivatives. 

 

This approach has been used to immobilize FePc,144 Fe porphyrin145 and Pd complex catalyst124 

on various substrates. For example, as shown in Scheme 1.21, a GC electrode was firstly coated 

with SWCNTs, then followed by electrografting of 4-azidobenzenediazonium salt to introduce 

azide groups on the surface. This layer was reacted with ethynylpyridine via CuAAC to 

immobilize pyridine groups and then with FePc. The modified electrode was demonstrated to 

have 10-fold improvement in terms of detection limit for hydrazine compared to unmodified 

GC.144 This method has also been used to immobilize Fe porphyrin on MWCNTs by Liu et al. 

to mimic the heme structure in nature for ORR. The modification was achieved by spontaneous 

grafting of TIPS-protected ethynyl aryldiazonium salt to prepare an alkyne-terminated 
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monolayer film using the protection-deprotection method as mentioned above, and then 

clicking 1-(4-azidophenyl)imidazole to anchor the Fe porphyrin on the surface through axial 

coordination. The modified surface exhibited a high selectivity for the 4 e- pathway for ORR 

in 0.1 M HClO4 solution.145 

 

Scheme 1.21 FePc immobilization through: (A) adsorption of SWCNTs; (B) grafting of the 

GC-SWCNTs by electrochemical reduction of 4-azidobenzenediazonium ion; (C) click 

reaction with 4-ethynylpyridine and (D) axial ligation of FePc. Reproduced with permission 

from reference 144. Copyright (2013) Elsevier. 

 

Some examples reviewed above are based on aryldiazonium ion grafting under conditions 

where multilayers might be formed. If desired, modification can be restricted to a monolayer 

or near monolayer by using diazonium ions with protected amine,146, 147 acid148 or alkyne149 

substituents, or by employing Breton’s redox cross-inhibitor approach.150 

1.4 Oxygen reduction reaction 

1.4.1 Background information of ORR 

Over the last few years, fuel cells are increasingly used as a lean energy source, with more and 

more being readily used in non-petroleum based vehicles. The attractions of a fuel cell are that 

it has a theoretical efficiency close to 100%,151 and the product from reaction is H2O. The basic 

operation of the hydrogen fuel cell is extremely simple: in an opposite reaction to water 
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electrolysis to produce H2 and O2, these two gases combine and produce an electrical current. 

During the reaction, H2 is oxidized and O2 is reduced at the anode and cathode, respectively. 

Although the reaction is thermodynamically spontaneous, both redox reactions have kinetic 

limitations under the fuel cell operating conditions.152 This is a major obstacle for fuel cell 

technology.152 The efficiency (ξ) of a fuel cell can be determined by its overpotential (η) at the 

anode and cathode, according to Equation 1.2, where Ecell is cell potential, and ηanode	and ηcathode 

are the overpotentials at the anode and cathode, respectively.153 

 
 

-	 = 1 −
/"#$%&	 + |/|(")*$%&

2(&++
 Equation 1.2 

 

In general, the value of ηanode is small using H2 as the fuel; however, |η|cathode is typically large 

due to the slow kinetics of ORR. Therefore, lowering the overpotential for ORR by developing 

efficient catalysts has been a focus of research for many years. The ORR mechanism is 

complicated and depends primarily on the nature of the electrode materials, catalyst and 

electrolyte. ORR in aqueous solution has two main pathways: the 2 e- reduction pathway from 

O2 to H2O2, which may be further reduced by another 2 e- to H2O, and the 4 e- pathway directly 

from O2 to H2O.154-156 In fuel cell systems, the 4 e- pathway is highly preferred since it produces 

a high voltage for the cell.155, 157 In addition, thermodynamic potential is dependent on the pH 

of the solution according to Nernst equation (Equation 1.3), where Ecell is cell potential, E° is 

standard potential, Q is the reaction quotient, R is the universal gas constant, T is the 

temperature, n is the number of electrons transferred, and F is Faraday constant.158 Using the 

value of E° in acid solution (1.229 V), Equation 1.4 shows the relationship between half-cell 

potential and pH. Table 1.1 shows that thermodynamically, acid medium is preferred as it gives 

a higher output voltage than in alkaline solution. 
 

2(&++ = 2° −
45
67

86(9) Equation 1.3 

 2(&++ = 2° − 0.059=> Equation 1.4 
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Table 1.1 Standard potentials for ORR half reaction in acid and alkaline solutions.156 

Half reaction Eº (V vs SHE) 

Acid solution  
1.229 

 0.695 

Alkaline solution  0.401 

 -0.065 

1.4.2 ORR catalysis  

For high performance, the ORR should proceed at potential close to its thermodynamic 

potential with high 4 e- selectivity. In order to achieve this goal, electrocatalysts are required. 

Pt catalysts are widely used for proton-exchange membrane (PEM) fuel cells. Pt is generally 

loaded on a carbon support; these supports are cheap and play an important role to disperse the 

active metal and provide good electronic conductivity to enable a high current.157 However, a 

relatively large amount of Pt is required to catalyse the ORR,159, 160 and the high cost of Pt is 

one of the biggest obstacles for this technology.105, 161, 162 In order to widely use fuel cells, 

cheap and high performance ORR catalysts are necessary. 

 

Non-precious metal catalysts (NPMCs) are widely investigated for ORR. NPMCs are not as 

expensive as Pt, so the loading of the catalyst will not be a significant problem. In nature, an 

Fe porphyrin, heme, is important in various proteins and enzymes for O2 binding, transport and 

storage, electron transfer, O2 activation and utilization and peroxide management and 

degradation. For these different applications, the activities of Fe porphyrin are tuned by axial 

ligands and active site environments.163 The ORR catalysts in nature are cytochrome enzymes, 

constituted of an Fe(III) protoporphyrin-IX covalently bound to the protein through a cysteine 

residue as shown in Figure 1.7. 

O2 + 4 H + 4 e 2 H2O

O2 + 2 H + 2 e H2O2

O2 + 4 e 4 OH-2 H2O +

O2 + + 2 eH2O HO2
- + OH-



 35 

 

Figure 1.7 Cytochromes P450. Reproduced with permission from reference 164. Copyright 

(2004) American Chemical Society. 

 

Inspired by this structure, many synthetic NPMCs have been investigated. NPMCs currently 

under study are mainly either formed by pyrolysis of nitrogen and carbon precursors 

incorporating transition metals like Fe, Co, Mn, Ni, and Cu to form M-N-C materials, or are 

molecular transition metal macrocycles.165, 166 The macrocyclic ligands include mainly 

porphyrin and Pc, as well as their derivatives. Generally, the ORR catalytic activity of these 

compounds is affected by the metal centre with Fe > Co > Ni > Cu. Fe complexes may catalyse 

ORR by the 4 e- pathway, while Co complexes usually catalyse by the 2 e- pathway.167 However, 

it is important to note that many metal macrocyclic complex catalysts exhibit a mixture of 2 e- 

and 4 e- pathways, especially in acid media.162 The general simplified reaction mechanism for 

the ORR using NPMCs has been proposed (Equation 1.5-Equation 1.7).168 From this 

mechanism, it can be concluded that the onset potential for the ORR should coincide with that 

of the redox potential of the M(III)/M(II) couple of the metal centre.169 

 
  Equation 1.5 

 
 Equation 1.6 

 
 Equation 1.7 

 

M(III) + e M(II)

M(II) + O2 + e M(III) … (O22-)

M(III) … (O2
2-) M(III) + products
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For pyrolyzed ORR catalysts, a lot of progress has been achieved, and the ORR performance 

has been optimized to be close to commercially available Pt/C catalysts.165, 170-175 However, the 

pyrolyzed materials generally lack long term stability in acid media, and the active sites are 

generally unknown due to chemical structures undergoing a complicated and unpredictable 

transformation during heat treatment. Various active sites have been reported, including M-N4-

C, M-N2-C and non-metallic N-C species, which may be dependent on the preparation process, 

precursor used and characterization techniques.176 Therefore, the unpredictable structural 

changes and resulting unknown catalytic mechanism make it difficult to achieve a sensible 

design of improved pyrolyzed M-N-C catalysts for ORR.105 In order to achieve better control 

and understand the performance and mechanism of ORR electrocatalysts, studies involving 

molecular catalysts with known structure are valuable. 

 
Figure 1.8 Proposed ORR mechanism catalysed by Fe porphyrin. Redrawn from reference 177. 

 

Fe porphyrins are the most common molecular electrocatalysts for ORR. The detailed 

mechanism of ORR catalysed by Fe porphyrin in acid solution has been proposed, as shown in 

Figure 1.8. After formation of Fe(II) porphyrin, the first step is the adsorption of O2 and 

electron transfer from Fe(II) to bound O2 to give Fe(III) porphyrin superoxo complex, followed 

by reduction to the Fe(III) porphyrin peroxo. This species reacts with a proton to give Fe(III) 

hydroperoxo, which subsequently reacts with H+ to give H2O2 or via an additional 2 e- and 2 

H+ to give 2 H2O. The site of protonation of peroxo intermediates determines the ORR 

selectivity.178 If the proximal oxygen is protonated, it leads to hydrolysis and release of H2O2; 

if the distal oxygen is protonated, it results in heterolysis of O-O bond and release of H2O.177, 
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178 Another factor is expressed by Sabatier Principle: for ORR to proceed at an optimal rate, 

O2 must bind tightly enough to the metal complex catalyst so that the reaction can occur, but 

also the bonding with the intermediates should be weak enough to release the product and avoid 

poisoning the catalyst.179, 180 The activity can be tailored by the metal centre, ligand structure 

and interactions and neighbouring molecules.177 For example, electron-withdrawing groups 

strengthen the binding of O2 on metal porphyrins, and electron-donating groups can weaken 

it.181 

 

Based on the mechanism of ORR, the three most important criteria for ORR electrocatalysts 

are the catalyst turnover frequency (TOF), selectivity for 4 e- vs 2 e- pathway, and stability, to 

measure how efficient the electrochemical reaction is, how much cell voltage can produce and 

how long the catalyst can last before degradation.167 Several electrochemistry techniques can 

be used to measure the ORR performance catalysed by metal complexes. For example, CV is 

a useful and simple method that quickly provides qualitative information about the 

electrochemical reactions and the catalyst. Onset potential, peak potential and peak currents 

obtained from CV can be used to compare the ORR activity catalysed by various catalysts.155 

Another commonly used technique is rotating ring-disk electrode (RRDE): ORR occurs on the 

disk electrode and if peroxide is produced, a portion of peroxide will diffuse to the ring 

electrode and be collected and oxidized. So disk and ring currents can be measured to calculate 

the number of electrons transferred and thereby the production of peroxide during ORR.155, 167 

RRDE is a powerful tool to study ORR mechanism. Therefore, CV and RRDE were used in 

thesis work to measure the ORR performance. 

1.4.3 Hangman metal porphyrins 

For ORR catalysed by metal complexes, including Fe porphyrin, proton-coupled electron 

transfer (PCET) is involved. According to its mechanism, 4 e- and 4 H+ are involved in the O2 

reduction to H2O. The O-O bond activation plays an important role. The PCET process affects 

the reaction of the intermediate species and final product of ORR as a consequence.182 A good 

example of promoting PCET is hangman porphyrins bearing a hanging carboxylic acid group 
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precisely positioned over the face of porphyrin. The initial studies were focused on the Fe 

derivatives which mimicked the heme group in natural biomolecules (Figure 1.9). This 

molecule demonstrated significant activation of O-O bond cleavage for catalase and 

epoxidation reactions.183, 184 Hangman porphyrins have been shown to have advantages for 

ORR via 4 e- pathway including introduction of bulky mesityl groups on the hangman 

porphyrin that could possibly prevent the formation of oxo-dimers due to steric reasons.185 

More importantly, the structure creates the opportunity for a face-to-face proton and electron 

delivery. In addition, it has been demonstrated that the hangman porphyrin shows an increased 

electron transfer rate from neutral pH to pH 4, suggesting that PCET can be strongly modulated 

by the protonation state of the -COOH group via hydrogen bond interactions.186 It has been 

reported that the presence of -COOH significantly improved the ORR selectivity to 4 e- 

pathway in acid media.187, 188 

 
Figure 1.9 Hangman porphyrin structure. Adapted with permission from reference 183. 

Copyright (2003) American Chemical Society. 

 

Following the principles of the hangman porphyrin structure, a few other studies have reported 

improvement in ORR catalysis selectivity using metal porphyrin derivatives substituted with 

proton relay groups to tailor the environment of the second coordination sphere. For example, 

Warren et al. synthesized asymmetric Fe porphyrin substituted with phenyl groups at three 

meso positions and a 2-pyridyl group at the 4th meso position. The synthesized molecule 

showed better ORR performance than Fe tetraphenylporphyrin (FeTPP) in acid solution, which 
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is attributed to the proton relay effect of the pyridine group.189 In another study, an asymmetric 

Fe porphyrin was synthesized in which one of the meso phenyl groups was substituted with 

either N, N-dibenzyl-4-aniline, a pyridine or diamine. Compared to FeTPP, all the derivatives 

showed more positive ORR reduction potential, faster rate, and > 95% selectivity for the 4 e- 

pathway when these molecules adsorbed on the electrode surface in pH 7 buffer solution. 

Similar to the principle of hangman metal porphyrin, the good ORR activity was attributed to 

the introduction of H-bonding in the distal pocket of the Fe porphyrin that stabilized a Fe(III)-

OOH species, allowing selective heterolytic cleavage of O-O bond to promote the 4 e- 

pathway.178 All these examples suggested that it is promising to enhance the ORR selectivity 

by tailoring the local environment of metal complexes. 

 

In addition to the synthesis of hangman-like metal porphyrin structure, axial ligands such as 

imidazole,190, 191 pyridine,106, 192, 193 thiolate190 and phenolate194 can tune an Fe porphyrin ORR 

catalytic performance. The presence of axial ligand is able to tune the electronic structure of 

metal complex by donating or withdrawing electron.195 For example, as reported by Chlistunoff 

et al., Fe porphyrin immobilized on polyvinylimidazole showed a ~ 300 mV positive shift on 

ORR onset potential compared to the ORR catalytic activity in the absence of axial ligand in 

acid media and the 4 e- selectivity was improved. The authors proposed that the increased 

electron density on the Fe centre resulted from the imidazole axial ligand led to ORR 

enhancement.191 A lot of work has been done by Zagal’s group regarding tuning the ORR 

electrocatalytic activity of FePc. They compared the catalytic activity of the two modified Au 

surfaces shown in Figure 1.10. The ‘up’ axial ligand showed the strongest electron withdrawing 

effect, resulting in a more positive onset potential and larger peak current of ORR in 0.1 M 

NaOH solution.196 In contrast to the mechanism of ORR enhancement proposed by Chlistunoff 

et al., Zagal et al. proposed that the decrease in the electron density of the metal centre resulted 

in higher ORR activity.196 
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Figure 1.10 Structure of two molecular system for FePc immobilization on Au surface via 

‘Down’ and ‘Up’ axial ligands. Reproduced with permission from reference 196. Copyright 

(2018) American Chemical Society. 

 

As described above, a lot of work has been done to understand the ORR catalysis mechanism 

and enhance the ORR catalytic performance. However, in order to ease the pressure of energy 

and climate change, the current progress achieved is not enough for practical applications. 

Significant efforts should be dedicated to further understand the catalytic mechanism of 

molecular metal complexes and improve their activity, especially in acid media. 

1.5 Aims 

The overall aim of this thesis work is to identify structure and strategies to improve the ORR 

catalytic performance of electrodes modified with FeTPPCl in acid media. FeTPPCl is a classic 

ORR catalyst and it was expected that results obtained using FeTPPCl could be extended to 

other metal complexes. Strong acid conditions were chosen for these studies because these 

conditions are ideal for fuel cells for high cell voltage. However, employing FeTPPCl as the 

ORR catalyst operating in acid media is most challenging due to the production of peroxide, 

which can be decreased by promoting the 4 e- pathway. The thesis is organized as follows: 

 



 41 

Chapter 1: Introduction: describes the functionalization and characterization of carbon 

electrode surface using aryldiazonium salts, and ORR mechanism catalysed by metal 

complexes. 

 

Chapter 2: Experimental: describes the general characterization techniques and the general 

reagents and synthesis used in this thesis work. 

 

Chapter 3: describes the preparation of [FeTPP]+ modified surfaces using two main strategies, 

including four different routes. The ORR performance of the modified surfaces was briefly 

investigated and compared to identify the most promising strategy for further study. The 

modified surfaces showing the most promise were characterized in detail using 

electrochemistry, AFM and XPS. 

 

Chapter 4: describes the ORR performance catalysed by [FeTPPIm-Ar]+ modified electrodes 

prepared using pre-coordination method. The stability of [FeTPPIm-Ar]+ film under ORR 

condition was studied. Selected mixed layers of [FeTPPIm-Ar]+ with a second modifier were 

prepared and the ORR performance was investigated and compared to single component 

[FeTPPIm-Ar]+ film. [FeTPPN2]2+ was also used to modify the surface, and its ORR catalytic 

performance in acid medium was studied. The potential degradation mechanism of [FeTPPIm-

Ar]+ and [FeTPP]+ films under ORR condition in acid media was proposed. 

 

Chapter 5: describes spectroelectrochemical properties of [FeTPPIm-Ar]+ modified GC surface 

in DCM solution and aqueous acid solution. The ORR performance of [FeTPP]+ film was 

investigated. The stability of mixed layers and single component film was compared 

spectroelectrochemically. 

 

Chapter 6: Conclusions and future work. 
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Appendix: a separate project which was carried out at the beginning of PhD study. This work 

has been published. It describes a strategy developed to graft polymer chains from the surface 

using electrochemically induced one pot reaction of click reaction and surface-initiated 

polymerization. 
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2 Experimental 

2.1 General experimental and analytical methods 

2.1.1 Characterization instruments 

2.1.1.1 Nuclear magnetic resonance (NMR) and electrospray ionization mass spectrometry 

(ESI-MS) 

1H NMR spectra were obtained using Agilent 400 MR, Jeol ECZ400S or ECZ600R instrument. 

Commercial deuterated solvents were used for NMR analysis. The chemical shift is measured 

in parts per million (ppm). Spectra were referenced to the solvent peaks: CDCl3, 7.26 ppm; 

DMSO-d6, 2.6 ppm and CD3CN, 2.0 ppm. 

 

Mass spectra were obtained from a Bruker ma Xis 4G time of flight spectrometer operating in 

ESI-MS mode. Spectra were collected by Dr Marie Squire and Dr Amanda Inglis. 

2.1.1.2 Ultraviolet-visible (UV-vis) spectrophotometry and infra-red (IR) spectroscopy 

Solution UV-vis spectra were obtained using a GBC Cintra 404 spectrometer and Cintra 

software. Solution was added into a quartz cuvette and the spectra were measured over 

wavelength range from 800 nm to 350 nm or 300 nm at 2 nm/s. UV-vis absorption spectra of 

surface layers grafted to SnO2 thin films were obtained using an Agilent Cary 6000i 

spectrophotometer, equipped with an InGaAs detector, a deuterium lamp and a standard 

halogen lamp, as UV and visible sources, respectively. The measurements of unmodified and 

modified SnO2 samples were made in the single beam configuration with the assistance of Dr 

Rodrigo Martinez Gazoni at the University of Canterbury. 

 

IR spectroscopy was performed using a Bruker Vertex 70 instrument under attenuated total 

reflectance (ATR) mode. The spectra were analysed using OPUS 7.8 software.  
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2.1.1.3 Atomic force microscopy (AFM)  

AFM images and depth profiles in Chapter 3 and 4 were obtained by Dr Paula Brooksby at the 

University of Canterbury. AFM images were obtained in air using a Nanoscope Dimension 

TM3100 microscope integrated with a Nanoscope IIIa controller (Digital Instruments, Veeco). 

A chip with three silicon cantilevers with different lengths (MikroMasch CSC37/AIBS) was 

used. The film thickness was measured by depth profiling (the “AFM scratch” method) 

following a literature procedure.64 A section of the film, 10 µm ´ 2.5 µm, was removed by the 

longest AFM tip while the shortest tip was engaged with the surface, operating in tapping mode, 

and repeatedly scanning over the 10 µm ´ 2.5 µm area. After scratching, the scratch area was 

re-imaged in tapping mode. To measure the film thickness, one or two scratches were made, 

and line profiles were obtained in tapping mode using the Nanoscope software, at 10 positions 

across each scratch area and the average of these ten measurements gave the film height and 

uncertainty. 

2.1.1.4 X-ray photoelectron spectroscopy (XPS) 

XPS measurements were carried out at two locations. Measurements were made by Dr Colin 

Doyle, Department of Chemical and Materials Engineering at the University of Auckland and 

Jonathan Hamon at Jean Rouxel Institute of Materials (JRIM) in Nantes, France. In both 

locations, XPS data were obtained using a Kratos Axis Ultra DLD spectrometer with a 

monochromatic Al Kα source. The electron take-off angle was 90º. The sensitivity factors were 

sourced from Kratos Analytical. Core-level spectra have an energy resolution of 0.4 eV at the 

University of Auckland and 0.1 eV at JRIM. The spectra were calibrated taking C 1s as a 

reference at a binding energy of 284.5 eV (graphitic carbon component of the GC substrates). 

XPS spectra were analysed with the curve-fitting program CASA XPS and peaks were fitted 

with Voigt functions using either Shirley or linear background. 
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2.2 General synthesis and reagents 

Milli-Q water with resistivity > 18 MΩ cm was used for all aqueous solutions and water 

washing. Unless stated otherwise, all solvents and reagents were obtained from commercial 

sources and used as received. For non-aqueous electrochemistry, HPLC grade solvents: ACN, 

DCM, THF, and ethanol (EtOH) were used as supplied for all non-aqueous solutions.  

2.2.1 Tetrabutylammonium tetrafluoroborate 

[Bu4N]BF4 was prepared following literature by mixing tetrabutylammonium hydroxide 

([Bu4N]OH) and HBF4.64 HBF4 (48%, 5 mL) was diluted to 25 mL with water and added to 

diluted [Bu4N]OH (40%, 20 mL diluted to 100 mL with water) with stirring. The white 

precipitate was washed with water and filtered. The solid was dried for 3 days in an oven at 60 

°C and then at 80 °C for 3 days and stored in a vacuum desiccator. 

2.2.2 Aryldiazonium tetrafluoroborate salts 

2.2.2.1 Synthesis of TIPS protected ethynylbenzenediazonium salt [TIPS-Eth-Ar-N2]BF4 

2.2.2.1.1 Synthesis of TIPS protected ethynylaniline (TIPS-Eth-Ar-NH2) 

TIPS-Eth-Ar-NH2 was synthesized according to a published method.197 4-Iodoaniline (4.57 

mmol, 1 g), palladium (II) acetate (0.091 mmol, 20.5 mg), copper (I) iodide (0.046 mmol, 8.7 

mg) and triphenylphosphine (0.183 mmol, 48 mg) were dissolved in triethylamine (0.072 mol, 

10 mL). The mixture was degassed using three freeze-pump-thaw cycles. 

Triisopropylsilylacetylene (4.903 mmol, 1.1 mL) was then added by syringe, and the mixture 

was degassed using another freeze-pump-thaw cycle and followed by boiling briefly under 

reduced pressure and then flushing with N2 (g). After stirring at room temperature overnight, 

petroleum ether was added to dilute the solution, and the solution was filtered through Celite. 

The filtrate was evaporated and then purified by column chromatography on silica eluting with 

DCM/petroleum ether mixture starting from 60% to 100% DCM, gradually increasing the 

polarity. Product was obtained as a yellow oil. Yield = 90%. 1H NMR (400 MHz, DMSO-d6): 

?	= 7.08 (d, 2 H); 6.48 (s, 2 H); 5.51(s, 5 H); 1.95 (s, 21H), ppm. 
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2.2.2.1.2 Synthesis of [TIPS-Eth-Ar-N2]BF4 

[TIPS-Eth-Ar-N2]BF4 was synthesized following a published procedure.82 TIPS-Eth-Ar-NH2 

(1 mmol, 0.25g) was dissolved in acetone (~ 5 mL) and HBF4 (25%, 7.5 mL) was added. The 

solution was cooled in an ice bath. Solid NaNO2 (3 mmol, 0.21 g) was added to the solution, 

and the reaction was stirred for 3 h in the ice bath. The precipitate was filtered under vacuum. 

The product was re-precipitated from ACN using water and rinsed with cold water. The pale-

yellow precipitate was dried under vacuum overnight and stored in the freezer in the dark. 

Yield = 40%. 1H NMR (400 MHz, CDCl3): d = 8.60 (d, 2H), 7.79 (d, 2H), 1.20 (m, 1H), ppm. 

2.2.3 Aryldiazonium ions formed in situ 

Aryldiazonium ion was generated in situ in aqueous or non-aqueous solution following 

modified procedures from the literature.45, 77 Briefly, the amine derivative was dissolved in 0.5 

M HCl or 0.1 M [Bu4N]BF4 in ACN or DCM solution, 6 equivalents of solid NaNO2 or neat 

tBuNO2 were added into solution, respectively. After 5 min reaction time, electrografting was 

carried out. 

2.2.4 Other syntheses 

2.2.4.1 Synthesis of azidomethyl ferrocene (FcCH2N3) 

FcCH2N3 was synthesized according to a published procedure.198 Hydroxymethylferrocene 

(FcCH2OH) (0.231 mmol, 50 mg) and sodium azide (1.39 mmol, 90 mg) were dissolved in 

glacial acetic acid (3 mL) and stirred at 50 ºC for 3 h. DCM (50 mL) was added to the reaction 

mixture and the organic phase was washed with saturated NaHCO3 solution, dried with Na2SO4, 

filtered and evaporated under vacuum to give a red oil. Yield = 72%. 1H NMR (400 MHz, 

CDCl3): ?= 4.28 (m, 2 H; Hcp); 4.24 (m, 2 H; Hcp); 4.21(s, 5 H; Hcp); 4.08 (s, 2 H, CH2N3), 

ppm. MS: ESI-MS (ACN): m/z = 241.0287 [M]+, calculated for C11H11N3Fe: 241.0302. 

2.2.4.2 Synthesis of meso-tetraphenylporphyrin iron (III) chloride (Fe(III)TPPCl) 

Fe(III)TPPCl was prepared by adding meso-tetraphenylporphyrin (H2TPP) (0.220 mmol, 

0.135g) and FeCl2·4H2O (2.20 mmol, 0.437g) into the reaction flask with N2 degassing for 15 
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min, then the mixture was refluxed in 20 mL of DMF under N2 (g) atmosphere for 8 h. The 

solvent was evaporated under vacuum to get dark solid. The solid was washed with 3 M HCl 

and a large amount of cold water and filtered until the filtrate was colourless and the resulting 

solid was dried.199, 200 Yield = 90%. MS: ESI-MS (DCM/ACN) m/z = 668.1673 [M-Cl]+, 

calculated for C44H28N4Fe: 668.17. UV-vis (DCM) lmax: 416 nm (Soret band), 509 nm (Q-

band); IR (ATR) nmax: 993.25 cm-1 (nFe-N), 372.71 cm-1 (nFe-Cl). 

2.2.4.3 Synthesis of 1-(4-azidophenyl) imidazole (Im-Ar-N3). 

Im-Ar-N3 was synthesized following a literature procedure.201 4-(1H-Imidazol-1-yl)aniline 

(Im-Ar-NH2) (100 mg, 0.63 mmol) was dissolved in a mixture of 37% HCl (0.3 mL, 3.36 mmol) 

and water (0.6 mL). The stirred solution was cooled to 0 °C and NaNO2 (46 mg, 0.66 mmol) 

in water (0.2 mL) was added slowly. Stirring was continued at 0 °C for 1 h. Urea (4 mg, 0.63 

mmol) dissolved in water (0.2 mL) and added followed by the dropwise addition of NaN3 (41 

mg, 0.63 mmol) dissolved in water (0.2 mL). When nitrogen evolution was complete (30 min 

after mixing), the reaction mixture was neutralized with 5% NaHCO3 and extracted with ethyl 

acetate. The combined extracts were dried using Na2SO4, the solvent was removed, and the 

solid was purified using diffusion recrystallization in minimum ethyl acetate and a large 

amount of hexane at room temperature for 3 days to afford amber needle crystals. 1H NMR 

(DMSO-d6, 400 MHz): 8.24 (s, 1H), 7.74 (s, 1H); 7.71 (s, 1H), 7.69 (s, 1H), 7.27 (s, 1H), 7.25 

(s, 1H), and 7.10 (s, 1H), ppm. 

2.2.4.4 Preparation of FeTPP(III)Cl with imidazole axial ligand, [Fe(III)TPPIm-Ar-NH2]+ 

Fe(III)TPPCl (0.04 mol, 28.16 mg) and Im-Ar-NH2 (0.04 mol, 6.36 mg) were dissolved in a 

stirred 20 mL DCM solvent overnight at room temperature. The solvent was removed by 

vacuum to obtain FeTPPIm-Ar-NH2. MS: ESI-MS (DCM/ACN) m/z =827.2487 [M-Cl]+, and 

668.1690 [M-Cl]+, calculated for C53H37N7Fe: 827.25, and C44H28N4Fe: 668.17. Note: this 

method did not give quantitative formation of the axially coordinated complex. 
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Note that in the preparation of the iron (III) porphyrin, H2TPP is normally metalized with Fe 

from FeCl2, so Cl- is usually coordinated to Fe. However, due to the lability of the Cl- ligand, 

unless stated otherwise, to be convenient, “FeTPPCl” is specified if it is used as a reagent or 

for physisorption, and all the other Fe porphyrin derivatives used and covalently immobilized 

species in this thesis are described without Cl-. 

2.2.4.5 Synthesis of 5-azidopentanoic acid and 11-azidoundecanoic acid 

5-azidopentanoic acid (N3-(CH2)4-COOH) was synthesized following a literature procedure 

using a microwave reactor.202, 203 NaN3 (40 mg, 0.615 mmol) and Br-(CH2)4-COOH (0.56 

mmol, 148.5 mg) were dissolved in 5 mL DMF in a 10 mL sealed reaction vial. The vial was 

put into a microwave reactor under 100 PSI and 250 W at 100 ºC for 90 min under stirring. 

After the reaction, the light-yellow solution was extracted using DCM (30 mL × 3) and the 

bottom layer was collected and washed with saturated NaCl solution (30 mL × 3). The solvent 

was removed under vacuum and yellow oil was obtained. Yield = 67 %. 1H NMR (CDCl3, 600 

MHz): 3.31 (t, 2H), 2.40 (t, 2H), 1.72 (m, 4H), 1.66 (m, 4H). 

 

The same procedure was used for 11-azidoundecanoic acid (N3-(CH2)10-COOH),204 except that 

Br-(CH2)10-COOH (0.56 mmol, 148 mg) was the starting material. Pale yellow oil was obtained. 

Yield = 73 %. 1H NMR (CDCl3, 600 MHz): 3.26(t, 2H), 2.35 (t, 2H), 1.65-1.58 (m, 4H), 1.29 

(m, 12H). 

2.2.5 Phosphate buffer solution 

PB solution was prepared using NaH2PO4·2H2O and Na2HPO4 to get 0.1 M solution. The 

concentration of each reagent was calculated using Henderson-Hasselbalch equation (Equation 

2.1), where [OH-] is the base concentration, [H+] is the acid concentration, and pKa is the -log 

of the weak acid dissociation constant.205 The pH of the prepared solution was measured by a 

pH meter. 
 

 
pH = pKa + log [OH-]/[H+] Equation 2.1 
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2.3 Electrochemistry 

2.3.1 Electrodes, cells and potentiostats 

2.3.1.1 Electrodes 

Two types of carbon electrodes were used as working electrode for surface modification: GC 

and PPF. GC disk electrodes (3 mm diameter) sealed in Teflon were fabricated in the 

Mechanical Workshop of the School of Physical and Chemical Sciences at the University of 

Canterbury. GC plates, 15 mm ´ 15 mm, were cut from a GC slab, 3 mm thick. GC working 

electrodes were polished with a slurry of 0.05 µm alumina powder in water, followed by 

ultrasonication in water and drying with N2 (g). 

 

PPF was prepared by the procedure below. A silicon <100> wafer was coated with a layer of 

AZ1518 photoresist to protect the surface prior to cutting into 15 mm × 15 mm square chips. 

The protective photoresist film was then removed from the silicon squares by sonication in 

acetone, methanol and isopropanol for 20 s each and dried with N2 (g). Photoresist AZP460 

was spin-coated onto the clean silicon chips at 4000 rpm for 45 s. The photoresist-coated chips 

were then soft-baked on a hot plate at 100 ℃ for 15 min and put into the oven at 120 ℃ for 

another 30 min, then cooled to room temperature. A second photoresist layer was spin-coated 

using the same procedure. The photoresist-coated chips were then placed in a furnace within a 

quartz tube and forming gas (95% N2 and 5% H2) was flowed through the tube (2.0 L/min) 

during the pyrolysis process. The furnace was slowly heated up to 1100 ℃ over several hours 

and maintained at 1100 ℃ for 1 h. The chips were allowed to cool to room temperature under 

a stream of forming gas (0.5 L/min) overnight in the furnace and stored under vacuum. The 

conductivity of PPF was measured before use. Only PPF samples with sheet resistances < 30 

Ω and good electrochemical properties were used for further experiments. 

 

Thin-film SnO2 samples, grown by plasma-assisted molecular beam epitaxy and chemical 

vapor deposition on sapphire substrates, were made by Dr Rodrigo Martinez Gazoni and Dr 
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Jonty Scott at the University of Canterbury. In this thesis work, SnO2 was used as working 

electrode and modified for UV-vis absorption spectroscopy. 

 

The RRDE (Autolab) has a 5 mm diameter GC disk and a concentric Pt ring at a distance of 

375 μm was used as working electrode for ORR study. 

 

Pt mesh was used as the counter electrode for all experiment. SCE was used for all aqueous 

solutions. Unless specified otherwise Ag/Ag+ (10 mM AgNO3 in either 0.1 M [Bu4N]BF4-ACN 

(E1/2 (Fc/Fc+) = 0.11 V vs Ag/Ag+) or 0.1 M [Bu4N]BF4-DCM (E1/2 (Fc/Fc+) = 0.27 V vs 

Ag/Ag+)) was used for all ACN and DCM solutions, respectively. All electrochemical 

experiments in this thesis were carried out using GC disks (area = 0.07 cm2) as the working 

electrode, except for surfaces prepared for AFM and XPS analysis, for which PPF and GC 

plates were used, respectively. 

2.3.1.2 Electrochemistry at the University of Canterbury 

All electrochemical measurements were performed using an Ecochemie Autolab PGSTAT302 

or PGSTAT302N potentiostat/galvanostat interfaced to a computer system and controlled by 

Autolab NOVA software version 1.11 or 2.1. 

2.3.1.3 Electrochemistry at the University of Angers 

A potentiostat/galvanostat model SP300 (from Bio-Logic) monitored by ECLab software was 

used for electrochemical experiments. 

2.3.1.4 Cell setup 

Two types of electrochemical cells were used for electrochemistry experiments: pear shaped 

glass cells (Figure 2.1 (a-b)) or a pear shaped glass cell with a hole in the base (Figure 2.1 (c-

d)), made by Rob McGregor at the University of Canterbury. Reference electrode, counter 

electrode and GC disk electrode were introduced into the standard cell and N2 can be purged 

in solution through the inlet on the cell if needed. PPF and GC plates were clamped to the base 
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of an electrochemical cell with a hole in the base; a Kalrez o-ring defined the area of the PPF 

or GC plate working electrode. Kalrez o-ring with different inner diameters were used: 9.25 

mm and 3.68 mm, for surface grafting and characterization, respectively. 

 

 

Figure 2.1 (a, c) Diagrams and (b, d) photographs of electrochemical cell setup used for 

electrochemistry experiment. 

2.3.2 Spectroelectrochemistry 

The absorption spectroelectrochemistry (A-SEC) bench at the University of Angers consists of 

Princeton Instruments modules, as shown in Figure 2.2. It has light sources, fibres, 

monochromators, spectroscopy camera and software. A “Y-shaped” optical fibre bundle 

ensures connection from the light source to the cell, and the spectrophotometer. The light is 

guided by 18 fibres to the cell, and reflected light from the cell is collected by 19 fibres to 

charge-coupled device (CCD) detectors. The sensitivity of the spectroscopic measurement 

makes it possible to perform A-SEC experiment under the usual electrochemistry conditions.206 

Electrochemical measurements were carried out with a Biologic SP150 potentiostat driven by 

the EC-Lab software including ohmic drop compensation. A-SEC measurement was performed 

in direct reflecting mode on the working electrode using the home-made Teflon cell as shown 

in Figure 2.3. It is assembled with an optical silica window for UV-vis SEC, a Viton o-ring, 

electrolyte solution and electrodes. Pt wire, Ag wire, and GC disk electrode were used as 

(a) (b) 

(c) (d) 
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counter, pseudo-reference and working electrodes, respectively. The GC electrode is mounted 

vertically in the cell and the micrometre screw can be used to adjust the distance between the 

electrode and the optical window. The distance used is normally 25-200 μm.207 SEC Plot v-5.1 

is used to analyse the A-SEC spectra. All the A-SEC measurements were done with the help 

of Dr Christelle Gautier at the University of Angers, France. 

 

 
Figure 2.2 Schematic diagram of the A-SEC bench. Reproduced with permission from 

reference 208. Copyright (2015) Elsevier. 

 

Figure 2.3 Spectroelectrochemical cell used for A-SEC measurement. (Photos were taken by 

Dr Christelle Gautier) 
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2.3.3 Cyclic voltammetry 

CV was used for surface modification and characterization. Scan rate, potential range and 

number of cycles are described in each chapter. 

2.3.4 Electrochemical impedance spectroscopy 

EIS was measured in a 0.1 M KCl solution with 1 mM K4Fe(CN)6 and 1 mM K3Fe(CN)6 over 

the 0.1-100,000 Hz frequency range with 10 mV ac amplitude and 50 frequencies, at E1/2 

(Fe(CN)6
3-/4-). As shown in Figure 2.4, Rct was measured by fitting the semicircle from the 

Nyquist plot using the NOVA 1.11 software, where Z’ is the real component of impedance and 

Z” is the imaginary component of impedance. 

 
Figure 2.4 Nyquist plot from EIS measurement. 

2.3.5 Voltammetry at the RRDE and experimental collection efficiency 

The experimental collection efficiency (N) of RRDE was calculated following the reported 

study.209 The test solution was 1 mM Fe(CN)6
3- in 0.1 M KCl solution at 25 ºC, and the potential 

on the GC disk electrode was scanned from 0.6 to -0.3 V at scan rate of 50 mV/s. Eapp = 0.6 V 

was applied to the Pt ring electrode at rotation rates of 500, 800, 1200, and 1600 rpm. N was 

calculated using Equation 2.2, where Ir and Id are the ring and disk currents at the steady state, 

respectively, giving, N = 25.6 %. 

 
 N = |,!,"| Equation 2.2 
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2.3.6 Oxygen reduction reaction 

The ORR catalytic performance of modified surfaces was measured in O2 saturated 0.1 M 

HClO4 solution using CV and RRDE at 25 °C. The ORR peak current on the first CV scan was 

collected and analysed. The current used from RRDE to calculate the %H2O2 is chosen at the 

reduction peak at each surface. 

 

Measurement of the onset potential in CVs was investigated by two methods using the first CV 

scan in the presence of O2: (i) the intersection of the linear extrapolation the fast rising current 

and the linear extrapolation of the baseline current on the CV;210 and (ii) the potential where 

the current density is 0.1 mA/cm2.211 An example of these two measurements is shown in 

Figure 2.5. In this thesis work, only the extrapolation method was used to report the onset 

potential as it is commonly used in the literature, while the other method is normally used for 

batteries. 

 

Figure 2.5 An example for measuring onset potential from CV using two methods as shown in 

red and blue. 
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2.4 Surface modification methods 

2.4.1 Grafting aryldiazonium salts 

Monolayers of H-Eth-Ar were prepared via the protection-deprotection method following a 

reported study.82 [TIPS-Eth-N2]BF4 was electrografted to the carbon electrode from a 5 mM 

solution. 5 CV cycles were performed at a scan rate of 50 mV/s from 0.6 to -0.75 V in degassed 

0.1 M [Bu4N]BF4-ACN. The modified electrode was sonicated in ACN for 5 min. The 

protecting group TIPS was cleaved by immersing into a 0.05 M TBAF in THF solution for 20 

min with stirring, then sonicated in THF for 2 min and dried with N2. 

 

Other experimental conditions used for aryldiazonium salt grafting were described in the 

experimental section for each chapter. 

2.4.2 CuAAC reaction 

Azide derivatives were coupled to H-Eth-Ar layer via CuAAC click reaction according to a 

literature procedure.82 H-Eth-Ar modified electrodes were immersed in a stirred 5 mL solution 

of azide derivative (0.05 mmol) in THF, and CuSO4 (10 mM, 2.5 mL) was added. After 15 min 

flushing with N2 (g), a solution of 10 mM L-ascorbic acid and NaHCO3 (15 mg) in water (2.5 

mL) was added dropwise to the solution under N2 atmosphere. The mixture was stirred for a 

further 3 h under N2 (g). The resulting electrodes were rinsed by stirring in disodium edetate 

(EDTA-Na2) (10 mM) solution for 10 min, to remove Cu residues, and were then stirred in 

THF for 20 min and dried with a stream of N2 (g).  

2.5 Surface concentration calculation 

Surface concentration, Γ (mol/cm2) of electro-active species was obtained experimentally by 

integrating the redox peak area from CV following Equation 2.3 and Equation 2.4, where Q is 

the charge (C) calculated from the redox peak area divided by the scan rate (v, V/s), n is the 

number of electrons transferred during redox process, F is the Faraday constant (96485 C/mol) 

and A is the geometric area of the working electrode (cm2). The redox peak area is calculated 
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using the NOVA 1.11 or 2.1 software. The peak baseline is corrected using polynomial fixed 

order and then the peak was integrated. 

 @ = 	
9
67A

 Equation 2.3 

 9 =	
peak	area

E
 Equation 2.4 

2.6 Density functional theory 

The optimized conformations of high and low spin FeTPP and FeTPP coordinated with Im-Ar-

NH2 were calculated by density functional theory (DFT) at the B3LYP/6-31G* level. All the 

calculations were carried out using the Gaussian 03 package with the default parameters.212 All 

the calculations were done with help of Dr Deborah Crittenden at the University of Canterbury. 

2.7 Estimation of molecule dimension 

Avogadro 1.2.0213 was used to estimate the molecular dimensions of molecules used for surface 

modification. The molecular structure was drawn and optimized using the software. The 

dimension was estimated using the tool provided by the software and assuming free rotation of 

the sigma bond. As an example, Figure 2.6 shows the structure and molecular length of 12-

aminododecanoic acid assuming a free rotation for the sigma bond, giving a molecular length 

of 1.7 nm. 

 

Figure 2.6 Molecular length and structure of 12-aminododecanoic acid estimated by Avogadro 

1.2.0. 
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3 Surface immobilization of [FeTPP]+ 

3.1 Introduction 

Fe(III)TPPCl is a classic and commercially available electrocatalyst for ORR, with a capability 

of synthesizing [FeTPP]+ derivatives with functional groups. As introduced in Chapter 1, 

surface immobilization of [FeTPP]+ and its derivatives offers many advantages, and numerous 

studies have been done to immobilize [FeTPP]+ and its derivatives on the surface. 

3.1.1 Physisorption 

The majority of transition metal complexes such as Co and Fe porphyrin are insoluble in water 

so they can be physisorbed (non-covalently immobilized) on suitable substrates from non-

aqueous solution and investigated in aqueous media. Non-covalent adsorption can be achieved 

by two main ways: (i) drop coating, which simply just transfers a certain volume of metal 

porphyrin solution to the electrode surface and dried and (ii) dip coating, which simply soaks 

the electrode into the solution for a certain time.214 The loading of the catalyst can be 

determined by dissolution of the adsorbed species in soluble solvents or by CV interrogation 

of the modified surfaces in aqueous solution. 

 

Many studies have been reported to immobilize Fe porphyrin on surface using either drop 

coating or dip coating. For example, Weidinger et al. modified electrodes with hangman Fe 

porphyrin by drop-coating. Surface enhanced resonance Raman spectroscopy was used to study 

the structure of the hangman Fe porphyrin during ORR.185 In another study, three different Fe 

porphyrin derivatives drop-coated on graphite electrodes showed good ORR activity over a 

wide range of pH.215 Some studies systematically investigated the effect of substituents on the 

macrocyclic ring on ORR using physisorption. For example, Fe porphyrins with -NH2 groups 

on the macrocyclic ring were immobilized on GC electrodes via drop coating. In this early 

study, the Fe porphyrin bearing four -NH2 groups exhibited the best ORR catalysis.216 Sinha et 

al. modified Fe porphyrin with different aryl groups as shown in Figure 3.1. The complexes 

were immobilized on edge plane pyrolytic graphite (EPPG) and basal plane graphite (BPG) 
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surfaces via dip coating.189 The results showed that a single acid or base group improved ORR 

performance compared to the parent Fe porphyrin. It was found that Fe porphyrin bearing a 2-

pyridyl group was the most active and stable catalyst. 

 

Figure 3.1 Asymmetric tetra(aryl)porphyrins investigated for ORR catalysis. Reproduced with 

permission from reference 189. Copyright (2015) John Wiley and Sons. 

 

Rigsby et al. also introduced substituents on the Fe porphyrin ring for ORR as shown in Figure 

3.2 (a).217 These Fe porphyrin complexes were immobilized by different methods: (i) drop 

coating of a 1 mM catalyst in 0.5% Nafion on GC; (ii) drop coating of an ink of catalyst in 0.5 % 

Nafion with carbon powder on GC; and (iii) dip coating of catalyst on EPPG. Solution based 

complexes were also included in the study. The ORR performance of the five Fe porphyrin 

derivatives was tested in different acid solutions with the results summarized in Figure 3.2 (b). 

For the same catalyst, the coating method affected the production of H2O2. For example, for 

FeTPPCl, homogenous solution gave the lowest %H2O2; when it was immobilized on EPPG 

via dip coating, it resulted the highest %H2O2.217 So the immobilization methods and solution 

used for ORR should be considered when interpreting the selectivity performance of different 

electrocatalysts. In addition, comparing the 2-COOH and 4-COOH derivatives in the same 

medium and environment, it is clear that the 2-COOH derivative has better performance for 

ORR (low % H2O2 produced). Similarly, the 2-Py derivative has better performance than the 

4-Py analog.217-219  
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Figure 3.2 (a) Electrocatalyst used in the study; (b) %H2O2 produced from ORR catalysed by 

catalysts in various environments: DMF with added acid ([H-DMF][OTf]) for Ph, aqueous HCl 

for 2/4-Py, and ACN with added acid for 2/4-COOH. Reproduced with permission from 

reference 217. Copyright (2015) American Chemical Society. 

 

Physisorption is a simple method for immobilizing catalytic metal complexes. However, it is 

challenging to control and quantify the concentration of the active catalyst and adjust the 

structure of the layer. The high concentration of the multilayer obtained from drop coating 

method can result in strong intermolecular interactions and slow electron transfer, and it affects 

the chemical properties of the porphyrin.185 Additionally, without covalent bonding between 

the modifiers and substrates, the molecules may desorb from the surface. So covalent 

immobilization is desired. 

3.1.2 Covalent immobilization 

3.1.2.1 Thiol ligand on Au surface 

Self-assembled monolayers (SAMs) of thiol molecules on Au surfaces is a well-known strategy 

for Au surface functionalization. SAMs are highly ordered, and exhibit suitable molecular 

orientation for axial ligation.192 Collman et al. employed click chemistry to immobilize a Fe 

(a)  

(b)  
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porphyrin derivative on SAM modified Au for ORR using an interdigitated array. One set of 

electrodes was immobilized with catalyst whereas the other set was electrodeposited with Pt 

and acted as the collector for reduction product. The electrochemistry and spectroscopy results 

showed that this modified surface exhibited high selectivity for 4 e- ORR with minimal 

production of H2O2.220 

3.1.2.2 Other covalent bonding methods 

Many other strategies have been reported to immobilize Fe porphyrin on surface via either 

axial ligand or direct bonding through functionalization of the porphyrin ligand. For example, 

fluoro functionalized Fe porphyrin reacts with amino-terminated surface layer via a 

nucleophilic aromatic substitution reaction to form covalent bonds.221, 222 This method, shown 

in Scheme 3.1, was used by Iamamoto et al. to functionalize silica surface with Fe porphyrin 

for (Z)-cyclooctene oxidation catalysis.221 

 

Scheme 3.1 Preparation of the Fe porphyrin functionalized surface. Redrawn from reference 

221.  

 

In another example, silica matrix was immobilized with Fe porphyrin bearing 

aminopropysilane group by forming Si-O covalent bond to the surface via silanization. The 

modified surface was used for 1,4-pentanediol oxidation catalysis.223 An ionic liquid was also 

involved in Fe porphyrin immobilization. As reported by Zou et al., MWCNTs were modified 

with an ionic liquid, chloropropyltriethoxysilane, then reacted with a pyridyl substituent group 

on Fe porphyrin. The functionalized surface was used for monocrotophos (a pesticide) 

detection.224 In another study, vinylphenyl functionalized Fe porphyrin was immobilized on a 
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p-type gallium phosphide semiconductor via UV-induced olefin immobilization chemistry. 

The modified surface was used for photoinduced HER.225 

 

A few other immobilization methods involve polymers as the Fe porphyrin anchor layer. For 

example, Chlistunoff et al. prepared polyvinylimidazole as axial ligand for Fe porphyrin used 

for ORR catalysis.191 Ergenerkon et al. modified polyvinylidene fluoride (PVDF) with 

polyacrylamide as anchor layer to couple Fe porphyrin functionalized with -COOH group via 

amide coupling reaction. 

 

In addition to immobilization strategies described above, as introduced in Chapter 1, many 

studies have immobilized Fe porphyrin on surface involving aryldiazonium salts, as these 

compounds provide a simple, robust and controllable way to covalently immobilize Fe 

porphyrin on the surface. 

 

Although a lot of work has been done to covalently immobilize Fe porphyrin on the surface, 

the majority of studies focuses on either other types of catalysis, such as CO2 reduction,107, 113, 

122, 226 HER,137 and hydrazine reduction129, or other metal complexes like Co137 and Mn 

complexes115, or synthesis of Fe porphyrin derivatives. Only a few studies report the covalent 

immobilization of Fe porphyrin on various surfaces based on aryldiazonium ion grafting for 

ORR electrocatalysis.100, 105, 145 Nevertheless, in these reported studies, the immobilization was 

mainly carried out on substrates with high surface area rather than a planar surface, so the 

physisorption cannot be excluded. In addition, developing an alternative to these synthetic 

strategies would be interesting. 

 

This chapter’s work aims to identify strategies to immobilize Fe porphyrin on carbon surfaces 

that overcome the drawbacks such as physisorption, limitation of thiol SAMs on Au surface, 

poorly defined active sites from pyrolyzed NPMCs, and synthetic difficulties for making 

complicated Fe porphyrin derivatives for coupling reaction. 
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In this chapter, an ORR electrocatalyst, [FeTPP]+ was covalently immobilized on the surface 

by 4 different strategies. Among different immobilization strategies, pre-coordination method 

using Im as an axial ligand was found to be most promising. The layers were well investigated 

using electrochemistry, AFM and XPS. This method provided a simple way to quantify and 

control the surface concentration of [FeTPP]+ on the surface as well as giving good ORR 

catalytic performance. Subsequent to development of the most promising immobilization 

method using Im as an axial ligand, a very similar strategy was reported by Harris group.100 

More extensive characterization of the surface layers and study of ORR catalysis was 

undertaken in this thesis. 

3.2 Experimental 

3.2.1 Electrochemistry 

Electrodes, electrolyte and electrochemical cells used in this chapter were described in chapter 

2. 

3.2.2 Characterization of the complexation between FeTPPCl and Im-Ar-NH2 in DCM 

solution 

UV-vis spectroscopy and electrochemistry were used to investigate the complexation reaction 

of FeTPPCl with different ratios of Im-Ar-NH2 in solution. For UV-vis spectroscopic 

measurement, FeTPPCl (1×10-5 M) was dissolved in DCM solution and then Im-Ar-NH2 was 

added into the FeTPPCl solution to give different ratios (as indicated in the Figure 3.4 (a)). 

UV-vis measurements were performed after mixing for 10 min at each ratio. DCM was used 

as the reference. For electrochemical measurements, FeTPPCl (0.5 mM) was dissolved into 

degassed 0.1 M [Bu4N]BF4-DCM solution and different ratios (as indicated in the Figure 3.4 

(b-c)). of Im-Ar-NH2 were added into the solution. CVs were obtained 10 min after each 

addition at scan rate of 100 mV/s. 
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3.2.3 Electrochemical surface modification  

3.2.3.1 Post-coordination strategy 

3.2.3.1.1 Immobilization of Im-Ar by CuAAC click reaction and post-coordination of 

FeTPPCl 

GC was modified following Scheme 3.2, which was the same procedure reported by Liu et 

al..145 GC was electrografted with H-Eth-Ar monolayers following literature procedure, as 

described in Chapter 2.83 Im-Ar-N3 was clicked to the H-Eth-Ar modified electrode via CuAAC 

following the procedure described in Chapter 2. The Im-Ar modified electrode was then 

immersed into a FeTPPCl-DCM (0.5 mM) solution overnight, followed by washing and 

sonication in DCM for 1 min.  

 

Scheme 3.2 [FeTPP]+ immobilization on GC via click reaction and post-coordination strategy. 

3.2.3.1.2 Direct grafting Im-Ar and post-coordination of FeTPPCl 

The imidazole linker was electrografted on GC surface in both aqueous and non-aqueous 

solution as shown in Scheme 3.3. For grafting from aqueous solvent (Scheme 3.3 (a)), Im-Ar-

N2
+ was formed in situ by adding Im-Ar-NH2 (8 mg, 0.05 mmol) and NaNO2 (6.9 mg, 0.1 

mmol) to 0.5 M HCl (5 mL).227 After 1 min reaction, the electrodes were placed in the solution 

and electrografting was carried out by CV from 0.60 V to -0.4 V for 5 cycles at 50 mV/s. The 

modified electrode was sonicated in water for 5 min and dried with N2 (g). After grafting, the 

Im-Ar modified electrode was immersed into FeTPPCl-DCM (0.5 mM) solution overnight and 

then sonicated in DCM for 1 min. 
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For grafting from non-aqueous solvent (Scheme 3.3 (b)), Im-Ar-N2
+ was formed in situ by 

adding Im-Ar-NH2 (4.0 mg, 0.025 mmol) and tBuNO2 (6 μL, 0.05 mmol) in 5 mL 0.1 M 

[Bu4N]BF4-ACN solution.40, 44, 45 After 5 min reaction, the electrodes were placed in the 

solution and electrografting was carried out by CV from 0.0 V to -0.6 V for 5 cycles at 50 mV/s. 

After grafting, modified GC was sonicated in ACN for 5 min and immersed into FeTPPCl-

DCM (0.5 mM) solution overnight and then sonicated in DCM for 1 min.  

 

 

Scheme 3.3 Post-coordination on GC: (a) in situ electrografting of Im-Ar in aqueous solution; 

(b) in situ grafting in non-aqueous solution. 

3.2.3.2 Pre-coordination strategy 

3.2.3.2.1 Electrografting of [FeTPPIm-Ar-N2]2+ 

The GC or PPF surface was modified using a pre-coordination method following Scheme 3.4. 

1.76 mg of [FeTPPIm-Ar-NH2]+ (prepared from a 1:1 ratio of FeTPPCl and Im-Ar-NH2) was 

dissolved in 5 mL 0.1 M [Bu4N]BF4-DCM solution and degassed for 10 min. tBuNO2 (2 μL, 

0.015 mmol) was added into solution and degassed for a further 5 min. Electrodes were 

immersed in the solution and grafting was carried out in different potential ranges by CV at 50 

(a) 

(b) 
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mV/s. After grafting, the electrode was washed with DCM and sonicated in DCM for 1 min. 

The surface concentration of grafted [FeTPPIm-Ar]+ was controlled by changing the grafting 

CV potential range and cycle number. 

 
Scheme 3.4 Pre-coordination strategy. 

3.3 Results and discussion 

3.3.1 UV-vis spectroscopy and electrochemistry of FeTPPCl in solution in the absence 

and presence of Im-Ar-NH2 

Figure 3.3 shows the electrochemical response of H2TPP and FeTPPCl in 0.1 M [Bu4N]BF4-

DCM. H2TPP has two well-defined oxidation and reduction processes as reported in the 

literature.228 When the ligand is coordinated to Fe, the oxidation processes of the TPP ligand 

shift positive and two new reduction processes appear. These two new redox processes are 

assigned to Fe(III)/Fe(II) (E1/2 = -0.58 V) and Fe(II)/Fe(I) (E1/2 = -1.34 V).229, 230 The H2TPP 

ring reduction processes are shifted beyond the potential range shown. 

 
Figure 3.3 CVs of H2TPP (0.5 mM) (black) and FeTPPCl (0.5 mM) (red) in 0.1 M [Bu4N]BF4-

DCM solution, scan rate = 100 mV/s. 



 66 

In order to investigate the reaction between Im-Ar-NH2 and FeTPPCl, the UV-vis spectra and 

electrochemical response of FeTPPCl with different ratios of Im-Ar-NH2 were studied. As 

shown in Figure 3.4 (a), in the absence of Im-Ar-NH2, the UV-vis spectrum of FeTPPCl in 

DCM shows the typical pattern for a metal-TPP complex with a strong absorption band at 416 

nm (the Soret band), and two weaker bands (Q bands) at 509 and 574 nm. The introduction of 

Im-Ar-NH2 ligand decreases the absorbance at 377 nm and 509 nm and increases the 

absorbance at 416 nm and 574 nm. The appearance of isosbestic points at 487 nm and 528 nm, 

demonstrates the formation of another complex in solution, which is consistent with literature 

reports.231, 232 Interestingly, the spectra changed throughout the Im-Ar-NH2 : FeTPPCl ratio 

ranges of 1 : 1 to 500 : 1, although the number of axial ligand coordinated is a maximum of 

two. However, a similar observation of spectra changing for imidazole up to 360 equivalent 

excess to FeTPPCl, was reported by Chlistunoff et al.191 No explanation was given. 

 

CVs of the Fe(III)/Fe(II) redox couple were recorded for different ratios of Im-Ar-NH2: 

FeTPPCl as shown in Figure 3.4 (b) and (c). In the absence of Im-Ar-NH2, E1/2 = -0.58 V for 

Fe(III)/Fe(II) and at the ratio of Im-Ar-NH2 : FeTPPCl of 10:1 and 20:1, E1/2 = -0.44 V as 

shown in Figure 3.4 (b). It is assumed that the latter E1/2 corresponds to reduction of the 

Fe(III)complex axially coordinated by one or two Im-Ar-NH2. The 140 mV positive shift for 

FeTPPCl coordinated with Im-Ar-NH2 is due to the electron-withdrawing effect of Im-Ar-NH2, 

which makes reduction of the Fe(III) centre thermodynamically easier. For Im-Ar-NH2: 

FeTPPCl ratios of 0.5:1 to 2:1, the electrochemical response is complex (Figure 3.4 (c)). 

Considering the CV of the 1:1 solution for example, the CV shows only a very small response 

for reduction of [Fe(III)TPP(Im-Ar-NH2)n=1 or 2]+ and a relatively large current for Fe(III)TPPCl 

reduction. However, for the return scan, oxidation is mainly of [Fe(II)TPP(Im-Ar-NH2)n=1 or 2] 

(by comparison with the CVs of 10:1 and 20:1 ratio in Figure 3.4 (b)). This indicates that after 

reduction of Fe(III)TPPCl, Im-Ar-NH2 coordinates to the Fe(II) centre and this is the species 

that is oxidized in the return scan. When the ratio reaches 10:1, there is no further change, 

suggesting the formation of [Fe(III)TPP(Im-Ar-NH2)n=1 or 2]+ is complete.  
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Figure 3.4 (a) UV-vis spectra of FeTPPCl (1×10-5 mol/L) in DCM with different ratios of Im-

Ar-NH2 : FeTPPCl, obtained by adding successive amount of Im-Ar-NH2 to FeTPPCl solution; 

(b) and (c) CVs of selected ratios of Im-Ar-NH2 : FeTPPCl (0.5 mM) in 0.1 M [Bu4N]BF4-

DCM solution, scan rate = 100 mV/s. 

 

 Equation 3.1 

 Equation 3.2 

 Equation 3.3 

 Equation 3.4 

 

The kinetics and thermodynamics of the coordination of imidazole derivatives with FeTPPCl 

have been previously investigated. For reaction with 1-phenylimidazole (1-PhIm), the 

[FeTPPCl] + 1-PhIm FeTPP(1-PhIm)Cl
K1

[FeTPP(1-PhIm)]ClFeTPP(1-PhIm)Cl
k1

+ 1-PhIm [FeTPP(1-PhIm)2]Cl
fast

[FeTPP(1-PhIm)]Cl

FeTPPCl 2 1-PhIm+ [FeTPP(1-PhIm)2]Cl
β2

(b) (c) 

(a) 
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mechanism below (Equation 3.1-Equation 3.4) was established with values of 0.7 ± 0.3 M-1, 

12 ± 2 s-1 and 820 ± 200 M-2 for K1, k1 and β2, respectively, at 25 ºC.233 

 

Applying that β2 value to the system investigated in this work, gives the 20 :1 ratio of Im-Ar-

NH2: FeTPPCl an estimated ratio for [FeTPP(1-PhIm)2]+Cl-/FeTPPCl ≈ 0.082. Therefore, less 

than 10% of FeTPPCl is expected to be in the form of the 6-coordinate complex. This finding 

agrees with results obtained by Harris et al., who immobilize a Fe porphyrin derivative on 

semiconductor surface via axial coordination with Im-Ar.100 In their study, Raman spectra 

showed that the main spectral contribution was from the five-coordinate complex and only a 

small shoulder at a high-frequency was observed corresponding to the six-coordinated 

complex.100 Therefore, the formed [FeTPPIm-Ar-NH2]+ is mainly 5-coordinated. 

 

It is important to note that for the 1:1 solution of Im-Ar-NH2: FeTPPCl solution, related to the 

work in this chapter and following chapters, the solution is expected to contain uncoordinated 

FeTPPCl and Im-Ar-NH2. It is not understood where electrochemistry showed no difference 

between the solutions containing 10:1 and 20:1 of Im-Ar-NH2 and FeTPPCl, but the UV-vis 

spectra continue to change as the Im-Ar-NH2: FeTPPCl ratio increases beyond 10:1 (Figure 

3.4). 

3.3.2 Surface immobilization and ORR catalytic performance 

3.3.2.1 Post-coordination method 

3.3.2.1.1 Im-Ar immobilization via CuAAC click reaction and coordination of FeTPPCl 

This strategy was previously reported by Liu et al..145 As shown in Scheme 3.2, a controlled 

density of Im-Ar was immobilized on the GC surface via electrografting of TIPS protected 

diazonium salt followed by a CuAAC click reaction with Im-Ar-N3. Each modification step 

was monitored by CV and EIS using redox probe. Figure 3.5 (a) shows the electrografting CV 

of TIPS-Eth-Ar-N2
+. The significant reduction peak at 0.05 V and its disappearance in the 

successive scans as the surface is blocked by the grafted film are the typical response of an 
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aryldiazonium salt, which is consistent with literature reports.83 As shown in Figure 3.5 (b) and 

(c), the redox response of Fe(CN)6
3-/4- at the modified surface is consistent with the grafting of 

a TIPS-Eth-Ar film on the surface which significantly blocks electron transfer. After 

deprotection to give a H-Eth-Ar monolayer, the surface is less blocked and the Rct obtained 

from the Nyquist plot from EIS measurements decreases from 455 kΩ to 3 kΩ. The H-Eth-Ar 

monolayer was then reacted with Im-Ar-N3 via a CuAAC click reaction. After reaction, the 

surface is more blocked to Fe(CN)6
3-/4- electron transfer according to both CV and EIS results 

(Rct increased from 3 kΩ to 9.6 kΩ), indicating that Im groups have been immobilized on the 

surface. 

 
 

 
Figure 3.5 (a) CVs of TIPS-Eth-Ar-N2

+ grafting, scan rate = 50 mV/s; (b) CVs, scan rate = 100 

mV/s, and (c) EIS of each modification step in 1 mM Fe(CN)6
3-/4- in 0.1 M KCl solution. 

 

(b) (a) 

(c) 
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In addition, the presence of the Im-triazole group has been confirmed by XPS measurements 

obtained by Jonathan Hamon at JRIM, Nantes, France. As shown in Table 3.1, after 

modification, the atomic % of N increases significantly. The high-resolution N 1s spectrum of 

the modified surface is shown in Figure 3.6. The signal can be fitted with two peaks at 399.8 

eV and 401.2 eV. The peak at 399.8 eV is assigned to the N (blue) from the imidazole group 

and two N atoms from the triazole group (blue) as labelled on the chemical structure in Figure 

3.6. The peak at 401.2 eV is assigned to the remained imidazole N (red) and another N atom 

(red) from the triazole group.145, 234, 235 The atomic percentage ratio of these two peaks (blue to 

red) is 1.68, which is close to the expected 1.5 ratio. 

 

Table 3.1 The atomic percentages of C, O, and N on Im-triazole modified GC surface and 

unmodified GC obtained from XPS survey spectra.a 

GC samples % C % O % N 

Unmodified GC 90.7 8.7 0.6 

Im- triazole GC 83.1 11.6 5.3 
a 

XPS measurements for unmodified GC, and Im-triazole modified GC were done at the University of Auckland, 

and JRIM, respectively. 

 

Figure 3.6 XPS N 1s core-level spectrum of Im-triazole modified GC. 

N

NN

N

N
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Reaction of immobilized Im-triazole layer with FeTPPCl. The Im-triazole modified surface 

was immersed into a 0.5 mM FeTPPCl-DCM solution overnight to coordinate FeTPPCl to the 

layer. After reaction, no redox peaks were observed for Fe(III)/Fe(II) couple on the surface in 

DCM solution (Figure 3.7). However, the CV peak separation for Fe(CN)6
3-/4- and the Rct 

obtained from EIS show small increases (Figure 3.8), consistent with addition of [FeTPP]+ to 

the surface. It is interesting to note that in the reported study by Liu et al. who prepared the 

same layer on CNTs by the same procedure, no electrochemistry of the modified material was 

shown.145 

 

Figure 3.7 CV in 0.1M [Bu4N]BF4-DCM solution of [FeTPP]+-Im-triazole modified GC 

prepared by post-coordination of FeTPPCl, scan rate = 500 mV/s. 

 

Figure 3.8 (a) CVs, scan rate = 100 mV/s, and (b) EIS of Im-triazole modified GC (black) and 

[FeTPP]+-Im-triazole modified GC (red) in 1 mM Fe(CN)6
3-/4- in 0.1 M KCl solution. 

 

(b) (a) 
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To further test whether [FeTPP]+ was on the surface, the modified electrode was briefly 

examined under ORR conditions. As shown in Figure 3.9, for unmodified GC, there is no 

reduction peak under N2, but a peak appears at Ep ≈ -0.60 V under O2. On the FeTPP-Im-

triazole modified GC, the peak at Ep ≈ -0.20 V is assigned to ORR catalysed by immobilized 

[FeTPP]+ and the peak at ~ -0.55 V is ORR at unmodified GC surface. Similarly, Liu et al. 

showed ORR catalysis by their Fe porphyrin modified CNTs prepared by the same strategy.145 

 

The observation of ORR catalysis is clear evidence that the complex is on the surface. However, 

because the surface concentration of [FeTPP]+ cannot be quantified via the electrochemical 

response of the Fe(III)/Fe(II) couple, and the ORR current is low compared to other modified 

surfaces (see chapter 4), this modification strategy was not investigated further. 

 

Figure 3.9 CVs of [FeTPP]+-Im-triazole modified GC prepared by post-coordination method 

(red), and unmodified GC, in N2 (blue) and O2 (black) saturated 0.1 M HClO4 solution, scan 

rate = 100 mV/s. 

3.3.2.1.2 Direct electrografting of Im-Ar in aqueous solution and post-coordination with 

FeTPPCl 

The aryldiazonium salt of Im-Ar-NH2 was prepared in situ in 0.5 M HCl with excess NaNO2 

(Scheme 3.3 (a)), and grafting was carried out by CV. Figure 3.10 (a) shows that when the 
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potential was repetitively cycled between 0.6 V and -0.3 V, a typical irreversible reduction 

wave is observed at 0.15 V vs SCE, which decreases on repeat scans, consistent with 

electrografting a Im-Ar layer to the GC surface.227 The modified electrode was tested in 

different pH PB solutions with 1 mM Fe(CN)6
4- as redox probe shown in Figure 3.10 (b). 

Compared to the unmodified electrode, electron transfer from the electrode surface to redox 

probe is more blocked in pH 7 and 9 solution as the CV peak separation has increased, however, 

the response of Fe(CN)6
3-/4- in pH 4 solution shows no evidence of a blocking layer. This 

behaviour is not surprising as imidazole is a moderately strong base with pKb 7. At pH 4, the 

layer would be protonated allowing close interaction of the anionic redox probe to the surface. 

At pH 7, the layer would be partially protonated, but pH 9 is expected to be neutral and blocking 

to electron transfer of the Fe(CN)6
3-/4- couple. 

 

Figure 3.10 (a) CVs of in situ electrografting of Im-Ar-N2
+ (5 mM) on GC in 0.5 M HCl 

solution, scan rate = 50 mV/s. (b) CVs obtained at Im-Ar modified GC (grafted as shown in 

(a)) and unmodified GC, in 1 mM Fe(CN)6
4- in 0.1 M PB solutions of pH 4, 7 and 9, scan rate 

= 100 mV/s. 

 

Reaction of immobilized Im-Ar layer with FeTPPCl. The Im-Ar modified surface was 

immersed into FeTPPCl-DCM (0.5 mM) solution overnight for post-coordination reaction. 

After reaction, the modified surface was examined by CV and EIS of Fe(CN)6
3-/4- in 0.1 M KCl 

solution, and the modified surface was also examined in 0.1 M [Bu4N]BF4-DCM solution 

(Figure 3.11). From CV and EIS, the surface is more blocked to electron transfer and the Rct 

(a) (b) 
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has increased from 14.9 kΩ for Im-Ar surface to 55.1 kΩ, suggesting that [FeTPP]+ has been 

immobilized on surface. However, similar to the previous strategy, no redox peaks are seen in 

DCM or ACN solution after reaction with FeTPPCl (Figure 3.11 (c)). This result is surprising 

because Harris et al. reported well-defined CVs in ACN of the Fe(III)/Fe(II) couple after post-

coordination of their Fe porphyrin on semiconductors pre-modified with Im-Ar by 

electrografting of isolated [Im-Ar-N2
+]BF4

-. Despite repeated attempts, no redox peaks could 

be obtained from CVs of the modified surfaces in DCM or ACN in this study.  

  

 
Figure 3.11 (a) CVs, scan rate = 100 mV/s, and (b) EIS of unmodified (black), Im-Ar (red) and 

[FeTPP]+-Im-Ar (blue) modified GC by post-coordination (aqueous grafting of Im-Ar) in 1 

mM Fe(CN)6
3-/4- in 0.1 M KCl solution; (c) CV of [FeTPP]+-Im-Ar modified GC in 0.1M 

[Bu4N]BF4-DCM solution, scan rate = 200 mV/s. 

 

(a) (b) 

(c) 
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The modified electrode was examined under ORR conditions in order to further test if [FeTPP]+ 

had been immobilized on the surface. As shown in Figure 3.12, there is a reduction peak at 

[FeTPP]+-Im-Ar modified surface at Ep ≈ -0.15 V, which is assigned to ORR catalysed by 

[FeTPP]+ immobilized on surface. In the absence of [FeTPP]+, the Im-Ar modified surface 

shows only a reduction peak at Ep ≈ -0.55 V, similar to that at unmodified GC (Figure 3.9). 

These results demonstrate the successful immobilization of [FeTPP]+ on the surface, however, 

similar to the previous method, it is difficult to electrochemically quantify the immobilized 

[FeTPP]+ on surface and the ORR current obtained from CV is not high. Two possible reasons 

for the low ORR current are (i) a low surface concentration because of protonation, (ii) the Im-

Ar layer is too thick that blocks the electron transfer. 

 
Figure 3.12 CVs of [FeTPP]+-Im-Ar (red) from post-coordination (aqueous grafting of Im-Ar) 

in O2 saturated 0.1 M HClO4 solution, and Im-Ar modified GC in N2 (blue) and O2 (red) 

saturated 0.1 M HClO4 solution, scan rate = 100 mV/s. 

3.3.2.1.3 Direct electrografting of Im-Ar layer in non-aqueous solution and post-coordination 

of FeTPPCl 

The procedure described in the previous section was repeated, except that Im-Ar was grafted 

to the surface after in situ preparation of Im-Ar-N2
+ in ACN solution (Scheme 3.3 (b)). Results 

obtained at the modified surface were essentially the same as in situ grafting of Im-Ar from 

aqueous solution. However, in this case, the ORR reduction current after post-coordination 

reaction was significantly smaller (Figure 3.13). This could be attributed to a thick Im-Ar layer, 
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leading to slow electron transfer from the electrode surface through the film to [FeTPP]+ at the 

outer layer, resulting in poor ORR performance.100 Because of the difficulties in quantification 

of the [FeTPP]+ surface concentration, control of the film structure and thickness of Im-Ar 

layer, and its poor ORR performance, this post-coordination method was not further 

investigated. 

 

Figure 3.13 CVs of Im-Ar (black) in O2 saturated 0.1 M HClO4 solution, and [FeTPP]+-Im-Ar 

modified GC prepared from the post-coordination method (non-aqueous grafting of Im-Ar) in 

N2 (blue) and O2 (red) saturated 0.1 M HClO4 solution, scan rate = 100 mV/s. 

3.3.2.2 Pre-coordination strategy 

3.3.2.2.1 [FeTPPIm-Ar]+ film preparation and characterization 

In an attempt to better quantify and control the immobilization of [FeTPP]+ on the surface, the 

pre-coordination method was employed following Scheme 3.4. The grafting of the complex 

was carried out in DCM and hence to characterize the system, the first step was to examine the 

in situ electrografting of Im-Ar-N2
+ from 0.1 M [Bu4N]BF4-DCM solution (Figure 3.14 (a)). 

The first scan shows a broad peak at ~ 0.0 V, corresponding to the reduction of diazonium ion 

generated in situ. The cathodic shift and disappearance of reduction peak on the following 

scans indicate increasing blocking of the surface with grafted Im-Ar film. To graft [FeTPP]+-

Im-Ar on the surface, a 1:1 mixture of FeTPPCl and Im-Ar-NH2 was prepared, excess tBuNO2  

leads to the formation of thick covalently attached layers from aryldiazonium grafting.60-62 
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Figure 3.14 In situ electrografting of (a) Im-Ar-N2
+ from 0.5 mM Im-Ar-NH2 solution by 

adding 3 mM tBuNO2 with reaction time of 5 min, scan rate = 50 mV/s; (b)-(e) a mixture of 

0.5 mM FeTPPCl: Im-Ar-NH2 (1:1) with 3 mM tBuNO2 with reaction time of 5 min in different 

potential ranges from 0.4 V to various negative potential limits for 15 cycles, scan rate = 50 

mV/s; (f) selected CV cycles during 75 cycles grafting from 0.4 V to -0.6 V, scan rate = 50 

mV/s; (g) CVs of [FeTPPIm-Ar]+ modified GC from condition (e) for 20 cycles in 0.1 M 

[Bu4N]BF4-DCM at selected scan rates. 

(g) 
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was added and CVs were recorded (Figure 3.14 (b-f)). It should be noted that as explained 

earlier, a 1:1 solution of Im-Ar-NH2 and FeTPPCl contains only a small amount of coordinated 

[FeTPPIm-Ar-NH2]+ (Figure 3.4), and presumably only a low concentration of [FeTPPIm-Ar-

N2]2+ is formed in the grafting solution. Compared to the CVs of Im-Ar-N2
+, CVs of the 1:1 

solution are similar between 0.4 V to -0.1 V, so the peak at ~ 0.0 V in Figure 3.14 (b) is due to 

reduction of Im-Ar-N2
+ (mostly uncoordinated). The grafting current decreases on repeat scans 

consistent with formation of a blocking Im-Ar layer. However, when the negative potential 

limit is extended to -0.2 V and more negative, the CV response is more complex (Figure 3.14 

(c-f)): the current in the potential range of -0.15 to -0.5 V increases with continuous potential 

cycling. The gradual increase of the current is attributed to the grafting of FeTPPIm-Ar groups, 

which allows redox grafting: electrons can transfer from the surface through the film to solution 

species, via the Fe(III)/Fe(II) redox couple. This phenomenon has been reported that for other 

aryldiazonium salts that contain a chemically reversible redox active group, redox grafting  

 

The grafting CVs in Figure 3.14 (b-f) have different potential limits or cycle numbers. The 

assignment of the various peaks under the different conditions is not fully understood, however, 

some comments can be made: 

(i) in the grafting solution, after adding tBuNO2 to form diazonium ion in situ, the species are 

expected to be [FeTPP]+, Im-Ar-N2
+ and [FeTPPIm-Ar-N2]2+ (minor species). For [FeTPPIm-

Ar-N2]2+ , both the -N2
+ and Fe(III) centres may be reduced and reduction of Fe(III) to Fe(II) 

could lead to an intramolecular or intermolecular reduction of -N2
+; (ii) the reduction of Im-

Ar-N2
+ is reasonably expected to be at the similar potential (~ 0.0 V) when it is either 

uncoordinated or coordinated to [FeTPP]+. Because the porphyrin complex is away from the 

aryldiazonium ion, its effect on aryldiazonium ion would be negligible; (iii) redox grafting, as 

evidenced by the current increase in peaks b, c, e and f (Figure 3.14 (e)) can only occur once 

[FeTPPIm-Ar]+ has been grafted to the surface; (iv) it is assumed that peaks c/e and b/f are 

redox couples. All redox processes more negative than ~ -0.1 V must be related to Fe(III)/Fe(II). 

At peaks b and c, Fe(III) is reduced to Fe(II), which then reduces solution species, amplifying 
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the current. In contrast, the return peaks e and f correspond to oxidation of Fe(II) centre on the 

surface and there is no redox catalysis occurring; (v) Figure 3.14 (g) shows the CVs of a surface 

modified by 20 scans over the range 0.4 V to -0.6 V. The major reduction peak occurs at ~ -

0.38 V, corresponding to peak c in Figure 3.14 (e), however, there is a small shoulder at ~ -0.2 

V and this corresponds to peak b in the grafting CV in Figure 3.14 (e). The species giving rise 

to the redox couple at ~ -0.2 V is not fully understood; (vi) when the number of grafting cycles 

is extended to 75, Figure 3.14 (f) shows that the peak at ~ - 0.2 V continues to grow and shift 

slightly to more negative potential, whereas that at -0.38 V does not. Noting that when the 

grafted electrode is examined in fresh electrolyte solution (Figure 3.14 (g)), the peak at ~ -0.38 

V is the major peak, and the peak at ~ -0.2 V is very minor, suggesting that in Figure 3.14 (f), 

the peak close to -0.2 V is mediating the reduction of solution species whereas mediation by 

the peak at ~ -0.4 V is minor. The oxidation peak at ~ -0.3 V in Figure 3.14 (f) is the oxidation 

part of the redox couple with the reduction peak at -0.38 V. 

 

In summary, a tentative assignment of peaks for the grafting CVs in Figure 3.14 (e) is: 

a. Reduction of Im-Ar-N2
+ which may be both coordinated to [FeTPP]+ and uncoordinated; 

the majority is uncoordinated. 

b. Reduction of an unknown species on the surface and mediation of solution reduction of 

Im-Ar-N2
+ (coordinated or uncoordinated to [FeTPP]+). 

c. Reduction of grafted [FeTPPIm-Ar]+, with some mediation of reduction of solution 

species. It is mainly mediating the reduction of Im-Ar-N2
+ but could also mediate 

reduction of the Fe(III) centre of [FeTPPIm-Ar-N2]2+. 

d. Direct reduction of Fe(III)/Fe(II) of [FeTPP]+ in solution. When Fe(II) is formed, it can 

coordinate with Im-Ar-N2
+ (or surface Im-Ar) and [FeTPP]+ is immobilized on surface. 

e. Oxidation of [FeTPPIm-Ar]+ on surface. 

f. Oxidation of the surface species giving rising to peak b. 
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After grafting from a mixture of FeTPPCl (0.5 mM) and Im-Ar-NH2 (1:1 ratio) between 0.4 V 

to -0.6 V for 20 cycles, the surface was investigated in 0.1M [Bu4N]BF4-DCM solution (Figure 

3.14 (g)). As mentioned above, the peaks shown in CVs correspond to the Fe(III)/Fe(II) redox 

couple. The surface concentration of electro-active [FeTPPIm-Ar]+ film can be calculated by 

integrating the area under the Fe(III)/Fe(II) redox peaks, giving Γ = 6.0×10-10 mol/cm2. The 

CVs obtained at selected scan rates show the expected linear relationship between peak current 

and scan rate consistent with surface immobilized species (Figure 3.15).70, 236 

 

Figure 3.15 Plot of peak current vs scan rate in 0.1 M [Bu4N]BF4-DCM for [FeTPPIm-Ar]+, 

modified surface shown in Figure 3.14 (g). 

 

The successful grafting of [FeTPPIm-Ar]+ was also confirmed by UV-vis absorption 

spectroscopy. Figure 3.16 shows the UV-vis absorption spectrum of a [FeTPPIm-Ar]+ film 

grafted on SnO2 using the pre-coordination method and a spectrum of a solution with 1:1 ratio 

of Im-Ar-NH2: FeTPPCl in DCM. The film has a strong broad absorption band at 444 nm, 

corresponding to the Soret band, and other weak absorption bands at 367, 542 and 583 nm, 

which are similar to the typical UV-vis spectrum of FeTPPCl in solution, indicating that the 

SnO2 surface has been modified with [FeTPP]+. However, compared to the spectrum of 

FeTPPCl in solution (λmax = 416 nm), the Soret band of the film has a redshift of 28 nm. Similar 

redshifts have been observed before. For example, the Soret band of Co porphyrin immobilized 

on poly(N-vinylimidazole) grafted SiO2 red shifted compared to the Soret band in solution.237 
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The Soret band of NiTPP film on ITO was redshifted by 12 nm compared to solution-based 

NiTPP.98 This may be attributed to the J-aggregation of porphyrin rings,98 or the distortion of 

[FeTPP]+ after immobilization on the surface.185 In addition, the Soret band of the film is 

broader than in solution, which may result from intermolecular electronic interactions within 

the film.238 

 

Figure 3.16 UV-vis absorption spectrum of [FeTPPIm-Ar]+ film on SnO2 (red), grafted using 

pre-coordination method (0.2 V to -1.0 V for 30 cycles at 50 mV/s) and spectrum of 1:1 ratio 

of Im-Ar-NH2: FeTPPCl (1×10-5 mol/L) in DCM (blue). 

 
Figure 3.17 Plot of surface concentration of [FeTPPIm-Ar]+ vs CV cycle number after grafting 

from 0.4 V to -0.6 V at 50 mV/s in a DCM solution prepared from a mixture of FeTPPCl and 

Im-Ar-NH2 (0.5 mM) (1:1) and 3 mM tBuNO2. 
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In order to gain further insight into the redox grafting, the effect of cycle number on surface 

concentration was examined. As shown in Figure 3.17, the surface concentration of [FeTPPIm-

Ar]+ increases with cycle number, and the initial growth is somewhat slower than the later 

growth rate, similar to a previous report for redox grafting. The increasing growth rate is 

attributed to a surface roughening of the film as the film grows.60 

 

DFT was used to calculate the conformation of [FeTPPIm-Ar]+ with lowest energy on the 

surface giving the structure shown in Figure 3.18. The height is 1.8 nm with a radium of 1.0 

nm and a projected area of 1.47 nm2. Therefore, the minimum and maximum theoretical surface 

concentration of a close-packed monolayer of [FeTPPIm-Ar]+ on a flat surface is calculated to 

be 4.5×10-10 mol/cm2 (assuming free rotation) and 1.1×10-10 mol/cm2 (assuming no rotation), 

respectively. The surface roughness factor of GC is typically ~ 2,4 and layers grafted from 

diazonium ions are typically 30%-80% of close-packed,64, 67, 68 so the surface concentration of 

a monolayer is ~ 0.3-1.8×10-10 mol/cm2. In Figure 3.17, the surfaces modified from the negative 

potential limit of -0.6 V for 15 and 75 cycles have a Γ = (3.8 ± 0.6)×10-10 mol/cm2 and (3.0 ± 

0.5)×10-9 mol/cm2, which correspond to ~ 12 and 100 layers, respectively. 

 

Figure 3.18 Optimized geometry of [FeTPPIm-Ar-NH2]+ calculated by DFT using the 

Gaussian 03 package with the default parameters. 
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Figure 3.19 CVs of different ratios of Im-Ar: FeTPPCl (0.5 mM) in 0.1M [Bu4N]BF4-DCM 

solution under N2, scan rate = 100 mV/s. 

 

It is noted that the E1/2 of the major Fe(III)/Fe(II) couple grafted on the surface is ~ -0.31 V, 

whereas the E1/2 of [FeTPPIm-Ar-NH2]+ in solution (Im-Ar-NH2: FeTPPCl = 20:1) is ~ -0.44 

V (Figure 3.4 (b)). This difference is attributed in part to the loss of amine group from Im-Ar-

NH2 when grafted to the surface. Amine is an electron donating substituent and is expected to 

increase electron density on the Fe(III) centre in [FeTPPIm-Ar-NH2]+ making the Fe(III) centre 

more difficult to be reduced compared to the [FeTPPIm-Ar]+ on the surface. This was 

confirmed by electrochemically investigating the complexation reaction between FeTPPCl and 

Im-Ar (without amine group). As shown in Figure 3.19, CVs change with different ratios of 

Im-Ar added into the solution, similar to the behaviour when using Im-Ar-NH2 (Figure 3.4 (b-

c)). The complexation reaction was complete at the ratio of 10:1 for Im-Ar: FeTPPCl. E1/2 of 

Fe(III)/Fe(II) was ~ -0.38 V, which is more positive than FeTPPCl with Im-Ar-NH2 (~ -0.44 

V) in solution. However, there is still a positive shift of ~ 70 mV for [FeTPPIm-Ar]+ 

immobilized on GC. This positive shift indicates that the stability of the Fe(II) complex 

compared to the Fe(III) complex is greater on the surface than in solution. This may be 

attributed to the charge effect. The concentration of [FeTPP]+ centres in the films (prepared by 

grafting from 0.4 to -0.6 V) is very high compared to in solution (as explained later in Chapter 

5, a volumetric concentration of 0.25 M can be estimated for [FeTPP]+ centres in the films, 
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which is much higher than solution concentration) and hence forming the lower-charged Fe(II) 

complex is relatively more favourable on the surface than in solution.239 

3.3.2.2.2 [FeTPPIm-Ar]+ film composition investigation 

According to the CVs of the mixture of Im-Ar-NH2: FeTPPCl (1:1) and Im-Ar: FeTPPCl (1:1) 

in solution as shown in Figure 3.4 and Figure 3.19, respectively, the grafting CVs shown in 

Figure 3.14, and the associated comments above, it was considered likely that the negative 

potential limit used for grafting could influence the composition of the film. For example, with 

a negative potential limit of -0.2 V, mainly Im-Ar-N2
+ would be reduced as it is the major 

species present in the 1:1 grafting solution. The reduction of Fe(III) to Fe(II) occurs at more 

negative potential and is accompanied by coordination with Im-Ar-N2
+ or surface immobilized 

Im-Ar and hence the complex is mainly deposited at more negative potential. To investigate 

the effect of negative potential limit on the film composition, films grafted with selected 

negative potential limits, were examined by electrochemical measurement, AFM film 

thickness measurement and XPS measurement. 

 

As shown in the plot in Figure 3.20, the surface concentration of [FeTPP]+ increased with the 

increasing negative potential limit (at a constant number of scans). This is not unexpected for 

film grafting from diazonium salts.86 The increasing slope of the plot with negative potential 

limit is consistent with redox grafting:60 at negative potential limit of -0.6 V, the reduction of 

Fe(III)/Fe(II) on surface could mediate the reduction of solution species and increase the rate 

of FeTPP deposition on surface. However, it should be noted that in this thesis work, only the 

surface concentration of electro-active [FeTPP]+ is measured and uncoordinated Im-Ar in the 

film is not electroactive in the selected potential range. Therefore, to further investigate the 

effect of different negative potential limits on the deposited film, the film thickness was 

measured by AFM depth profiling. 
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Figure 3.20 Plot of surface concentration of [FeTPPIm-Ar]+ measured in 0.1M [Bu4N]BF4-

DCM solution for films prepared using different negative grafting potential limits. Grafting 

solution was 0.5 mM FeTPPCl: Im-Ar-NH2 (1:1) and 3 mM tBuNO2 in 0.1M [Bu4N]BF4-DCM. 

All grafting was carried out at scan rate = 50 mV/s for 15 cycles. 

 
Figure 3.21 AFM topographical images and corresponding depth profiles for [FeTPPIm-Ar]+ 

prepared from different grafting potential ranges: (a) 0.4 V to -0.2 V; (b) 0.4 V to -0.4 V; (c) 

0.4 V to -0.6 V from 0.5 mM FeTPPCl : Im-Ar-NH2 (1:1) solution at scan rate of 50 mV/s for 

15 cycles. 

(a) 

(b) 

(c) 
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AFM film thickness measurement was carried out on [FeTPPIm-Ar]+ modified PPF as shown 

in Figure 3.21. PPF was used in place of GC because PPF has a much smoother surface with 

GC-like structure. According to the corresponding scratch depth profiles, [FeTPPIm-Ar]+ films 

grafted from 0.4 V to selected negative potential limits of -0.2 V, -0.4 V and -0.6 V for 15 

cycles have film thicknesses of 2.4 ± 0.2, 9.6 ± 0.5 and 15.7 ± 0.2 nm, respectively. 

 

The relationship between film thickness and surface concentration of [FeTPPIm-Ar]+ would 

be expected to be linear with the same composition for each film,62 whereas in this case, it is 

not, as shown in Figure 3.22. Assuming that the film grafted with the negative potential limit 

of -0.6 V has the greatest concentration of [FeTPP]+ per nm of film, the other films have a 

much lower concentration of [FeTPP]+ than would be expected based on their thickness. The 

film thickness of ~ 16 nm corresponds to ~ 10 layers of [FeTPPIm-Ar]+ calculated from the 

molecular height. The expected surface concentration corresponding to a layer of that thickness 

can be estimated using Γ = 0.7-1.8×10-10 mol/cm2 for a grafted monolayer (as explained earlier). 

Hence a ~ 16 nm layer of [FeTPPIm-Ar]+ is expected to have Γ = 7-18×10-10 mol/cm2. However, 

according to the surface concentration obtained from CV, this ~ 16 nm film contains 

significantly fewer [FeTPP]+ centres (Γ = 3.7×10-10 mol/cm2), suggesting that the film also 

contains uncoordinated Im-Ar. Similarly, for the films grafted from negative potential limits 

of -0.4 V and -0.2 V, their surface concentrations correspond to ~ 1 layer and sub-monolayers 

of ‘pure’ [FeTPPIm-Ar]+ films, but the film thickness are much greater than expected for 

monolayer or sub-monolayer films. 
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Figure 3.22 Plot of surface concentration of [FeTPPIm-Ar]+ on surface as a function of film 

thickness measured by AFM scratch method. The negative potential limit used during grafting 

is shown on the plot. 

 

XPS measurement. The composition of [FeTPPIm-Ar]+ layers was also investigated by XPS 

measurement. Table 3.2 lists the atomic % of C, O, N and Fe for unmodified and [FeTPPIm-

Ar]+ modified GC. The films were grafted using a negative potential limit of -0.2 V and -0.6 

V for 20 CV cycles. Different GC plates were used to prepare the samples and surface oxygen 

content may be slightly different among GC samples. In addition to C and O, unmodified GC 

has a small N 1s signal. The trace amount of N could be due to GC manufacturing process or 

contamination of the surface. It is clear that after modification with [FeTPPIm-Ar]+ , there is a 

significant increase in N content and Fe is detected, which is consistent with the presence of a 

grafted film. The ratios of N to Fe for [FeTPPIm-Ar]+ modified surface are ~ 20 and 15 for 

[FeTPPIm-Ar]+ film grafted from negative potential limit of -0.2 V and -0.6 V, respectively, 

which are higher than the expected 6:1 (see the chemical structure in Scheme 3.4). This high 

N: Fe ratio can have several origins. As explained above, it is expected that uncoordinated Im-

Ar is incorporated in the film during grafting, which would increase the N content or loss of 

Fe during XPS measurement. Additionally, grafting via reduction of aryldiazonium ions is 

known to lead to azo linkages within the film which increases the N content.48, 63, 100, 240, 241  
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Table 3.2 Atomic percentages of C, O, N and Fe on [FeTPPIm-Ar]+ modified and unmodified 

GC surfaces obtained from XPS survey spectra.a 

GC sample % C % O % N % Fe 

Unmodified GC  90.7 8.7 0.6 - 

[FeTPPIm-Ar]+ GC (-0.20 V)  88.6 7.3 3.9 0.2 

[FeTPPIm-Ar]+ GC (-0.60V) 83.0 5.7 10.6 0.7 
a
 Measurement for unmodified GC and [FeTPPIm-Ar]+ modified GC from negative potential limit of -0.60 V 

made by Dr Colin Doyle at the University of Auckland and for [FeTPPIm-Ar]+ modified GC from negative 

potential limit of -0.20 V was made by Jonathan Hamon at JRIM. 

 
Figure 3.23. Fe 2p core-level XPS spectrum for [FeTPPIm-Ar]+ modified GC from negative 

potential limit of -0.2 V (data obtained from JRIM). 

 

The high-resolution Fe 2p core-level XPS spectrum (Figure 3.23) shows peaks at 710.1 eV and 

723.8 eV for the [FeTPPIm-Ar]+ modified sample.145 The high-resolution N 1s spectra for 

unmodified GC and [FeTPPIm-Ar]+ film grafted GC at negative potential limits of -0.2 V and 

-0.6 V are shown in Figure 3.24. The spectrum of unmodified GC shows two small peaks at 

400.0 eV and 402.4 eV, while the signal for [FeTPPIm-Ar]+ modified GC can be fitted with 4 

main peaks. The peaks are listed and assigned in Table 3.3. The peaks at 398.7 eV and 398.6 
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eV for [FeTPPIm-Ar]+ (-0.2 V) and [FeTPPIm-Ar]+ (-0.6 V), respectively, are attributed to the 

five nitrogen atoms coordinated to Fe.145, 242 Another large N 1s peak at 400.7 eV (-0.2 V), and 

400.8 eV (-0.6 V) can be assigned to tertiary amine N (from the Im-Ar group). The small peaks: 

399.8 eV (-0.2 V) and 399.6 eV for (-0.6 V) are assigned to imine N and azo N63, 243 and 401.6 

eV (-0.2 V) and 401.9 (-0.6 V) are assigned to protonated imidazole N, which as expected 

occurs at ~ 2.3 eV higher than its deprotonated state.100  

 

Figure 3.24. XPS N 1s core-level spectra of (a) unmodified GC (data obtained at the University 

of Auckland), (b) [FeTPPIm-Ar]+ modified GC from negative potential limit of -0.2 V (data 

obtained from JRIM), and (c) -0.6 V (data obtained at the University of Auckland). 

 

The key observations for these two [FeTPPIm-Ar]+ modified samples are that the % of N bound 

to Fe is much higher for the film grafted with a negative potential limit of -0.6 V than -0.2 V, 

and meanwhile the % of protonated imine N is much lower for the sample grafted from -0.6 V 

than -0.2 V. Both observations demonstrate that the [FeTPPIm-Ar]+ film grafted from a 

negative potential limit of -0.6 V contains more [FeTPP]+ coordinated Im-Ar than the film 

grafted from -0.2 V. 

 

 

 

 

(a) (b) (c) 
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Table 3.3 XPS N 1s core-level composition of [FeTPPIm-Ar]+ samples grafted with negative 

potential limits of -0.2 V and -0.6 V. 

Binding energy (eV) Assignment 
Negative potential limit used during grafting 

-0.2 V 
(%) 

-0.6 V 
(%) 

398.7 
Fe-N 

24.2  

398.6  42.2 

399.8 
Imine N + azo 

18.9  

399.6  11.8 

400.7 
Tertiary amine N 

31.5  

400.8  41.0 

401.6 
Protonated imine N 

25.4  

401.9  5.0 

 

Combining the results obtained from electrochemical, AFM and XPS measurement, indicates 

that the negative potential limit for grafting has an impact on the [FeTPPIm-Ar]+ film 

composition. At more negative grafting potential limit (-0.6 V), Fe(III)TPP is reduced to 

Fe(II)TPP and grafted Im-Ar coordinates to the Fe(II) centre allowing the complex to be 

immobilized on the surface. Using a negative potential limit of -0.2 V, Fe(II)TPP is not 

generated and the layer produced is mainly uncoordinated Im-Ar. Therefore, the film 

composition can be tuned by choice of grafting potential. 

 

ORR catalytic performance. As described above, [FeTPPIm-Ar]+ can be immobilized on the 

surface by the pre-coordination strategy. After modification, its ORR catalysis was investigated. 

As shown in Figure 3.25, it has a significant ORR catalytic peak at ~ 0.09 V when compared 

to the response under N2 atmosphere and unmodified GC, indicating that [FeTPPIm-Ar]+ 

modified GC via pre-coordination strategy has good ORR catalysis properties. Moreover, 

compared to the ORR performance of [FeTPP]+ modified surface by the post-coordination 

method (Figure 3.9, Figure 3.12, and Figure 3.13), the pre-coordination method gives higher 

ORR catalytic current and slightly more positive reduction peak potential. 
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Figure 3.25 ORR performance of unmodified GC (black) in O2 saturated 0.1 M HClO4 solution, 

and [FeTPPIm-Ar]+ GC via pre-coordination method (grafted from 0.4 V to -0.6 V for 20 cycles, 

50 mV/s with Γ = 5.2×10-10 mol/cm2) in O2 (red) and N2 (blue) saturated 0.1 M HClO4 solution, 

scan rate = 100 mV/s. 

3.4 Conclusion 

The coordination reaction between FeTPPCl and Im-Ar-NH2 has been studied by UV-vis 

spectra and electrochemistry in solution. The isosbestic point in the spectra and potential shift 

of the Fe(III)/Fe(II) couple in the presence of Im-Ar-NH2 in solution demonstrate the formation 

of a new complex with imidazole as the axial ligand. 

 

[FeTPP]+ was immobilized on the surface using two main strategies including four different 

routes: (i) via CuAAC click reaction to the immobilized Im groups and subsequent 

coordination reaction; (ii) in situ grafting of Im-Ar on the surface from aqueous solution and 

subsequent coordination reaction; (iii) in situ grafting Im-Ar on the surface from non-aqueous 

solution and coordination reaction; (iv) pre-coordination method to graft [FeTPPIm-Ar-N2]2+ 

in situ. For routes (i-iii), each modification was monitored and the modified surface exhibited 

ORR catalysis, demonstrating the successful immobilization. However, despite several 

attempts, no redox peaks of Fe(III)/Fe(II) on the surface could be observed in DCM solution 

for surface prepared by routes (i)-(iii). 
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For route (iv), in situ grafting of [FeTPPIm-Ar-N2]2+ was performed in a 1:1 solution of 

FeTPPCl and Im-Ar-NH2. During grafting, redox grafting was observed and a wide range of 

surface concentrations of [FeTPP]+ was obtained. The modified surface via this route was 

characterized in detail using electrochemistry, AFM and XPS measurements. The grafting 

negative potential limit affects the [FeTPPIm-Ar]+ film composition. With negative potential 

limits of -0.2 V and -0.4 V, the film contains more uncoordinated Im-Ar than does the film 

grafted at -0.6 V. This strategy provides a robust and controllable way to immobilize [FeTPP]+ 

on the surface and shows the most promising potential as an ORR catalyst in acid medium. So 

the catalytic performance and stability of the immobilized [FeTPPIm-Ar]+ catalyst on the 

surface for ORR in acid solution is further described in Chapter 4. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 



 93 

4 Catalysis of ORR in acid medium by [FeTPP]+ modified 

electrodes  

4.1 Introduction 

As explained in the previous chapters, metal porphyrins have been widely studied as ORR 

catalysts. Chapter 1 introduced the ORR mechanism catalysed by metal complexes and Chapter 

3 reviewed the reported surface immobilization methods of [FeTPP]+ and briefly studied the 

ORR catalytic performance of immobilized [FeTPP]+ in acid media. Based on these 

understandings, it is particularly important to improve the ORR catalytic efficiency, selectivity 

(4 e- vs 2 e-) and stability. A lot of work has been done to understand and improve the ORR 

catalytic efficiency and selectivity of Fe porphyrins, and stability of NPMCs in aqueous acid 

media. As explained in Chapter 1, hangman porphyrins are a typical example to enhance the 

ORR catalysis performance by PCET. In addition to the concept of the hangman structure, 

[FeTPP]+ derivatives with -pyridine,189, 217 -phenyl,189 -NH2,216 or -COOH groups on the TPP 

ring189, 217, 244 have been synthesized to tailor the environment of the Fe centre so as to tune the 

interaction between O2 and Fe to improve the selectivity and durability of ORR catalytic in 

acid solution. Axial ligands such as pyridine192, 193, 196, 245 and imidazole100, 145, 161 have also 

been used as an attempt to these synthetic strategies and to easily tailor the environment of the 

Fe centre. Preparation of a mixed layer of metal complex with a second modifier containing 

functional hanging groups may be able to mimic the advantages of hangman porphyrin 

structures. 

 

In addition, it has been reported that Fe complex based materials including pyrolyzed Fe-N-C 

materials suffer from degradation under ORR conditions in acid media.246-248 In order to 

improve the stability, the prerequisite is to understand the degradation mechanism. However, 

the decomposition mechanism remains unclear. Although a few studies have proposed the 

possible deactivation or instability mechanism for pyrolyzed Fe-N-C materials in acid media, 

not much work has been reported regarding the stability of the molecular [FeTPP]+ catalyst, 
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especially surface immobilized [FeTPP]+ catalysts. Investigation of the molecular [FeTPP]+ 

catalysts can give insights into the degradation mechanism for pyrolyzed system. Therefore, it 

will be particularly interesting to understand the [FeTPP]+ film structure change under ORR 

conditions. 

 

In this chapter, [FeTPP]+ was immobilized on the surface using the pre-coordination method 

described in Chapter 3. The effect of [FeTPP]+ loading on ORR catalytic performance in acid 

media was investigated. Additionally, a second modifier was introduced to form a mixed layer 

with [FeTPPIm-Ar]+ to mimic the hangman [FeTPP]+ structure. This method avoids the 

difficulty associated with synthesis of [FeTPP]+ derivatives and allows easy control and 

characterization of the functional groups grafted on the surface. The ORR catalytic 

performance for the modified surfaces were assessed using onset potential, peak current and 

the production of H2O2. 

 

Finally, [FeTPP]+ was immobilized directly to the surface via porphyrin ligand (rather than via 

the axial ligand) from [FeTPPN2]2+. The modified surface was characterized in detail. Its ORR 

catalytic performance was assessed. The potential degradation mechanism of both [FeTPPIm-

Ar]+ film and [FeTPP]+ film under ORR condition was investigated and discussed. 

4.2 Experimental 

4.2.1 [FeTPPIm-Ar]+ modified electrode 

GC electrodes grafted with different surface concentrations of [FeTPPIm-Ar]+ were prepared 

using the pre-coordination method. The in situ electrografting conditions were varied by 

changing the grafting CV potential range and cycle numbers as described in Chapter 3. 

4.2.2 Physisorption of FeTPPCl 

FeTPPCl was physisorbed by immersing GC electrodes into FeTPPCl (0.5 mM) in DCM 

solution for 4 h, followed by sonication in DCM for 1 min and drying with N2. 
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4.2.3 Spontaneous amine grafting 

The electrodes were modified by spontaneous amine grafting using aliphatic amine derivatives, 

following reported literature.96 To graft 12-aminododecanoic acid (NH2(CH2)11COOH, ADA), 

GC electrodes were immersed overnight into 1 mL basic ACN solution (prepared by adding 

20 µL of 40% [Bu4N]OH-H2O) containing ADA (10 mM). After reaction, the electrode was 

sonicated in ACN for 5 min and dried, then washed with 0.1 M HCl solution and dried. 

 

To graft hexylamine (NH2(CH2)5CH3, HEA), GC electrodes were immersed into 1 mL H2O or 

ACN containing HEA (10 mM ) in overnight. After grafting, the electrode was then sonicated 

in H2O or ACN for 5 min. 

4.2.4 Formation of mixed layer of -(CH2)11COOH or -(CH2)5CH3 and physisorbed 

FeTPPCl 

After spontaneous amine grafting, a mixed layer of -(CH2)11COOH or -(CH2)5CH3 with 

FeTPPCl was prepared by immersing the -(CH2)11COOH or -(CH2)5CH3 pre-modified 

electrodes into FeTPPCl (0.5 mM) in DCM solution for 4 h. After physisorption, the electrodes 

were sonicated in DCM for 1 min. For a control experiment, the polished GC electrode was 

immersed overnight into basic ACN solution but in the absence of ADA or HEA, and then it 

was sonicated and physiosorbed with FeTPPCl following the same procedure as above. 

4.2.5 Formation of grafted [FeTPPIm-Ar]+/-(CH2)11COOH or -(CH2)5CH3 mixed layer 

After spontaneous amine grafting following the procedure described in Section 4.2.3, a mixed 

layer of [FeTPPIm-Ar]+ with -(CH2)11COOH or -(CH2)5CH3 was prepared by electrografting 

the -(CH2)11COOH or -(CH2)5CH3 pre-modified electrodes with [FeTPPIm-Ar]+ following the 

standard procedure for pre-coordination method. After grafting, the electrodes were sonicated 

in DCM for 1 min. 

4.2.6 -(CH2)n-COOH (n = 4, 10) modified surface via CuAAC click reaction 

A monolayer of H-Eth-Ar groups was grafted to GC surface using [TIPS-Eth-Ar-N2]BF4 

following procedure described in Chapter 2. After grafting, N3-(CH2)4-COOH or N3-(CH2)10-
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COOH was clicked to the H-Eth-Ar group via CuAAC click reaction described in Chapter 2. 

Each modification step was monitored by CV and EIS. 

4.2.7 Formation of -(CH2)n-COOH (n = 4, 10) and [FeTPPIm-Ar]+ mixed layer 

The -(CH2)n-COOH modified surface prepared as described in Section 4.2.6 was electrografted 

with [FeTPPIm-Ar]+ following the standard procedure for pre-coordination method in the 

potential range from 0.4 V to -0.3 V or -0.6 V at 50 mV/s. After grafting, the electrodes were 

sonicated in DCM for 1 min. 

4.2.8 Free-base H2TPP modified electrode  

5-(4-aminophenyl)-10,15,20-triphenylporphyrin (H2TPPNH2)249 (Figure 4.1) was synthesized 

by Dr Paula Brooksby at the University of Canterbury. GC electrodes were electrografted with 

free-base H2TPP by forming aryldiazonium ion (H2TPPN2
+) in situ. H2TPPNH2 (0.5 mM) was 

dissolved in 5 mL 0.1 M [Bu4N]BF4-DCM solution and tBuNO2 (2 μL, 3 mM) was added for 

a reaction time of 5 min. GC electrode was added to the solution and electrografted with H2TPP 

by CV from 0.1 to -0.5 V for 20 cycles at 50 mV/s. After grafting, the modified electrode was 

sonicated in DCM for 1 min. 

 

Figure 4.1 Chemical structure of H2TPPNH2. 

N HN

NNH

NH2
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4.2.9 [FeTPP]+ modified electrode 

5-(4-aminophenyl)-10, 15, 20-triphenylporphyrin iron (III) chloride (FeTPPNH2Cl)199, 200 was 

synthesized by Dr Paula Brooksby at the University of Canterbury. As shown in Scheme 4.1, 

GC electrodes were electrografted with [FeTPP]+ following the same procedure as for free-

base H2TPP, but using the potential range from 0.0 V to -0.5 V for 20 cycles at 50 mV/s. After 

grafting, the electrodes were sonicated in DCM for 1 min. 

 
Scheme 4.1 The formation of diazonium ion generated in situ from [FeTPPNH2]+. 

4.2.10 Electrochemical investigations of ORR in O2 saturated 0.1 M HClO4 solution 

CVs were recorded at scan rate of 100 mV/s. For RRDE measurements, GC disk electrode was 

electrografted with [FeTPPIm-Ar]+ or [FeTPP]+ from selected conditions. After grafting, the 

surface concentration of [FeTPP]+ was measured in 0.1 M [Bu4N]BF4-DCM solution. Then the 

Pt ring electrode was cleaned in degassed 0.05 M H2SO4 solution by CV cycling from -0.25 to 

1.2 V at 100 mV/s until the characteristic reduction peaks for clean Pt appeared. Linear sweep 

voltammetry (LSV) of ORR at the disk was carried out from 0.4 to -0.6 V at 1600 rpm and 10 

mV/s. Eapp = 1.1 V was applied to the Pt ring electrode to oxidize the H2O2 produced from 

ORR on the GC disk electrode. 
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4.2.11 [FeTPP]+ film stability test 

The stability of [FeTPPIm-Ar]+, H2TPP and [FeTPP]+ films were tested by immersing the 

modified electrode into 0.1 M HClO4 solution with or without 5% H2O2 for 30 min or overnight 

in the dark. 

4.3 Results and discussion 

4.3.1 The effect of catalyst surface concentration on ORR performance 

[FeTPPIm-Ar]+ was grafted to GC using the pre-coordination method with grafting potential 

range of 0.4 to -0.6 V at 50 mV/s, and various numbers of scans. It is expected that all layers 

should have the same composition but different surface concentrations of [FeTPPIm-Ar]+ as 

discussed in the previous Chapter. Electrochemical response of the Fe(III)/Fe(II) couple was 

examined in DCM and 0.1 M PB solution (pH 7). PB solution (pH 7) was used as an aqueous 

solution instead of HClO4 solution in order to obtain stable CVs, as the [FeTPPIm-Ar]+ films 

are very sensitive to trace amount of O2 in acidic solution. As shown in Figure 4.2 (a), the CVs 

do not change significantly (except for current) as the surface concentration changes by a factor 

of 20 (the CV of 2×10-11 mol/cm2 is shown in the inset) in DCM, indicating that the film is 

permeable in DCM and the electron transfer rate is negligibly affected by the surface 

concentration of [FeTPPIm-Ar]+. However, in PB solution (Figure 4.2 (b)), at the highest 

surface concentration of [FeTPPIm-Ar]+, the peak shape changes, and ∆Ep increases 

significantly. This is attributed to the poor permeability of thick [FeTPPIm-Ar]+ film in PB 

solution and the electron transfer is slower. It is clear that it is more reliable to estimate the 

surface concentration of [FeTPPIm-Ar]+ from CVs obtained in DCM rather than PB solution. 

The E1/2 for the Fe(III)/Fe(II) couple in PB solution shifts positive with increasing surface 

concentration. This is attributed to the increased surface charge as the layer thickness increases, 

and therefore an increased driving force for reduction to the lower charged Fe(II) species. On 

the other hand, in DCM, ion-pairing is assumed to counteract this effect.100, 250 
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Figure 4.2 CVs of Fe(III)/Fe(II) redox couple under N2 with different surface concentrations 

of [FeTPPIm-Ar]+ in (a) 0.1 M [Bu4N]BF4-DCM solution with CV of 2×10-11 mol/cm2 film as 

inset, scan rate = 200 mV/s; (b) 0.1 M PB solution (pH 7), scan rate = 100 mV/s. All layers 

were grafted using the potential range of 0.4 to -0.6 V for selected cycle numbers at 50 mV/s. 

 

The ORR catalysis by [FeTPPIm-Ar]+ film prepared by the pre-coordination method was 

shown in Chapter 3. The impact of catalyst surface concentration of [FeTPPIm-Ar]+ on ORR 

catalysis in O2 saturated 0.1 M HClO4 solution is shown in Figure 4.3. Both the ORR catalytic 

peak current and onset potential depend on the surface concentration of [FeTPPIm-Ar]+ (as 

measured in DCM solution). The current increases with surface concentration up to ~ 2.4×10-

10 mol/cm2, and then decreases with increasing surface concentration. Concomitantly, the onset 

potential positively shifts to ~ 0.13 V with increasing surface concentration, and then shifts 

negatively to ~ 0.07 V. As explained in the Chapter 3, the surface concentration of a monolayer 

is expected to be ~ 0.7-1.8×10-10 mol/cm2. Therefore, a surface concentration of 2.4×10-10 

mol/cm2 could correspond up to ~ 3 layers. The observation that the ORR current reaches a 

maximum and does not continuously increase with increasing surface concentration is similar 

to the behaviour reported by other researchers. Anson et al. investigated the relationship 

between current measured by RDE and surface concentration of Fe(III) protoporphyrin IX and 

observed an increase to a maximum and then a small decrease to a plateau.215 A similar 

observation was reported for ORR in acid solution at MnTPP modified carbon cloth:115 a 

‘medium’ surface concentration of MnTPP resulted in the highest ORR current.115 Nyokong et 

(a) (b) 
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al. also reported that the TOF of ORR was affected by the film thickness of Co(III) and Cu(II) 

complexes at given pH in trifluoromethane sulfonic acid solution: TOF increased with 

thickness and then decreased at greater thickness.251 In this thesis work, the results shown in 

Figure 4.3 can be explained by the effects of film thickness. At low film thickness, an increase 

in surface concentration of [FeTPPIm-Ar]+ increases the number of catalytic sites which 

increases the catalytic current and onset potential. However, at thicker film, the electron 

transfer rate decreases as seen from the CVs of the Fe(III)/Fe(II) couple in PB solution (Figure 

4.2 (b)) and it is assumed the same effect operates in aqueous acid solution. As electron transfer 

rate of the Fe(III)/Fe(II) decreases, the TOF is expected to decrease, giving a low current, and 

reduction of Fe(III) shifts negatively, resulting in the negative shift of the catalytic onset 

potential. 

 
Figure 4.3 Plots of ORR catalytic (a) peak current and (b) onset potential measured in O2 

saturated 0.1 M HClO4 solution by CV vs surface concentration of [FeTPPIm-Ar]+. (The 

negative potential limits used when grafting [FeTPPIm-Ar]+ are indicated in the plot.) 

 

Figure 4.3 (a) also shows the effect of [FeTPPIm-Ar]+ grafting potential on the ORR 

performance. Examining the data for layers with surface concentration up to ~ 2.4×10-10 

mol/cm2, films grafted using a negative potential limit of -0.2 V give lower catalytic currents 

than films grafted at -0.6 V or -0.7 V with similar surface concentrations. This is attributed to 

the different [FeTPPIm-Ar]+ film compositions. As discussed in the previous Chapter, using -

0.2 V and -0.4 V as negative potential limits, the obtained [FeTPPIm-Ar]+ film contains a 

(b) (a) 
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significantly greater proportion of uncoordinated Im-Ar than does the film grafted from the 

negative potential limit of -0.6 V or -0.7 V. Hence for films with the same surface concentration 

of [FeTPPIm-Ar]+, films grafted from -0.6 or -0.7 V as the negative potential limits are thinner 

than those grafted from -0.2 and -0.4 V. As noted above, thick films may lead to lower catalytic 

currents for the ORR. The relationship between onset potential and surface concentration is 

less clear. As shown in Figure 4.3 (b), films grafted at -0.6 V and -0.7 V have higher surface 

concentration than films grafted at -0.1 V and -0.2 V, so the effects of film permeability and 

thickness on onset potential influence the results. 

4.3.2 Stability study for [FeTPPIm-Ar]+ immobilized on surface 

4.3.2.1 Electrochemistry 

Figure 4.4 shows repeat CVs of a [FeTPPIm-Ar]+ modified electrode in O2 saturated 0.1 M 

HClO4. The ORR catalytic peak decreases significantly after the 1st scan, indicating the loss of 

catalytic performance. This is the case for all [FeTPPIm-Ar]+ layers, regardless of the catalyst 

surface concentration and the potential range used for grafting.  

 

Figure 4.4 Four repeat CV scans for [FeTPPIm-Ar]+ modified GC (Γ = 5.0×10-10 mol/cm2) in 

O2 saturated 0.1 M HClO4 solution, scan rate = 100 mV/s. 

 

The loss of catalytic performance could be a consequence of several processes: O2 depletion 

during continuous CV scans; catalyst deactivation; catalyst desorption; or destruction of the 
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entire surface film. To check for O2 depletion, ORR CVs were collected with flushing O2 

between each cycle. The catalysis peak still disappeared after 1st cycle; thus, O2 depletion is 

not the reason causing the catalysis loss. 

 

In order to investigate the effect of ORR on the covalently immobilized film, responses of the 

Fe(III)/Fe(II) couple and the porphyrin ligand oxidation couple were examined in DCM 

solution before and after ORR (Figure 4.5). It is evident after ORR, not only is the metal centre 

signal lost, but also the porphyrin peaks. This indicates that the electro-active [FeTPP]+ has 

been lost from the surface: for the axially coordinated [FeTPP]+, demetallation must 

necessarily also be accompanied by loss of the porphyrin ring. Demetallation might result from 

protonation of TPP2- or the axial Im-Ar ligand in the acid solution, and/or the production of 

H2O2 during ORR.160, 248, 252 

 

Figure 4.5 CVs, scan rate = 200 mV/s, in 0.1 M [Bu4N]BF4-DCM solution for (a) Fe(III)/Fe(II) 

couple and (b) TPP-based couple of [FeTPPIm-Ar]+ grafted on surface, before and after ORR 

( 5 CV cycles of ORR). Initial Γ = 2.3×10-10 mol/cm2. 

4.3.2.2 AFM measurement 

The grafted film thickness before and after ORR was measured by the AFM scratch method. 

As shown in the example in Figure 4.6 and summarized in Table 4.1, imaging the same 

scratches before and after ORR revealed the film thicknesses decreased after ORR, but film 

remains on the surface. The electrochemistry results (Figure 4.5) showed no [FeTPP]+ remains 

(a) (b) 
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after ORR, hence the remaining film is assumed to comprise uncoordinated Im-Ar and +HIm-

Ar. The remaining film composition was further investigated by XPS. 

 
Figure 4.6 AFM topographical images of [FeTPPIm-Ar]+ grafted to PPF from 0.4 V to -0.6 V 

for 15 cycles: (a) before and (b) after ORR (5 CV cycles), and corresponding scratch depth 

profiles. 

 

Table 4.1 AFM scratch thickness of [FeTPPIm-Ar]+ grafted to PPF before and after ORR. All 

samples were prepared using 15 grafting cycles at 50 mV/s with the potential range listed. 

Sample Grafting potential range 
Before ORR  

d/ (nm) 

After ORR  

d/ (nm) 

1 0.4 to -0.2 V 2.4 ± 0.2 0.8 ± 0.1 

2 0.4 to -0.4 V 9.6 ± 0.5 6.1 ± 0.3 

3 0.4 to -0.6 V 15.7 ± 0.2 9.9 ± 0.5 

 

4.3.2.3 XPS measurements 

XPS measurements were obtained by Dr Colin Doyle at the University of Auckland. The 

composition of [FeTPPIm-Ar]+ layers before and after ORR (5 CV cycles) is summarized in 

Table 4.2. Note: different GC samples prepared using the same conditions were used for these 

(a) 

(b) 
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measurements. After ORR, the atomic % of N 1s decreases and Fe 2p is undetectable (Figure 

4.7 (a)), which is consistent with the electrochemistry and AFM results. 

 

Table 4.2 Atomic percentage of [FeTPPIm-Ar]+ film before and after ORR (5 CV cycles) 

obtained from XPS survey spectra.a 

GC sample % C % N % O % Fe 

Before ORR 86.5 6.4 6.8 0.3 

After ORR 88.1 5.1 6.8 - 
a [FeTPPIm-Ar]+, modified surface was grafted from 0.2 V to -0.4 V for 20 cycles at scan rate of 50 mV/s. Both 

samples were measured at the University of Auckland. 

 

After ORR, the high-resolution N 1s spectrum was fitted with four peaks (Figure 4.7(b)). The 

peak assignment is listed and compared to the N 1s spectrum fitting before ORR (described in 

Chapter 3) as shown in Table 4.3. 

 

Figure 4.7 (a) Fe 2p core-level XPS spectra; (b) N 1s core-level XPS spectra for [FeTPPIm-

Ar]+ modified before and after ORR. 

(a) (b) 

Before ORR 

After ORR 

Before ORR 

After ORR 
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Table 4.3 XPS N 1s core-level spectrum peak fitting before and after ORR. 

GC sample Binding energy (eV) (Atomic %) 

Before ORR 398.9 (38.6%) 400.0 (15.7%) 401.1 (37.8%) 402.0 (7.9%) 

After ORR 389.9 (28.4%) 400.0 (21.9%) 401.0 (40.7%) 402.1 (9.0%) 

Assignment Fe-N Imine N + azo Tertiary N Protonated imine N 

 

Compared to the spectra before ORR, the fitted peaks for N 1s are similar, suggesting that the 

Im-Ar film remains. However, the relative ratios of the peaks have changed. The % for the 

peak at 398.9 eV, which is assigned to the N from Fe-N, decreased significantly. As the Fe 2p 

signal has disappeared, the decreased % of peak at 398.9 eV suggests demetallation. The % of 

the peak at 400.0 eV increased after ORR, attributed to loss of [FeTPP]+ increasing imine N 

(not bound to Fe). Meanwhile, the % of peaks for the tertiary N from Im-Ar and the protonated 

imine N slightly increased. 

4.3.2.4 ORR activity loss mechanism investigation 

To investigate whether demetallation of [FeTPP]+ is the only reason for catalysis loss during 

ORR, [FeTPPIm-Ar]+ films were first treated with 0.1 M HClO4 alone, and monitored by CVs 

of the Fe(III)/Fe(II) redox peak in 0.1 M [Bu4N]BF4-DCM solution. As shown in Figure 4.8, 

after treatment in 0.1 M HClO4 for 30 min, the surface concentration of [FeTPPIm-Ar]+ 

calculated from the CV peak areas decreased to approximately 70% of the initial value. After 

24 h, the surface concentration of [FeTPPIm-Ar]+ was ~ 50% of the initial. This suggests that 

the [FeTPPIm-Ar]+ film suffers from demetallation, which may be attributed to the protonation 

of TPP2- and/ or Im-Ar in acid solution. As the pKa of H2TPP derivatives is approximately 3-

4, it would be protonated at pH 1,253 and so [FeTPP]+ is possible to be demetallated at pH 1. 
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Figure 4.8 CVs in 0.1 M [Bu4N]BF4-DCM of [FeTPPIm-Ar]+ modified electrode before and 

after grafting and acid treatment in 0.1 M HClO4, scan rate = 200 mV/s. 

 
Figure 4.9 CVs in O2 saturated 0.1 HClO4 solution of ORR at an initial [FeTPPIm-Ar]+ film, 

and after treatment of the modified electrode with acid for 30 min and 24 h in 0.1 M HClO4 

solution, scan rate = 100 mV/s. Each CV was obtained at a different [FeTPPIm-Ar]+ film, all 

prepared by 20 cycles between 0.4 V and -0.6 V. 

 

Other workers report that the protonation of N-functional groups in acid induces the 

degradation of Fe catalysts for ORR, especially for pyrolyzed systems.247, 254-256 For example, 

Jaouen et al. found that soaking in acid solution for 5 min resulted in 30% of Fe leached out 

from a pyrolyzed material and the ORR activity decreased 10-fold.255 Clearly, the loss of 

[FeTPP]+ is less for the [FeTPPIm-Ar]+ film. Additionally, even after 24 h acid treatment, 
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which is a much longer time scale than an ORR electrochemical experiment, the modified 

electrode showed significant ORR catalysis as shown in Figure 4.9. 

 

The stability of [FeTPPIm-Ar]+ film to CV scans in 0.1 M HClO4 under N2 was also tested. 

Figure 4.10 (a) displays 2 repeat CVs of the Fe(III)/Fe(II) redox couple at 100 mV/s. The 

reduction peaks are larger compared to the associated oxidation peaks because catalysis of trace 

O2 reduction amplifies the reduction current. Figure 4.10 (b) shows that as expected, after 4 

repeat CV scans in Figure 4.10 (a), the film catalyses the ORR although the reduction current 

is smaller than for a freshly prepared film. 

 

Figure 4.10 (a) Two repeat CVs of [FeTPPIm-Ar]+ GC in 0.1 M HClO4 under N2 at scan rates 

= 100 mV/s; (b) CVs of ORR in O2 saturated 0.1 M HClO4 at [FeTPPIm-Ar]+ modified 

electrode after 4 repeat CV scans (black) and [FeTPPIm-Ar]+ modified electrode as prepared 

(red), scan rate = 100 mV/s. 

 

The modified surface still exhibited ORR catalytic performance after acid treatment and after 

CV cycles in acid solution under N2. These results demonstrated that the ORR catalytic activity 

loss is not only due to the effect of either the acid environment or the potential cycles. In 

addition, it has been reported that H2O2 produced during ORR may cause the decomposition 

of Fe-based ORR catalysts mediated through Fenton chemistry.247, 248 Therefore, the 

production of H2O2 during ORR of [FeTPPIm-Ar]+ in acid medium was tested. 

 

(b) (a) 
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The H2O2 produced from ORR was measured by LSV at the RRDE. The H2O2 produced at the 

disk was oxidized at the Pt ring at an applied potential of 1.1 V. This potential was chosen for 

H2O2 oxidation after recording CVs at a Pt disk electrode in 0.1 M HClO4 with 0.04 % H2O2 

(CVs not shown).257 As shown in Figure 4.11, reducing O2 at the [FeTPPIm-Ar]+ modified disk 

electrode gives a peak rather than the expected plateau. This is attributed to loss of catalytic 

activity as the scan is recorded. Figure 4.11 also shows that reducing O2 at the disk electrode 

leads to H2O2 oxidation at the Pt ring electrode. The number of electrons transferred per O2 

molecule during ORR can be calculated using Equation 4.1 and the % H2O2 produced on a per 

O2 molecule basis can be calculated by Equation 4.2, where Id and Ir are the peak currents on 

disk electrode and ring electrode, respectively, n is number of electrons transferred per O2 

molecule, and N is the collection efficiency of the RRDE (25.6%).257 

 
 

6 =
4G%H

G%H + G-
 Equation 4.1 

 
%H.O. = 100

4 − 6
2

 Equation 4.2 

 

 

Figure 4.11 Disk and ring currents at the RRDE obtained in O2 saturated 0.1 M HClO4 with a 

[FeTPPIm-Ar]+ modified disk electrode (Γ = 5.9×10-11 mol/cm2), scan rate = 10 mV/s, 1600 

rpm. 
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Figure 4.12 Disk and ring currents at the RRDE obtained in O2 saturated 0.1 M HClO4, scan 

rate = 10 mV/s, 1600 rpm. 

 

For the experiment shown in Figure 4.11, the number of electrons transferred is 2.6 and H2O2 

production is 70%, i.e. 70% of O2 is reduced via the 2 e- transfer pathway. This was then 

compared to ORR at the unmodified RRDE. As shown in Figure 4.12, for unmodified RRDE, 

no catalytic peak at ~ -0.2 V was observed, and the %H2O2 calculated at -0.70 V is 82 %, which 

is higher than at FeTPPIm-Ar modified surface. 

 

Having demonstrated that a significant amount of H2O2 is produced during ORR at the 

modified electrode, further experiments were undertaken to investigate the role of H2O2 in 

degradation of [FeTPPIm-Ar]+ films. First the stability of a grafted Im-Ar film (no FeTPP) in 

0.1 M HClO4 with 5 % H2O2 was investigated. After immersing for 30 min, CV and EIS 

measurement of 1 mM Fe(CN)6
3-/4- in 0.1 M KCl solution were obtained at the Im-Ar modified 

electrode and compared to those recorded before treatment in H2O2 solution. Figure 4.13 shows 

that ∆Ep of CVs remains the same, and Rct decreases only slightly from 4.3 kΩ for Im-Ar-GC 

after grafting to 3.4 kΩ after immersing the Im-Ar film in H2O2/acid solution for 30 min. These 

results indicate that the Im-Ar film was preserved after H2O2 acid treatment. 
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Figure 4.13 (a) CV, scan rate = 100 mV/s and (b) EIS of 1 mM Fe(CN)6
3-/4- in 0.1 M KCl at 

Im-Ar modified before and after treatment in 5% H2O2/acid solution. 

 

Figure 4.14 (a) CVs in 0.1 M [Bu4N]BF4-DCM at the [FeTPPIm-Ar]+ modified GC before and 

after 30 min treatment in 5% H2O2/acid at open circuit potential (OCP), scan rate = 200 mV/s; 

(b) CVs of ORR in O2 saturated 0.1 M HClO4 at the [FeTPPIm-Ar]+ modified GC after 5% 

H2O2/acid treatment for 30 min at OCP, scan rate = 100 mV/s. 

 

A [FeTPPIm-Ar]+ film was then treated with 5% H2O2 in 0.1 M HClO4 for 30 min at OCP. As 

shown in Figure 4.14(a), this led to complete disappearance of the Fe(III)/Fe(II) redox couple; 

the catalytic performance of the electrode was also lost (Figure 4.14(b)). Combined with the 

finding that an Im-Ar film is stable in the same conditions and 50% of the Fe signal remained 

after 24 h acid treatment, suggesting [FeTPPIm-Ar]+ decomposition must arise from some 

(a) (b) 

(a) (b) 
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reaction between [FeTPP]+ and H2O2, not only acid-induced demetallation. The detailed ORR 

catalytic degradation mechanism will be discussed later. 

4.3.3 Environment tailoring of [FeTPPIm-Ar]+ film for ORR 

In order to improve the ORR catalytic performance of [FeTPPIm-Ar]+ film in aqueous acid 

solution, a second modifier with functional groups was introduced to from a mixed layer. ADA 

and HEA were chosen as the second modifiers. ADA was selected because it has a molecular 

length of 1.7 nm (Figure 4.15 (a), calculated from Avogadro) similar to [FeTPPIm-Ar]+, and a 

-COOH functional group which may mimic the ‘hangman’ Fe porphyrin structure and be able 

to interact with O2 coordinated to the Fe(II) centre and facilitate the PCET process. As a 

comparison, HEA has a length of 0.8 nm (calculated from Avogadro), with a terminal -CH3 

group, so it was not expected to function as ADA. 

 

 

Figure 4.16 Chemical structure of (a) ADA (1.7 nm), and (b) HEA (0.8 nm) calculated from 

Avogadro. 

 

ADA and HEA were grafted to the surface via spontaneous reaction of the amine group with 

GC. This has been proposed to be a Michael-like reaction between the amine and C=C of the 

carbon structure.96 CV and EIS were used to monitor the grafting of ADA to the surface. After 

grafting, the surface was more blocked to electron transfer as ∆Ep and Rct of Fe(CN)6
3-/4- 

increased, as shown in CV and EIS results, respectively (Figure 4.16 (a-b)). Control 

experiments confirmed that applying the grafting conditions in basic ACN, but in the absence 

of ADA, gave no change to the surface. In addition, the presence of the -COOH group was 

(a) 

(b) 
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confirmed by monitoring the response of Fe(CN)6
4- in different pH solutions (Figure 4.16 (c-

d). ∆Ep for the CV obtained at pH 8 at the modified surface was greater than that at pH 4. As 

the pKa of -COOH is close to 4,186 at pH 8, the layer would be deprotonated to have negative 

charge and repel the redox probe from the surface, slowing electron transfer; whereas at pH 4, 

the surface would have a smaller negative charge allowing closer approach of Fe(CN)6
4-/3- to 

the surface. 

 

 

Figure 4.17 (a) CV, scan rate = 100 mV/s and (b) EIS of unmodified, ADA modified and basic 

ACN treated GC in 1 mM Fe(CN)6
3-/4 in 0.1 M KCl; (c-d) CVs at unmodified and ADA 

modified GC in 1 mM Fe(CN)6
4- in 0.1 M PB solution at (c) pH 4 and (d) pH 8, scan rate = 

100 mV/s. 

 

Similarly, the spontaneous grafting of HEA from ACN solution on GC was tested by CV and 

EIS (Figure 4.18). After grafting from ACN, ∆Ep from CV and Rct extracted from EIS for 

(b) (a) 

(c) �Fe(CN)63-
�Fe(CN)64-

e-

COOH COOH

(d) 

COO- COO-

�Fe(CN)63-
�Fe(CN)64-

e-
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Fe(CN)6
3-/4 have increased, indicating a film has been grafted to the surface blocking the 

electron transfer. 

  

Figure 4.18 (a) CV, scan rate = 100 mV/s and (b) EIS of unmodified GC and HEA modified 

GC from ACN in 1 mM Fe(CN)6
3-/4 in 0.1 M KCl. 

4.3.3.1 Mixed layer formed using physisorbed FeTPPCl 

For proof of concept, in initial work, mixed layers of physisorbed FeTPPCl and ADA or HEA 

were formed as shown in Figure 4.19 (a, c). Figure 4.19 (a) shows CVs of ORR at four different 

surfaces: unmodified GC, GC with physisorbed FeTPPCl, GC with physisorbed 

FeTPPCl/ADA (mixed layer), and GC treated with the grafting conditions in basic ACN in the 

absence of ADA but with physisorbed FeTPPCl. The onset potentials of different surfaces 

extracted from CVs are summarized in Figure 4.20. As expected, the ORR is catalysed by 

physisorbed FeTPPCl, and a large shift (~ 280 mV) to more positive potential compared to 

unmodified GC. There is a further significant positive shift of ~ 100 mV for the onset potential 

of the FeTPPCl/ADA mixed layer, indicating that addition of ADA to surface promotes the 

ORR, and suggesting that the tailoring concept has merit. When the electrode is modified in 

the same way as for the mixed layer but omitting ADA from the ‘grafting solution’, the onset 

potential is unchanged compared to that for FeTPPCl physisorbed to GC while the somewhat 

large peak current. 

(a) (b) 
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Figure 4.19 (a) Illustration of FeTPPCl/ADA mixed layer; (b) CVs of ORR for the different 

modified electrodes; (c) illustration of FeTPPCl/HEA mixed layer; (d) CVs of ORR for the 

different modified electrodes. All CVs were obtained in O2 saturated 0.1 M HClO4 solution, 

scan rate = 100 mV/s. 

 

The effect of HEA on the ORR was similarly investigated. HEA was grafted either from ACN 

or aqueous solution. Surprisingly, as shown in Figure 4.19 (d) and Figure 4.20, the addition of 

HEA shifts the onset potential with a similar amount to ADA. The similarity of the effects of 

ADA and HEA suggests that an increase in hydrophobicity of the FeTPPCl environment is the 

origin of the shift. The lower-charged Fe(II) species is stabilized, relative to the Fe(III) species, 

in the hydrophobic environment created by ADA or HEA. As the ORR is catalysed by the Fe(II) 

species, the potential for the ORR is also expected to shift positive, as observed. Figure 4.19 

(d) also shows the peak currents for the ORR were decreased when HEA was added to the 

surface. Although the hydrophobic HEA groups might be expected to concentrate hydrophobic 
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O2 near the surface and enhance the ORR current, it appears that the dominant factor may be a 

decrease in the surface concentration of physisorbed FeTPPCl in the presence of HEA. 

 
Figure 4.20 Summary of ORR onset potential at different modified surfaces obtained from the 

1st cycle of CV. Error bars shown the range of values obtained in 3 repeat measurements. 

4.3.3.2 Mixed layer formed using [FeTPPIm-Ar]+ 

The proof of concept work described above demonstrates that the introduction of a second 

modifier can enhance the catalysis of ORR for physisorbed FeTPPCl on the surface, especially 

the onset potential. Therefore, this concept was used to prepare mixed layers of [FeTPPIm-

Ar]+/ADA and [FeTPPIm-Ar]+/HEA. ADA and HEA were first grafted to GC electrodes 

through spontaneous reaction, followed by electrografting of [FeTPPIm-Ar]+ using the pre-

coordination method. The latter electrografting was carried out with negative potential limits 

of -0.1, -0.15, -0.2 and -0.7 V to optimize the ORR catalytic performance. The surface 

concentration of [FeTPPIm-Ar]+ was controlled to ensure a low surface concentration because 

for environment tailoring, a mixed monolayer of ADA or HEA with [FeTPPIm-Ar]+ should 

ensure well-ordered structure and fast electron transfer. Reference surfaces were also prepared 

by grafting [FeTPPIm-Ar]+ to GC and to GC that had been treated in basic ACN as used for 

spontaneous grafting of ADA. 
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Figure 4.21 Plot of onset potential for ORR (extracted from 1st cycle of CV) vs surface 

concentration of [FeTPPIm-Ar]+/ADA GC for [FeTPPIm-Ar]+ grafted from different negative 

potential limits. 

 

First, the relationship between ORR onset potential and surface concentration of [FeTPPIm-

Ar]+/ADA was investigated. As shown in Figure 4.21, [FeTPPIm-Ar]+ film grafted from -0.7 

V exhibits more positive onset potential than films grafted with lower limits of -0.1 to -0.2 V. 

These results are consistent with the discussion in Chapter 3 that the negative potential limit 

for grafting affects the film composition. For -0.7 V, redox grafting is involved, leading to a 

relatively low amount of uncoordinated Im-Ar in the film; on the other hand, for the films 

grafted to -0.1 V to -0.2 V, the films incorporate a large amount of uncoordinated Im-Ar, which 

possibly slows the electron transfer and shifts the potential negatively. 

 

In Figure 4.22, the onset potential of [FeTPPIm-Ar]+/ADA mixed layer was compared to 

[FeTPPIm-Ar]+ single layer. It was found that for all the [FeTPPIm-Ar]+/ADA mixed layers, 

the onset potentials are more negative than at [FeTPPIm-Ar]+ single component films with 

similar surface concentrations, which indicates that the presence of ADA does not have the 

same beneficial effect as for physisorbed FeTPPCl. 
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Figure 4.22 (a) Plot of onset potential vs surface concentration of [FeTPPIm-Ar]+/ADA mixed 

layers: -0.7 V (blue), and [FeTPPIm-Ar]+ grafted from: -0.6 V (black), -0.7 V (red); (b) plot of 

onset potential vs surface concentration of [FeTPPIm-Ar]+/ADA mixed layers grafted from: -

0.15 V (red), -0.2 V (blue), and [FeTPPIm-Ar]+ (black) grafted from: -0.1 V. 

 
Figure 4.23 (a) CVs of ORR for [FeTPPIm-Ar]+ GC (black), [FeTPPIm-Ar]+/ADA (red) and 

and [FeTPPIm-Ar]+/basic ACN (blue); (b) [FeTPPIm-Ar]+ GC (black) and [FeTPPIm-

Ar]+/HEA (red), scan rate = 100 mV/s. Surface concentrations: [FeTPPIm-Ar]+ (7.5×10-11 

mol/cm2), [FeTPPIm-Ar]+/basic ACN (4.0×10-11 mol/cm2), [FeTPPIm-Ar]+/ADA (4.5×10-11 

mol/cm2) and [FeTPPIm-Ar]+/HEA (2.7×10-11 mol/cm2). [FeTPPIm-Ar]+ was electrografted 

from 0.4 V to -0.7 V for 10 cycles at 50 mV/s. 

 

The peak current for ORR at the [FeTPPIm-Ar]+/ADA mixed layer was compared to that at 

[FeTPPIm-Ar]+. [FeTPPIm-Ar]+ grafting conditions were chosen to give similar surface 

concentrations (~ 3-7×10-11 mol/cm2 as measured by CVs in DCM) on all surfaces. As shown 

(a) (b) 

(a) (b) 
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in Figure 4.23 (a), for [FeTPPIm-Ar]+/ADA, the peak current for ORR is slightly higher than 

for the [FeTPPIm-Ar]+ layer. However, compared to the control experiment in which GC was 

treated in basic ACN before grafting with [FeTPPIm-Ar]+, the ORR peak current is 

significantly enhanced in the presence of ADA. Compared to [FeTPPIm-Ar]+ single layer, with 

basic ACN treatment, the ORR current decreased; this observation is not understood. The 

presence of HEA decreased the ORR catalysis performance in terms of onset potential (Figure 

4.23 (b)). 

 

In addition, the %H2O2 produced during ORR of [FeTPPIm-Ar]+/ADA mixed layer was 

measured (Figure 4.24), giving %H2O2 = 66% at a disk potential of -0.2 V, which is slightly 

lower than single component [FeTPPIm-Ar]+ film at the same potential (70%). 

 

Figure 4.24 Disk and ring currents at the RRDE obtained in O2 saturated 0.1 M HClO4 with a 

[FeTPPIm-Ar]+/ADA modified disk electrode (Γ = 3.2×10-11 mol/cm2), scan rate = 10 mV/s, 

1600 rpm. 

 

It can be found that the presence of ADA and HEA shifted the ORR onset potential negatively, 

which is attributed to the short length of the ADA and HEA molecules compared to [FeTPPIm-

Ar]+ molecules. The estimated molecular lengths of ADA, HEA and [FeTPPIm-Ar]+ are 1.7 

nm, 0.8 nm and 1.8 nm, respectively. [FeTPP]+ has a ‘thickness’ of ~ 0.9 nm for high spin 

Fe(III) and ~ 0.7 nm for low spin Fe(III) (Figure 4.25) as calculated from DFT at their most 
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thermodynamically state oxidation states, which is assumed to be the approximate height of 

the physisorbed FeTPPCl layer. Thus, both ADA and HEA are shorter than a grafted 

[FeTPPIm-Ar]+ molecules, but ADA is longer than a physisorbed FeTPPCl molecule, while 

HEA is similar length to physisorbed FeTPPCl. It is therefore reasonable that both ADA and 

HEA could influence the ORR performance of FeTPPCl by hydrophobic effect. On the other 

hand, in the presence of ADA, a small decrease in %H2O2 at the [FeTPPIm-Ar]+ modified layer 

was observed. Tentatively, this is attributed to the -COOH group that may be involved in the 

PCET process and promotes the 4 e- over 2 e- pathway to a small extent. 

 

Figure 4.25 [FeTPP]+ structures: (a) low spin, (b) high spin, calculated from DFT using the 

Gaussian 03 package with the default parameters. 

4.3.4 ORR at mixed layer prepared by CuAAC click reaction 

As discussed in section 4.3.3.1 and 4.3.3.2 above, ADA and HEA led to more positive onset 

potential for FeTPPCl but not [FeTPPIm-Ar]+, a finding most likely arising from the molecular 

lengths of the modifiers. Therefore, in an attempt to enhance the ORR catalytic performance 

of [FeTPPIm-Ar]+, a longer molecule terminated with -COOH groups was grafted to form a 

mixed layer of -COOH and [FeTPPIm-Ar]+. As calculated from Avogadro, the second 

modifiers of -(CH2)10-COOH and -(CH2)4-COOH attached to the surface via click reactions 

have lengths of 2.2 nm and 1.4 nm, respectively. 

4.3.4.1 Preparation and characterization of mixed layers. 

As shown in Scheme 4.2, the electrode was first electrografted with TIPS-Eth-Ar groups 

followed by removal of the TIPS protecting group to obtain sub-monolayers of H-Eth-Ar on 

(a) (b) 
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the surface following procedures described in Chapter 2. Then N3-(CH2)n-COOH ( n = 4 or 10) 

was coupled to the pre-modified surface using CuAAC click chemistry (Chapter 2). A 

[FeTPPIm-Ar]+ layer was then electrografted on the surface to form a mixed layer. 

 

Scheme 4.2 Preparation of mixed layer [FeTPPIm-Ar]+/-(CH2)n-COOH via click reaction. 

 

 

Figure 4.26 (a) CVs, scan rate = 100 mV/s, and (b) EIS of GC before and after clicking N3-

(CH2)4-COOH in 1 mM Fe(CN)6
3-/4- in 0.1 M KCl; (c) CVs of -(CH2)4-COOH modified surface 

in 1 mM Fe(CN)6
4-in 0.1 M PB solution (pH 4 and pH 9), scan rate = 100 mV/s. 

 

(c) 

(a) (b) 
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The surface modification was monitored by CV and EIS in 1 mM Fe(CN)6
3-/4- in 0.1 M KCl 

solution. Figure 4.26 (a-b) shows that after click reaction with N3-(CH2)4-COOH, the surface 

is more blocking to electron transfer. ∆Ep for Fe(CN)6
3-/4- increased and Rct increased from 12.1 

kΩ for H-Eth-Ar monolayer to 114.4 kΩ after clicking N3-(CH2)4-COOH. In addition, the 

presence of the -COOH group was confirmed by comparing the CVs of Fe(CN)6
4- in PB 

solution at pH 4 and pH 9. As -(CH2)n-COOH has a pKa ≈ 4.5, the layer is expected to be 

partially negative charged at pH 4 and fully deprotonated to have high negative charge at pH 

9. As shown in Figure 4.26 (c), at pH 9, redox peaks are not shown in the potential range, 

consistent with a higher negative charge on the layer repelling the negatively charged redox 

probe, increasing the distance between redox probe and electrode surface, and decreasing the 

electron transfer rate. 

 

The surface concentration of -(CH2)4-COOH on the surface was indirectly estimated by using 

Fc as shown in Scheme 4.3. The surface concentration of Fc clicked to a H-Eth-Ar monolayer 

was experimentally measured as (2.6 ± 0.3)×10-10 mol/cm2, based on the charge associated 

with oxidation of the immobilized Fc.258 N3-(CH2)4-COOH was then clicked to a H-Eth-Ar 

monolayer. After reaction with N3-(CH2)4-COOH, the unreacted H-Eth-Ar groups were further 

reacted with FcCH2N3, giving ΓFc = 1.1×10-11 mol/cm2 (Figure 4.27). Assuming complete 

reaction of H-Eth-Ar groups after clicking Fc, the difference in surface concentration of Fc in 

the two experiments gives an estimate of Γ = 2.5×10-10 mol/cm2 for H-Eth-Ar groups that have 

reacted with N3-(CH2)4-COOH. 

 
Scheme 4.3 Indirect estimation of -COOH group surface concentration by click reaction with 

FcCH2N3 after -COOH immobilization. 

 

Si

N2
+ BF4

-

Si H

TBAF/THF

NN
N

Click reaction

N3
R

R

+ e
+

N2

Fe

N3

Click reaction

NN
N

Fe

NN
N

R



 122 

Characterization of the surface after clicking N3-(CH2)10-COOH to the H-Eth-Ar layer gave 

similar results to those described above. The surface concentration of -(CH2)10-COOH was 

estimated to be 2.3×10-10 mol/cm2. 

 
Figure 4.27 CVs of immobilized Fc in 0.1 M LiClO4-EtOH after the direct reaction of FcCH2N3 

with H-Eth-Ar monolayer (black) and after first reacting the monolayer with N3-(CH2)4-COOH 

(red). Scan rate = 200 mV/s. 

 

XPS measurements obtained at the University of Auckland confirmed the immobilization of -

(CH2)10-COOH. The survey spectrum of C, N, and O on the modified GC surface is shown in 

Figure 4.28. As summarized in Table 4.4, compared to the unmodified surface, the atomic % 

of C, N and O for modified GC surfaces, no significant change in C and O atomic percentages 

was observed; however, there is an increase in N% after -(CH2)10-COOH modification, as 

expected for a layer with a triazole group. 

 

Figure 4.28 Survey XPS spectrum of -(CH2)10-COOH modified GC surface. 
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Table 4.4 Atomic percentage of C, N, and O on -(CH2)10-COOH modified and unmodified GC 

obtained from XPS survey spectra. 

GC sample % C % O % N 

Unmodified GC 90.7 8.7 0.6 

-(CH2)10-COOH GC 88.5 8.6 2.9 

 

The N 1s core-level spectra of unmodified and -(CH2)10-COOH modified GC are shown in  

Figure 4.29. The spectrum for the modified surface can be fitted with two main peaks at 400.0 

eV and 401.5 eV; the peak at 400.0 eV corresponds to triazole -N=N-, while the peak at 401.5 

eV is due to –N-N= in the triazole group.145, 234, 235 The ratio of percentage for -N=N- (65.3 %) 

and –N-N= (34.7 %) is 1.8, which is close to the expected ratio of 1.5, confirming the presence 

of the triazole group on surface. 

 

Figure 4.29 XPS N 1s core-level spectra of -(CH2)10-COOH modified GC and unmodified GC. 

 

After immobilization of -(CH2)n-COOH layer on the surface was confirmed, and mixed layers 

with [FeTPPIm-Ar]+ were prepared and characterized. Figure 4.30 (a) shows the 

NN
N

COOH
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electrografting CV from a solution of 1:1 Im-Ar-NH2 and FeTPPCl (0.5 mM) with 3 mM 

tBuNO2 on -(CH2)4-COOH pre-modified surface. Compared to the grafting at unmodified GC 

(Chapter 3, Figure 3.14), the peak potential for aryldiazonium ion reduction has shifted 

negative due to a decrease in electron transfer rate in the presence of the -(CH2)4-COOH layer. 

The surface concentration of [FeTPPIm-Ar]+ was 2.5×10-11 mol/cm2 calculated from the CV 

in Figure 4.30 (b). Therefore, for this modified surface, the ratio of -(CH2)4-COOH (Γ = 2.5×10-

10 mol/cm2) and [FeTPP]+ is ~ 10:1. 

 
Figure 4.30 (a) CVs of [FeTPPIm-Ar]+ grafting on -(CH2)4-COOH pre-modified surface, 10 

cycles, 50 mV/s; (b) CV of Fe(III)/Fe(II) redox couple in 0.1 M [Bu4N]BF4-DCM of the 

electrode modified in (a), scan rate = 500 mV/s, Γ = 2.5×10-11 mol/cm2. 

 

Following the same procedure, a mixed layer of -(CH2)10-COOH and [FeTPPIm-Ar]+ was 

prepared. CVs of [FeTPPIm-Ar-N2]2+ grafting on -(CH2)10-COOH surface showed smaller 

currents than for the -(CH2)4-COOH pre-modified surface, consistent with decreased access of 

the diazonium ion to the surface bearing the longer molecule. The surface concentration of 

[FeTPPIm-Ar]+ was calculated from CV to be 1.9×10-11 mol/cm2, giving a -(CH2)10-COOH: 

[FeTPP]+ ratio of ~ 12:1. The ratio of [FeTPPIm-Ar]+ and -(CH2)10-COOH can be adjusted by 

changing the grafting conditions of [FeTPPIm-Ar]+. 

(a) (b) 
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4.3.4.2 ORR performance of mixed layers in acid media 

First of all, CVs of ORR at mixed layers were obtained and compared to the single component 

[FeTPPIm-Ar]+ layer. As shown in Figure 4.31, both the mixed layers show poor ORR catalytic 

performance with respect to the onset and peak potentials and peak current. Additionally, there 

is evidence of a second reduction process at a potential similar to ORR at bare GC. It is possible 

that grafting [FeTPPIm-Ar]+ to the surface pre-modified with -(CH2)n-COOH groups results in 

[FeTPPIm-Ar]+ coupled to the first modifier, rather than the GC surface. This would give a 

relatively large distance for electron transfer according to the negative shift in onset potential 

and would leave pinholes in the layer for ORR at bare GC. 

Figure 4.31 CVs of ORR for (a) [FeTPPIm-Ar]+ (black), [FeTPPIm-Ar]+/-(CH2)4-COOH 

grafted from -0.6 V (red) and -0.3 V (blue); (b) [FeTPPIm-Ar]+ (black), [FeTPPIm-Ar]+/-

(CH2)10-COOH films grafted from -0.6 V (red) and -0.3 V (blue) in O2 saturated 0.1 M HClO4 

solution, scan rate = 100 mV/s. Surface concentrations were: [FeTPPIm-Ar]+ (Γ = 7.5×10-11 

mol/cm2), [FeTPPIm-Ar]+/-(CH2)4-COOH from -0.6 V (Γ = 1.6×10-10 mol/cm2), [FeTPPIm-

Ar]+/-(CH2)4-COOH from -0.3 V (Γ = 5.0×10-11 mol/cm2), [FeTPPIm-Ar]+/-(CH2)10-COOH 

from -0.6 V (Γ = 1.4×10-10 mol/cm2) and [FeTPPIm-Ar]+/-(CH2)10-COOH from -0.3 V (Γ = 

2.9×10-11 mol/cm2). [FeTPPIm-Ar]+ for mixed layer was grafted from different negative limits 

(-0.3 V and -0.6 V) for 10 cycles at 50 mV/s. Single component [FeTPPIm-Ar]+ was grafted 

from 0.4 V to -0.6 V for 10 cycles at 50 mV/s. 

 

(a) (b) 
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The performance of each surface for ORR was also examined using the RRDE. In order to 

avoid too thick film, -0.3 V was chosen to be the negative potential limit for [FeTPPIm-Ar-

N2]2+ grafting. As shown in Figure 4.32, the presence of -(CH2)n-COOH decreased the ORR 

current on the disk electrode, compared to single component [FeTPPIm-Ar]+. The %H2O2 

produced during ORR at each surface was measured using the RRDE. As summarized in Table 

4.5, the mixed layer of [FeTPPIm-Ar]+ with -(CH2)n-COOH has decreased the production of 

H2O2 by ~ 10%. It is a very promising result but the origin of the increase in 4 e- pathway is 

not clear. Although the -COOH group could promote PCET during ORR for the -(CH2)10-

COOH modifier, this does not seem possible for -(CH2)4-COOH modifier and yet the %H2O2 

is the same for the mixed films (the calculated heights of the [FeTPP]+ centre, and the -COOH 

groups for the -(CH2)10-COOH and -(CH2)4-COOH modifiers are 1.8, 2.2 and 1.4 nm, 

respectively). Further investigations are required, however were not undertaken due to time 

constraints. 

 
Figure 4.32 Disk and ring currents at the RRDE modified with [FeTPPIm-Ar]+ (green), 

[FeTPPIm-Ar]+/-(CH2)4COOH (red) and [FeTPPIm-Ar]+/-(CH2)10COOH (blue) in O2 

saturated HClO4 solution, scan rate = 10 mV/s, 1600 rpm. (Γ[FeTPPIm-Ar]
+ = 5.9×10-11 mol/cm2, 

Γ[FeTPPIm-Ar]
+

/-(CH2)4COOH = 2.5×10-11 mol/cm2, Γ[FeTPPIm-Ar]
+

/-(CH2)10COOH = 7.9×10-11 mol/cm2). 
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Table 4.5 Summary of the %H2O2 and n, the number of electron transferred per O2 reduced, 

calculated from RRDE measurement for modified surfaces with different film compositions. 

 [FeTPPIm-Ar]+ 
[FeTPPIm-Ar]+/-(CH2)4-

COOH 

[FeTPPIm-Ar]+/-(CH2)10-

COOH 

% H2O2 72 ± 2 61 ± 1 59 ± 3 

n 2.56 2.78 2.82 

4.3.5 Surface modification with [FeTPP]+ linked directly to the surface through TPP2- 

The catalytic performance of [FeTPP]+ linked directly through the porphyrin ring to GC, and 

without an axial ligand was examined and compared with that of [FeTPPIm-Ar]+ film. 

Electrochemistry, UV-vis transmission spectroscopy, AFM and XPS measurements were used 

to characterize the [FeTPP]+-GC surface. 

4.3.5.1 H2TPPNH2 immobilization 

As shown in Scheme 4.4, the -NH2 derivative of H2TPP was the starting compound for the 

modified surface. The electrochemical response of H2TPPNH2 in DCM solution is shown in 

Figure 4.33 (a). Similar to H2TPP, it has two reduction couples; however, the oxidation 

processes are ill-defined. It is assumed that for H2TPPNH2, there are two oxidation couples 

based on the porphyrin ring, and an irreversible oxidation due to the amine substituent. A 

similar observation was previously reported of by Lucas et al.. In that work, the free-base meso-

diazonium-triarylporphyrins was formed in situ from its corresponding amine precursor and 

the amine oxidation peak was observed on the CVs of the amine precursor.112 

 

Scheme 4.4 In situ generation and grafting of H2TPPN2
+. 

 

 

NH N

HNN
H2N

6 eq. tBuNO2 
0.1 M [Bu4N]BF4-DCM

NH N

HNN
+

NH N

HNN
+N2

+

+ e-
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Figure 4.33 (a) CV of H2TPPNH2 (0.5 mM) (red) and H2TPP (0.5 mM) (black) in 0.1 M 

[Bu4N]BF4-DCM, scan rate = 100 mV/s; (b) electrografting CVs of H2TPPN2
+ (0.5 mM of 

H2TPPNH2 in 0.1 M [Bu4N]BF4-DCM) on GC for 20 cycles, scan rate = 50 mV/s; (c) reduction 

of H2TPP-GC at different scan rates. 

 

H2TPP-GC surfaces were prepared by formation of the diazonium ion in situ by adding tBuNO2 

with reaction time of 5 min, followed by electrografting (Figure 4.33 (b)). After grafting, the 

modified surface was sonicated in DCM and tested in 0.1 M [Bu4N]BF4-DCM solution. As 

shown in Figure 4.33 (c), there are two reduction processes, which are at the same potential as 

for the reduction of H2TPPNH2 in DCM solution, indicating that H2TPP has been successfully 

grafted on the surface. This result is consistent with reported studies describing grafting of free-

base porphyrin on surface by generating diazonium ion in situ using different experimental 

conditions.112, 115 The surface concentration of H2TPP can be calculated by integrating the 

reduction peak area assuming the number of electron transferred in each reduction peak is 1, 

(a) (b) 

(c) 
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giving Γ = 2.0×10-10 mol/cm2. Note that for immobilized H2TPP-GC, the oxidation processes 

are ill-defined and not useful for monitoring the H2TPP film. This latter observation is 

consistent with the work done by Lucas et al.: the oxidation of the film grafted from meso-

diazonium-triarylporphyrins was chemically irreversible in DCM.112 

 

H2TPP was also grafted on SnO2 surface using the same grafting procedure but from 0.2 to -

1.0 V. The modified SnO2 was characterized by UV-vis transmission spectroscopy. Figure 4.34 

shows the UV-vis spectra of H2TPP in DCM solution and H2TPP modified SnO2. For H2TPP 

in solution, it shows a Soret band at 417 nm and four Q bands at 514, 549, 590 and 646 nm. 

For surface immobilized H2TPP film, it shows the Soret band at 430 nm and Q bands between 

500 and 650 nm. Compared to the solution spectrum, the surface spectrum displays a redshifted 

(~ 13 nm) and broadened Soret band, which is consistent with reported studies.238 The 

broadened band may be attributed to the molecular interaction in the film environment.238 

 
Figure 4.34 UV-vis absorption spectra of H2TPP (6×10-6 M) in DCM (blue) and H2TPP film 

on SnO2 (red) grafted from 0.2 V to -1.0 V for 20 cycles at 50 mV/s. 

 

The film composition was measured by XPS. Table 4.6 shows the atomic % of C, N, and O 

obtained from survey spectra. As expected, compared to unmodified GC, the atomic %N 

increased, and %C and %O slightly decreased, suggesting H2TPP film has been grafted to the 

surface. The core-level spectrum of N 1s is shown in Figure 4.35. The N 1s core-level spectrum 
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was fitted with three peaks at 398.0 eV, 400.1 eV and 401.8 eV, which are assigned to aza-type 

N,259 pyrrole-type N259 and azo N,63 and protonated N.100 The binding energy, atomic % and 

assignment of each N are listed in Table 4.7. According to the H2TPP chemical structure, aza- 

and pyrrole-type N should be 1:1 ratio, however, the high % of N at 400.1 eV is attributed to 

the contribution of N from azo linkages obtained from aryldiazonium grafting as explained in 

Chapter 3. 

 

Table 4.6 Atomic % of C, N, and O from XPS survey spectra for H2TPP modified GC.a 

GC Sample %C %N %O 

Unmodified GC 90.7 0.8 8.7 

H2TPP-GC 88.7 3.4 7.9 

a
 Both samples were measured at University of Auckland. 

 
Figure 4.35 XPS N 1s core-level spectrum of H2TPP modified GC. 

 

Table 4.7 XPS N 1s core-level spectra fitting for H2TPP modified GC 

Binding energy (eV) Atomic (%) Assignment 

398.0 21.1 Aza-type N 

400.1 72.8 Pyrrole-type N/azo 

401.8 6.1 Protonated N 
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4.3.5.2 [FeTPPNH2]+ immobilization 

Electrochemical measurement. [FeTPP]+-GC surfaces were prepared following the same 

procedure as for H2TPP-GC but starting with [FeTPPNH2]+. First, the electrochemistry 

performance of [FeTPPNH2]+ was investigated using CV in DCM solution (Figure 4.36 (a)). 

The Fe(III)/Fe(II) couple appears at E1/2 = - 0.58 V and Fe(II)/Fe(I) at E1/2 = -1.37 V,229 which 

are similar to FeTPPCl. Compared to FeTPPCl, the ligand oxidation processes of [FeTPPNH2]+ 

are less defined, and the small peak at ~ 0.7 V is assigned to amine oxidation. 

 

 

Figure 4.36 (a) CVs of [FeTPPNH2]+ (0.5 mM) (red) and FeTPPCl (0.5 mM) (black) in 0.1 M 

[Bu4N]BF4-DCM solution, scan rate = 100 mV/s. (b) CVs of [FeTPPN2]2+ electrografting on 

GC from 0.5 mM [FeTPPNH2]+ in 0.1 M [Bu4N]BF4-DCM solution with 3 mM tBuNO2 for 

20 cycles, scan rate = 50 mV/s; (c) the oxidation peaks in 0.1 M [Bu4N]BF4-DCM solution of 

[FeTPP]+-GC grafted using the condition shown in (b). 

 

(b) 
(c) 

(a) 
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After grafting, the ligand oxidation peaks can still be observed in 0.1 M [Bu4N]BF4-DCM 

solution (Figure 4.36 (c)), which are similar to the ligand oxidation in solution as shown in 

Figure 4.36 (a), but without the amine oxidation peak. Integrating the ligand oxidation peak 

area (Figure 4.36 (c)), gives a surface concentration of 2.2×10-10 mol/cm2 for [FeTPP]+ on GC. 

Interestingly, although FeTPPCl and [FeTPPNH2]+ in solution, and immobilized [FeTPPIm-

Ar]+ have well-defined Fe(III)/Fe(II) redox signals in DCM, [FeTPP]+-GC does not. This may 

be attributed to the absence of an axial ligand. Murray et al. reported that to observe a stable 

Fe(III)/Fe(II) redox signal of [FeTPP]+ polymer films, the addition of excess of axial ligand is 

necessary.260 Although [FeTPPNH2]+ is the starting complex for preparation of the diazonium 

salt, it appears that after grafting, the axial Cl- is lost and the layer is most likely [FeTPP]+-GC. 

Presumably, BF4
- acts as the counterion. To confirm this explanation, a large excess of Im-Ar 

was added to a DCM solution and a CV of a [FeTPP]+-GC electrode was recorded. A 

Fe(III)/Fe(II) redox couple was observed (CV not shown). For all of the following experiments 

with [FeTPP]+-GC, and [FeTPP]+-PPF, the grafting conditions were the same as in Figure 

4.36(b). 

 

Figure 4.37 UV-vis absorption spectra of FeTPPNH2Cl (1× 10-5 M) in DCM (blue) and 

[FeTPP]+ film on SnO2 (red) grafted from 0.2 V to -1.0 V for 20 cycles at 50 mV/s. 

 

[FeTPP]+ was also grafted on SnO2 surface using the same grafting procedure but over the 

potential range from 0.2 to -1.0 V. The modified SnO2 was characterized by UV-vis 
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transmission spectroscopy. Figure 4.37 shows the UV-vis spectra of FeTPPNH2Cl in DCM 

solution and [FeTPP]+ grafted on SnO2. Similar to the UV-vis spectra of H2TPPNH2 in solution 

and H2TPP film, a redshift of the Soret band from solution (~ 419 nm) to surface (~ 429 nm) 

is observed. The Q bands of [FeTPP]+ film match the corresponding Q bands in solution. These 

results demonstrate the successful immobilization of [FeTPP]+ on surface. The Soret band of 

[FeTPP]+ film is broader than that in solution, which may be attributed to the stronger 

molecular interactions on the surface than in solution. 

 

In addition, as shown in Figure 4.38, the UV-vis spectrum of [FeTPP]+-SnO2 was compared to 

[FeTPPIm-Ar]+ film on SnO2 (Figure 3.16, Chapter 3). The maximum of Soret band for 

[FeTPP]+ film is at shorter wavelength than [FeTPPIm-Ar]+ film, which may be attributed to 

the lack of an axial ligand for the [FeTPP]+ film. In addition, the Soret band for [FeTPP]+ film 

is narrower than for [FeTPPIm-Ar]+, which is attributed to less molecular interaction in the 

[FeTPP]+ film. 

 
Figure 4.38 UV-vis absorption spectra of [FeTPP]+ film (black) and [FeTPPIm-Ar]+ film (blue) 

on SnO2. 

 

[FeTPP]+ film structure investigation. As shown in Figure 4.39, the thickness of a [FeTPP]+ 

film grafted to PPF was measured by the AFM scratch method, giving a thickness of 5.1 ± 0.2 

nm. Based on calculation (Figure 4.25), [FeTPP]+ has a diameter of 2.2 nm (for both high and 
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low spin Fe(III)), indicating that the film comprises 2-3 layers. The surface concentration of 

films grafted to GC using the same conditions was 2.2×10-10 mol/cm2. Assuming 2-3 layers of 

[FeTPP]+ gives a surface concentration of ~ 0.7-1.1×10-10 mol/cm2 for a thickness of film 

corresponding to a monolayer (a “monolayer equivalent”). The expected surface concentration 

for [FeTPP]+ monolayer on GC, assuming the typical packing density for films grafted from 

diazonium ions, a roughness factor of 2 for GC, and freely-rotating, is estimated to be 0.3-

0.7×10-10 mol/cm2. Therefore, the experimental surface concentration is higher than the 

theoretical value, suggesting that the [FeTPP]+ film is multilayer and there are some 

interactions among the surface molecules. 

 
Figure 4.39 AFM topographical image of a scratch through a [FeTPP]+-PPF film and its 

corresponding depth profile. 

 

XPS measurement. [FeTPP]+ modified GC was further investigated by XPS analysis. Table 4.8 

lists the atomic % of C, N, O and Fe for [FeTPP]+-GC. Compared to unmodified GC, there is 

a significant increase in N content after modification and Fe is present on the surface. The ratio 

of Fe: N (1: 4.7) is slightly lower than that expected from its chemical structure (1:4). This 

could be due to the formation of azo linkages during grafting adding to the amount of N and/or 

loss of Fe during XPS measurement. 
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Table 4.8 Atomic percentage of C, N, O and Fe from XPS survey spectra for [FeTPP]+ modified 

GC and unmodified GC.a 

GC sample  % C % N % O % Fe 

Unmodified GC 90.7 0.6 8.7 - 

FeTPP-GC 91.1 2.8 5.5 0.6 

a 
Both samples were measured at the University of Auckland. 

 

As shown in Figure 4.40 (a), the core-level spectrum of the Fe 2p region consists of peaks at 

711.6, 718.1, 724.6 and 730.5 eV. The peaks positioned at 711.6 and 724.6 eV correspond to 

2p3/2 and 2p1/2, respectively.105, 261, 262 The peaks at 718.1 and 730.5 eV are assigned to the 

satellite peaks for 2p3/2 and 2p1/2.262  

 

Figure 4.40 (a) XPS Fe 2p core-level spectrum; (b) N 1s core-level spectrum of FeTPP 

modified GC. 

 

The core-level N 1s spectrum for [FeTPP]+ modified GC is shown in Figure 4.40 (b). It can be 

fitted with three peaks as listed and assigned in Table 4.9. The peak located at 398.6 eV is 

assigned to N coordinated to Fe.145 It is also possible contains a small amount of aza N. Azo 

linkages from diazonium ion grafting contribute to the peak at 400.2 eV, and possibly with a 

small amount of pyrrole N. Peak at 401.5 eV is assigned to protonated N. 

 

(a) (b) 
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Table 4.9 XPS N 1s core-level spectra fitting for [FeTPP]+ modified GC. 

Binding Energy (eV) Percentage (%) Assignment 

398.6 73.0 Fe-N 

400.2 19.5 Azo/pyrrole N 

401.5 7.5 Protonated N 

4.3.5.3 ORR performance of [FeTPP]+-GC 

To evaluate the ORR catalytic properties of [FeTPP]+-GC, CVs were recorded in O2 saturated 

0.1 M HClO4 solution. For comparison, a CV in N2 degassed HClO4 solution was also recorded. 

As shown in Figure 4.41, [FeTPP]+-GC exhibits a significant large ORR catalytic peak at -0.1 

V and its onset potential is ~ 0.13 V on the first cycle. The ORR peak current decreases and 

shifts to more negative potential in the subsequent cycles, indicating the immobilized [FeTPP]+ 

catalyst is deactivated in acid solution during ORR. After recording 5 CV cycles, the solution 

was stirred and flushed with O2 and another CV recorded. The response was similar to that of 

the 5th CV scan. So O2 depletion is not the reason for catalytic performance loss. Compared to 

ORR catalysed by [FeTPPIm-Ar]+ modified surfaces (Figure 4.4), [FeTPP]+-GC has a more 

stable response as the reduction peak can still be observed after 4 cycles, and its catalytic 

activity is higher. 

 

Figure 4.41 ORR at [FeTPP]+-GC in N2 and O2 saturated 0.1 M HClO4 solution, scan rate = 

100 mV/s. 
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4.3.5.4 [FeTPP]+-GC ORR stability investigation 

Similar to [FeTPPIm-Ar]+ modification, the redox couple response was tested in 0.1 M 

[Bu4N]BF4-DCM solution after 5 CV cycles of ORR. As shown in Figure 4.42, the TPP2- 

oxidation signal is lost, indicating that the porphyrin structure has been destroyed. This 

accounts for the loss of ORR catalysis after 5 cycles (Figure 4.41). 

 
Figure 4.42 CVs of ligand oxidation peaks for [FeTPP]+-GC after grafting (black) and after 

ORR (red) in 0.1 M [Bu4N]BF4-DCM solution, scan rate = 200 mV/s. 

 

Figure 4.43 AFM topographical image of a scratch through a [FeTPP]+-PPF film (a) after ORR 

and its corresponding depth profile, and (b) after cycling in N2 degassed 0.1 M HClO4 solution 

as a control, and its corresponding depth profile. 

(a) 

(b) 
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The film thickness change after ORR was measured by the AFM scratch method, as shown in 

Figure 4.43 and summarized in Table 4.10. After ORR, the thickness of the [FeTPP]+ film 

grafted to PPF decreased from 5.1 ± 0.2 nm to 2.5 ± 0.3 nm. In a control experiment, [FeTPP]+-

PPF was cycled in 0.1 M HClO4 solution for 5 cycles under N2 atmosphere. The film thickness 

was unchanged (within the measurement uncertainty), indicating that ORR catalysis causes the 

film thickness decrease. 

 

Table 4.10 [FeTPP]+-PPF thickness summary obtained from AFM scratch method before and 

after ORR and cycling under N2. 

Sample d/ nm before cycling d/ nm after cycling 

[FeTPP]+-PPF (ORR) 5.1 ± 0.2 2.5 ± 0.3 

[FeTPP]+-PPF (under N2) 4.8 ± 0.2 4.5 ± 0.2 

 

XPS measurement. XPS was used to further investigate the change of film composition after 

ORR. As listed in Table 4.11, and shown in the core-level spectrum in Figure 4.44 (a), Fe 

cannot be detected after ORR. Surprisingly, different from [FeTPPIm-Ar]+ film, after ORR, at 

[FeTPP]+ film, the %C decreases and %O increases significantly, whereas, %N remains 

unchanged. Tentatively, this is attributed to the film oxidation during the ORR process. 

 

Table 4.11 Atomic percentage of C, N, O and Fe from XPS survey spectra for unmodified GC, 

[FeTPP]+-GC before and after ORR, and H2TPP modified GC.a 

GC sample  % C % N % O % Fe 

Unmodified GC 90.7 0.6 8.7 - 

[FeTPP]+ as prepared 91.1 2.8 5.5 0.6 

[FeTPP]+ after ORR 84.6 2.8 12.6 - 

H2TPP 88.7 3.4 7.9 - 

a All the XPS spectra were collected at the University of Auckland. 
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Figure 4.44 (a) XPS Fe 2p core-level spectra for [FeTPP]+ modified GC as prepared and after 

ORR; (b) O 1s, (c) N 1s and (d) C 1s core-level spectra for [FeTPP]+ modified GC as prepared, 

after ORR and H2TPP film. 

 

(a) (b) 

(c) (d) 

Before ORR 

After ORR 

Before ORR 

After ORR 

H2TPP 

Before ORR 

After ORR 

H2TPP 

Before ORR 

After ORR 

H2TPP 
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In order to further understand film structure change after ORR, the O 1s, N 1s and C 1s core-

level spectra were fitted and compared to [FeTPP]+ and H2TPP film as prepared in Figure 4.44 

(b-d). Figure 4.44 (b) shows the O 1s core-level spectra of [FeTPP]+ film after ORR, compared 

to [FeTPP]+ film as prepared and H2TPP film. The spectra are fitted with two main peaks as 

listed in Table 4.12. The O 1s peak at 531.8-532.2 eV is assigned to organic C=O, whereas the 

peak at 533.0-533.3 eV is assigned to organic C-O.263 For as prepared [FeTPP]+ and H2TPP 

films, all O is expected to be associated with the GC surface or with adventitious carbon on the 

sample. Comparing [FeTPP]+ with H2TPP indicates that there are differences between the GC 

samples and/or the amount and nature of adventitious carbon. Hence, the relative amount of 

C=O and C-O for the [FeTPP]+ film after ORR may not accurately reflect the structure of the 

oxidized layer. 

 

Table 4.12 Summary of O 1s core-level spectra peak fitting and assignment for [FeTPP]+ 

modified GC as prepared and after ORR, and H2TPP modified GC. 

GC sample Binding energy (eV) (atomic %) 

[FeTPP]+ as prepared 531.9 (71.6%) 533.3 (28.4%) 

[FeTPP]+ after ORR 531.8 (40.0%) 533.0 (60.0%) 

H2TPP 532.2 (50.0%) 533.2 (50.0%) 

Assignment C=O C-O 

 

As shown in Figure 4.44 (c), the N 1s spectrum is significantly different after ORR compared 

to [FeTPP]+ as prepared, but similar to that of H2TPP film as prepared. As listed in Table 4.13, 

the peak at 398.6 eV is assigned to the remaining Fe-N after ORR, and may include aza-type 

N from H2TPP. Compared to [FeTPP]+ as prepared, it is significantly decreased, indicating the 

loss of Fe during ORR. The main peak at 400.2 eV is assigned to azo linkage, pyrrole-type N 

and the binding energy for amide N is also expected.264 The presence of pyrrole-type N also 

suggested demetallation. NHOH or NH+ might contribute to the peak at 402.1 eV.63 Tentatively, 

the presence of NHOH and amide-N after ORR is consistent with oxidation of the film during 
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ORR. The reaction of free-base porphyrin with H2O2 in H2SO4 has been studied that it could 

form ketone.265  However, in the presence of Fe, reactive oxygen species (ROS) may be formed 

(see Section 4.3.6), which could lead to other oxidized structure in the film. 

 

Table 4.13 Summary of N 1s core-level spectra peak fitting for [FeTPP]+ modified GC as 

prepared and after ORR, and H2TPP modified GC. 

GC sample Binding energy (eV) (atomic %) 

[FeTPP]+ as prepared 398.6 (73.0%) 400.2 (19.5%) 401.5 (7.5%) 

[FeTPP]+ after ORR 398.5 (7.1%) 400.2 (86.7%) 402.1 (6.2%) 

H2TPP 398.0 (21.1%) 400.1 (72.8%) 401.8 (6.1%) 

 

C 1s spectra before, after ORR of [FeTPP]+ film and H2TPP can also compared as shown in 

Figure 4.44 (d), and the peak fitting is summarized in Table 4.14. The peak at 284.5 eV is 

assigned to C-C and C-H,266 and peaks at 286.0 -288.4 eV are assigned to different O-bound C 

species.267 As it can be seen, after ORR, the ratios for C-O and C=O species have increased 

and C-C bonding has decreased, consistent with some film oxidation during ORR. 

 

Table 4.14 Summary of C 1s core-level spectra peak fitting and assignment for [FeTPP]+ 

modified GC as prepared and after ORR, and H2TPP modified GC. 

GC sample Binding energy (eV) (atomic %) 

[FeTPP]+ as prepared 
284.5 

(61.6%) 

285.1 

(17.7%) 

286.0 

(10.5%) 

288.4 

(5.8%) 

291.0        

(4.4%) 

[FeTPP]+ after ORR 
284.5 

(49.2%) 

285.2 

(18.5%) 

286.4 

(16.3%) 

288.1 

(10.8%) 

290.8        

(5.2%) 

H2TPP 
284.5 

(56.5%) 

285.2 

(17.0) 

286.0 

(12.6) 

287.7 

(9.6%) 

291.2       

(4.3%) 

Assignment C-C/C-H C-N C-O C=O π- π* satellite 
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The number of electrons transferred and yield of H2O2 during ORR for [FeTPP]+-GC was 

measured using RRDE in O2 saturated 0.1 M HClO4 solution as shown in Figure 4.45. As 

calculated from Ir and Id, n = 2.84 and the % H2O2 = 58 ± 4 %. Although the [FeTPP]+-GC film 

decomposed and lost catalytic activity during ORR, [FeTPP]+-GC exhibits much higher current, 

more positive onset potential (~ 40 mV) and more positive peak potential (~ 50 mV) than 

[FeTPPIm-Ar]+ film under the same conditions. In addition, ORR catalysis on [FeTPP]+-GC 

produces less H2O2 compared to [FeTPPIm-Ar]+ film. It is interesting that an Fe(III)/Fe(II) 

couple cannot be observed in DCM for [FeTPP]+-GC, but under ORR conditions, an Fe(II) 

species is apparently produced, and at a more positive potential than for [FeTPPIm-Ar]+ film 

which shows a well-defined Fe(III)/Fe(II) couple in DCM. This is tentatively explained by 

coordination of ClO4
- to [FeTPP]+ film under ORR conditions. It has been reported that ClO4

- 

ion coordinates to [FeTPP]+ in DCM and gives a more positive potential for the Fe(III)/Fe(II) 

couple than does coordinated Cl- or F-.268 

 
Figure 4.45 Disk and ring currents at the [FeTPP]+ modified RRDE in O2 saturated 0.1 M 

HClO4 solution, scan rate = 10 mV/s, 1600 rpm. 

 

Instability mechanism investigation. Similar to the stability study on [FeTPPIm-Ar]+ film 

during ORR catalysis, the effect of acid treatment and H2O2 acid treatment on the stability of 

[FeTPP]+ films was investigated.  
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First the stability of uncoordinated H2TPP grafted to GC was investigated by immersing in 5% 

H2O2 in 0.1 M HClO4 solution for 30 min at OCP. As shown in Figure 4.46, after H2O2 acid 

treatment, the ligand reduction peaks decreased, indicating desorption of H2TPP film from the 

surface or some decomposition of the film. 

 
Figure 4.46 CVs of ligand reduction of H2TPP modified GC in 0.1 M [Bu4N]BF4-DCM before 

and after treatment in 5% H2O2 in 0.1 M HClO4 for 30 min, scan rate = 200 mV/s. 

 

The treatment described above was also applied to [FeTPP]+-GC. As shown in Figure 4.47, 

simply soaking the [FeTPP]+-GC electrode in 5% H2O2 in acid solution treatment for 30 min 

resulted in the complete loss of ligand oxidation peaks, as was found for [FeTPP]+-GC film 

under ORR conditions. The degradation mechanism will be discussed in the following section. 

 

Figure 4.47 CVs of ligand oxidation of [FeTPP]+ modified GC in 0.1 M [Bu4N]BF4-DCM 

before and after 5% H2O2 in 0.1 M HClO4 treatment for 30 min, scan rate = 200 mV/s. 
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4.3.6 ORR activity loss mechanism discussion  

As mentioned above, degradation of [FeTPP]+-GC was observed during ORR process and 

section 4.3.2 described the loss of ORR catalysis performance of [FeTPPIm-Ar]+. Although a 

lot of studies have been carried out to study the degradation mechanism of pyrolyzed Fe-N-C 

materials, to my best knowledge, the degradation of molecular [FeTPP]+ catalyst is not as much 

reported. As reviewed, the main current degradation mechanisms reported for pyrolyzed Fe-

N-C materials include: (i) H2O2 or HO· radical attack, (ii) demetallation or C/N corrosion, (iii) 

active sites protonation, (iv) micropore flooding in catalyst. However, the detailed degradation 

mechanism still remains unknown.246, 247 For pyrolyzed M-N-C materials, carbon acts as the 

electronic conductor as well as the support or matrix for the active site, so C/N corrosion and 

micropore flooding may occur during ORR. However, these should not occur for molecular 

catalysts. In this thesis work, experimental results obtained from electrochemistry, AFM and 

XPS measurement suggest that Fe loss and the high %H2O2 produced during ORR may be 

reasonable for degradation. The degradation mechanism is further discussed here in light of the 

reported studies. 

 

As described in section 4.3.2.4, after acid and H2O2 acid treatment, Im-Ar film was unchanged, 

but some desorption or degradation was observed for H2TPP-GC film. However, 30% of Fe 

was lost after 30 min acid treatment of the [FeTPPIm-Ar]+ film, but there was complete loss of 

the [FeTPP]+ signal and ORR catalytic activity for both [FeTPPIm-Ar]+ and [FeTPP]+-GC film 

after H2O2 acid treatment. These results suggest that reaction between H2O2 and free Fe ions 

result in film degradation. This is consistent with reported degradation studies for pyrolyzed 

Fe-N-C materials. In most reports, acid and H2O2 treatment experiments were performed on 

heat-treated Fe porphyrin and Fe-N-C materials. It was found that for heat-treated Fe porphyrin, 

mainly the reaction with H2O2 rather than loss of Fe caused the degradation.269 The degradation 

of Fe-N-C material was found to increase with increasing amounts of H2O2.270 H2O2 

decomposition can be catalysed by iron salts in Fenton reaction, which yields highly-reactive 

hydroxyl radicals (HO·).182 The efficiency of the Fenton reaction is affected by H2O2 
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concentration, pH and temperature. When Fe(II) > 40 ppm, this reaction is the dominant source 

of HO·.271 HO· can attack the film and substrate directly and/ or may be involved in the 

decomposition of H2O2 to form other ROS. In the experiment in this thesis, under OCP 

conditions, Fe3+ could leach out from [FeTPP]+-GC and [FeTPPIm-Ar]+ by protonation in acid 

medium. In the presence of added H2O2, Fe3+ is reduced to Fe2+, which further reacts with H2O2 

to give HO·. These radicals can attack and initiate reactions that lead to the formation of ROS 

to decompose the surface films.  

 

Under ORR conditions, Fe leaches out from the porphyrin in acid solution, the same reactions 

as described above may occur based on reacting with H2O2 produced during ORR. It has been 

proposed that binding O2 to Fe centre during ORR can weaken the Fe-N bonds and accelerate 

demetallation relative to under N2 atmosphere.272 

 

It also should be noted that after ORR, according to XPS results, %O was increased for 

[FeTPP]+-GC film. The relative amount of C-O and C=O species increased, and as did the 

amount of N with high oxidation state. This is attributed to ROS attack.182 It has been reported 

that free-base porphyrin can be oxidized by H2O2 in acid solution to form ketones.265 ROS 

attack also could lead to formation of other oxidized structure. In contrast, for [FeTPPIm-Ar]+ 

film, after ORR, % N decreased and there was no change in %O. The difference in film 

composition change before and after ORR for [FeTPPIm-Ar]+ and [FeTPP]+-GC film is 

attributed to the different linkages. [FeTPPIm-Ar]+ is immobilized on surface via the Im-Ar 

axial ligand and so demetallation during ORR results in [FeTPP]+ leaving from the surface. 

For [FeTPP]+-GC film, H2TPP is immobilized on surface directly through the phenyl ring and 

the stable C-C bond to the surface results in the H2TPP remaining on the surface despite 

demetallation and film oxidation was observed after ORR. 
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4.4 Summary and conclusion 

Table 4.15 Summary of ORR catalytic performance in 0.1 M HClO4 of different modified 

surfaces.a 

Surface Onset potential (V) Peak current (μA) %H2O2 

FeTPPCl 0.106 49.7 - 

FeTPPCl/ADA 0.208 53.8 - 

FeTPPCl/HEA 0.219 43.0 - 

[FeTPPIm-Ar]+ 0.131 72.1 70 

[FeTPPIm-Ar]+ /ADA 0.105 60.7 66 

[FeTPPIm-Ar]+ /HEA 0.072 44.6 - 

[FeTPPIm-Ar]+ /-(CH2)4COOH -0.007 43.8 60 

[FeTPPIm-Ar]+ /-(CH2)10COOH 0.003 35.3 56 

[FeTPP]+-GC 0.130 87.4 54 

a 
The best results achieved for each type of layer. 

 

The best ORR performance obtained at each modified surface is summarized in Table 4.15. It 

shows that FeTPPCl/HEA modified surface gives the most positive onset potential, however 

because FeTPPCl is physisorbed, that is unlikely to be a practical catalyst. Compared to 

physisorbed FeTPPCl, covalently immobilized [FeTPPIm-Ar]+ and [FeTPP]+ layers give more 

positive onset potential and higher current; the mixed layer of [FeTPPIm-Ar]+/-(CH2)10COOH 

produces less H2O2 than its single component film. Among these different covalently modified 

surfaces, [FeTPP]+-GC exhibits the highest peak current and lowest production of H2O2. 

 

Results in this chapter demonstrate that for [FeTPPIm-Ar]+ films, ORR catalytic performance 

(peak current and onset potential) can be easily tuned by the surface concentration (loading). 

The [FeTPPIm-Ar]+ film composition also influences the ORR catalytic activity: film grafted 

from the negative potential limit of -0.6 V tends to exhibit higher ORR current and more 
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positive onset potential than that grafted to a negative potential limit of -0.2 V. Under ORR 

conditions, high %H2O2 was detected for [FeTPPIm-Ar]+ film, independent of the surface 

concentration. Mixed layers of [FeTPPIm-Ar]+ with molecules bearing -COOH groups are 

confirmed to be promising to decrease the production of H2O2, although the onset potentials of 

the mixed layers are more negative than the single component film. However, the importance 

of -COOH group is not clear and further studies with other modifiers should be carried out. 

 

Additionally, by investigating the [FeTPPIm-Ar]+ and [FeTPP]+ film structure change under 

soaking and ORR conditions, it was found that demetallation and the Fenton reaction cause the 

degradation. Thus, decreasing %H2O2 under ORR conditions is essential to improve the 

catalyst stability. Compared to [FeTPPIm-Ar]+ films, [FeTPP]+ films exhibited better ORR 

performance in acid medium (lower %H2O2 produced). It would be interesting to further 

investigate the effect of surface concentration of [FeTPP]+ on ORR catalytic activity, and 

preparation of mixed layers of [FeTPP]+ with -COOH functionalized molecules and other 

modifiers. 
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5 Characterization of [FeTPP]+ modified surfaces and 

investigation of the catalysis of ORR using 

spectroelectrochemistry 

5.1 Introduction 

5.1.1 Background information of spectroelectrochemistry 

Spectroelectrochemistry (SEC) is a powerful tool which combines spectroscopic measurement 

with an electrochemical experiment at the same electrode system.273 Electrochemistry can 

control redox reactions precisely by charge, potential and current. Spectroscopic measurement 

gives molecular electronic transition or vibrational information and can be used to identify 

molecular species.274 A variety of spectroscopic techniques have been coupled with 

electrochemistry, such as UV-vis,275-278 fluorescence,207, 279 IR280, 281 and Raman 

spectroscopy.282, 283 Among these, UV-vis SEC has been widely used to investigate the species 

generated and/or consumed from electrochemical processes that absorb radiation in the region 

of 190-700 nm.284 

 

SEC cells can be configured for either transmission or reflection mode.70, 284 For conventional 

SEC cells, the prerequisite is an optically transparent electrode (OTE), such as SnO2 or In2O3, 

Au or Pt deposited on a glass, quartz or plastic substrate, or a fine wire mesh.70 In transmission 

mode, the light beam passes through the working electrode. It can be performed under either 

semi-infinite linear diffusion conditions or thin-layer conditions (TLC).285 SEC measurement 

is usually carried out in optically transparent thin-layer electrode (OTTLE) cells (Figure 5.1) 

with a solution thickness less than 0.2 mm.286 Under TLC, diffusion is constrained and the 

concentrations of all the species are uniform throughout the solution and at equilibrium with 

the applied potential.284 The CV response of a fully reversible redox couple under TLC has ∆Ep 

= 0 mV as for surface immobilized species.287 Spectra obtained under TLC can be interpreted 

as for conventional UV-vis spectroscopy. This technique enables efficient and quantitative 
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conversion of reactants to products, especially for species that are difficult to synthesize, handle 

or stabilize.284 

 

Figure 5.1 Two different views of an OTTLE cell: (A) front view; (B) side view. Adapted with 

permission from reference 288. Copyright (1975) American Chemical Society. 

 

In internal reflection mode, the light beam shines through the rear side of an OTE at a 

sufficiently large angle to ensure the beam is completely reflected.285 In reflection mode, the 

structural change of the surface will lead to considerable changes in the reflectivity properties, 

which can correlate the structural characteristics gained from spectroscopic measurements with 

electrochemical results.289 This method is used to measure the chemical changes on or very 

near the electrode surface.289 This mode was used in this thesis work and is described below. 

5.1.2 Applications of UV-vis SEC to the study of porphyrins 

UV-vis SEC has been widely used to study redox active species. For example, it is commonly 

used to characterize porphyrin derivatives in solution and on surfaces, as they have strong 

absorption at ~ 380-500 nm (Soret band) and some characteristic absorption bands (Q bands) 

between 500 and 750 nm in the visible range.276 The Soret band arises from the transition from 

the ground state (S0) to the second excited state (S2), while the Q bands are due to the transition 

of S0 to the first excited state (S1).276, 290 The typical UV-vis spectrum of free-base H2TPP is 

shown in Figure 5.2. The insertion of metal in the centre of porphyrin normally increases 

symmetry, resulting in decrease in the number and intensity of Q bands.276, 291 The spectrum 
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changes with surroundings, such as pH, temperature, and solvent, and structures, such as 

reaction with metal ions, or molecular distortion. The spectroscopic changes could give 

information, such as its equilibrium, complexation, kinetics, aggregation and electron 

transfer.276, 292 Some examples are described in the following paragraphs.  

 

Figure 5.2 UV-vis spectrum of H2TPP in DCM with insert showing the enlargement of Q bands 

region. 

 

UV-vis SEC has been used to assign and monitor the formation of oxidized species and changes 

in porphyrins obtained from different reactions. It was found that the spectrum of electro-

oxidized H2TPP is similar to both the π-cation radical H2TPP·+ prepared from photo-oxidation 

and to the protonated form of the neutral porphyrin.293 UV-vis SEC was also used to investigate 

the structure-reactivity correlation for one-electron reduction of nonplanar Ni(II) porphyrins, 

which leads to π-anion radicals and phlorin anion formation.294 Lin et al. used electrochemical 

in situ time-resolved UV-vis subtractive reflectance spectroscopy to study the electron transfer 

process of cytochrome c reduction in the presence of promoter (mixture of guanine and 

cytosine in 1:1 ratio) in phosphate buffer solution (pH 7.0) and found that conformational 

rearrangement is accompanied by the appearance of absorption bands at 450 and 500 nm and 

bipolar bands at 250 and 300 nm.278  
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UV-vis SEC can promote the understanding of some catalysis mechanisms of porphyrin 

derivatives. For example, Nocera et al. compared the HER activity of Co(II) and Ni(II) 

hangman porphyrins to the corresponding non-hangman porphyrins.295 Ni(II) hangman 

porphyrin exhibited more positive HER potential compared to its non-hangman structure, 

which is attributed to the facilitation of the step-wise PCET mechanism as introduced in 

Chapter 1. UV-vis SEC and computational results indicated that for reduction of the Ni(II) 

hangman porphyrin, the 1st electron is transferred to a metal-based orbital and the 2nd electron 

is transferred to a molecular orbital on the porphyrin ring.295 In another study, Kadish et al. 

studied the visible spectra changes during ORR in benzonitrile with HClO4 catalysed by 

different biscobalt porphyrin-corrole dyads, in which the Co was chemically reduced by adding 

1,1’-dimethylferrocene (Fe(C5H4Me)2). By comparing the intensity of the absorption band at 

~ 630 nm and the concentration of oxidized Fe(C5H4Me)2, the number of electrons transferred 

for different biscobalt porphyrin-corrole dyads was obtained.296  

 

Catalysis of the ORR by metal porphyrins is of particular interest for fuel cells and 

understanding the ORR mechanism is important in order to improve fuel cell efficiency. A lot 

of work has been done using UV-vis SEC for this goal. For example, Nyokong et al. used UV-

vis SEC with differential pulse voltammetry to identify the new compounds formed during 

reduction of Mn(III) meso-tetra(N-methyl-4-pyridyl)porphyrin chloride (TMPyP) in the 

absence and presence of Cl- in degassed triflic acid solution. The blueshift from 557 nm to 547 

nm in the presence of Cl- confirmed the interaction between the metal centre and Cl- to form 

(Cl)Mn(II)TMPyP-. The appearance of a band at 510 nm in the absence of Cl- indicated the 

formation of Mn(II)-O-Mn(II) oxo-bridged porphyrins between free Mn(II) ions and residual 

O2. The spectroscopic difference observed during Mn(III)TMPyP reduction in degassed triflic 

acid solution in the presence and absence of Cl- indicates the Cl- affects the ORR pathway for 

Mn(III)TMPyP.251 
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In an attempt to enhance the ORR catalytic activity of metal porphyrins, redox mediators were 

introduced to accelerate electron transfer from the electrode surface to the metallic sites, and 

UV-vis SEC was used to monitor the interaction between metal porphyrins and the 

mediators.297 As observed from UV-vis SEC spectra upon the reduction of Fe(III) porphyrin, 

the Soret band redshifted (from 402 to 415 nm) and the peak intensity increased, which was a 

similar change to that induced by the addition of 2,2’-azino-bis(3-ethylbenzothiazioline-6-

sulfonic acid)diammonium salt (C18H24N6O6S) acting as an electron donor to FeTMPyP in acid 

solution, as C18H24N6O6S induced the reduction of FeTMPyP as well as its molecular structure 

change.297 Combined with DFT calculations, where C18H24N6O6S was bound to FeTMPyP, it 

showed that the σ electron density of C18H24N6O6S weakens the O2-Fe bond, resulting in easier 

ORR in triflic acid.297  

 

In another study of porphyrin-catalysed ORR, the change in the Soret band and Q bands under 

reduction and oxidation potentials allowed the stability of [Mn(III)TMPyP]Cl)[Cl]4 at different 

pH to be evaluated.298 A decrease in the intensity of the Soret band and a blueshift from 462 to 

440 nm was observed, along with a blueshift of the Q bands. At the reduction potential for 

Mn(II) TMPyp in pH 1 solution, free-base porphyrin spectrum was observed. These indicated 

the demetallation of Mn porphyrin at a pH below 2. Above pH 10, quantitative formation of 

[Mn(II) TMPyp(OH)]3+ was evidenced by appearance of a new band at 448 nm and 

disappearance of the band at 462 nm.298 

 

In addition to solution studies, UV-vis SEC can be used to study porphyrin derivatives on a 

surface. For instance, cytochrome c was immobilized on various mesoporous TiO2 film 

electrodes by Topoglidis et al..299 The UV-vis SEC spectra for the reduction process of the film 

on TiO2 were recorded. A clear redshift of the Soret band (from 410 to 416 nm) and increased 

absorption intensity of Q bands (520 and 550 nm) during the reduction process were observed, 

which was consistent with the reported solution spectrum of the reduced cytochrome c.300 It 
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suggested that both the structure and redox activity of cytochrome c were preserved on these 

surfaces.299 

 

A lot of progress has been made regarding the characterization of porphyrin derivatives and 

intermediates in terms of their electrochemical processes and catalytic mechanisms. However, 

most of the reported studies are based on non-aqueous solution conditions, or the complexes 

were immobilized on a transparent surface, which is not ideal for many practical applications. 

In addition, for the development of applications of surface modification, the surface modifiers 

which may be present in layers at only a few nanometres thick need to be characterized. 

Therefore, UV-vis SEC measurements with high sensitivity and resolution on other electrode 

materials is highly interesting. 

5.1.3 A new system for UV-vis SEC 

A new SEC measurement bench that operates in reflection mode devised by Levillain and co-

workers,207, 301 can be used in configurations for UV-vis, IR or fluorescence spectroscopies.302 

The simplified setup diagram is shown in Figure 5.3. 

 

Figure 5.3 Diagram of a new SEC system using reflection mode devised by Levillain et al. 

Redrawn from reference 303.  

 

One of the advantages of this set-up is that the length of light pathway ranges from a few 

micrometres for thin-layer conditions up to few millimetres for diffusion layer conditions.302 
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Another advantage of this system is that the working electrode can be a reflective material such 

as Pt or Au, or a non-reflective material like GC. This is because advances in optical fibres and 

camera technologies now allow highly efficient collection of the reflected signal. Therefore, 

this system can be used to monitor time-resolved spectra during an electrochemical experiment 

with a high signal-to-noise ratio.302 The set-up used in this thesis work is absorption-SEC (A-

SEC). The Beer-Lambert law (Equation 5.1) can be used to calculate the molar absorption 

coefficient, ε (L mol-1 cm-1), using absorbance, solution concentration c (mol/L) and pathlength 

l (cm). However, for a film immobilized on the surface, it is difficult to evaluate the film 

thickness and concentration. In addition, c multiplied by l is proportional to the surface 

concentration Γ (mol/cm2). In other words, if the modified electrode is modelled as a 

rectangular prism, where the grafted film height corresponds to both the z-axis and the 

pathlength, the absorbance can be calculated as shown in Equation 5.2 and Equation 5.3. 

Therefore, the absorbance of the film in this thesis work can be calculated using the modified 

Beer-Lambert law following Equation 5.4, where the factor 2 is because it is reflection mode.206, 

304, 305 

 
 Absorbance	=	ST8 × 2	 Equation 5.1 

 c	(mol/mL)	=	/	(123/51
#)

3	(51) 	 Equation 5.2 

 c(mol/L)	=	/	(123/51
#)

3	(51) × 1000	 Equation 5.3 

 Absorbance	=	2×1000×S×	Γ	 Equation 5.4 

 

This instrument can be used to characterize the absorbance and fluorescence of nanomaterials, 

such as few nanometres thick films on surfaces. For example, Levillain and co-workers 

presented a direct comparison between solution A-SEC under TLC, and A-SEC of SAMs of 

5,5’-disubstituted-2,2’-bithiophene on Au. Under TLC, the bithiophene showed characteristic 

strong absorption bands at 570 and 900 nm after oxidation, corresponding to the formation of 

a π or σ-dimer. For SAMs, the spectra displayed a low absorbance value that remained constant 

after two potential cycles, showing the stability of the redox states. This was the first A-SEC 
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study of perylenediimide (PDI) on SAMs and it was compared with the solution. It was found 

that the solution electrochemical behaviour of PDI was preserved for SAMs. Unlike the 

solution measurement, three new absorption bands at 515, 680, and 910 nm were observed for 

the SAMs, indicating a change in the environment of the active sites.208, 306 The properties and 

molecular interaction of PDI was further studied by introducing hexanethiol to form mixed 

SAMs. The relationship between absorbance and surface coverage for PDI in mixed SAMs of 

PDI and hexanethiol was investigated using A-SEC. A non-linear relationship was found, 

which could be attributed to orientation change due to dilution of PDI in hexanethiol-rich 

layers.206 In another example, solution and surface A-SEC spectra of thienylene vinylene (TV) 

were studied. The formation of cation and dication radicals for TV oxidation was observed and 

as solution concentration increased, the characteristic band for its π-dimer developed. Similar 

to the spectra of the concentrated solution, strong absorption bands for the π-dimer were also 

observed on the surface, interpreted as molecular restriction in the immobilized state affecting 

the spectra. In addition, diluted TV SAMs were prepared by forming mixed layer with 

dodecanethiol; the π interaction remained even for layers incorporating only 25% of the 

initially immobilized TV.307 All these reported studies using the same instrument in this thesis 

work suggest that this is reliable for a few nanometres film study on GC. 

5.1.4 Aims 

As reported in literature, many metal porphyrins and their derivatives have been studied using 

UV-vis SEC measurement. However, to my best knowledge, there are no reported studies about 

the direct comparison of spectroscopic changes for [FeTPP]+ immobilized on carbon surface 

during electro-reduction and -oxidation processes in non-aqueous and aqueous solution. 

Additionally, few studies were done to investigate the spectroscopic properties of surface 

immobilized [FeTPP]+ during electrochemical processes and during catalysis of ORR in 

aqueous acid medium. Since a lot of pioneering work on the A-SEC has been done by Levillian 

et al., it is interesting to utilize this new A-SEC system to characterize the [FeTPP]+ film to 

particularly gain insight into its ORR catalysis in acid solution. 
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In this chapter, the spectroscopic properties of [FeTPP]+ in solution and the immobilized 

[FeTPP]+ film on GC surface during electrochemical processes have been investigated in DCM 

solution using A-SEC. The species formed during redox reactions were assigned. [FeTPP]+ 

was immobilized on the surface via axial Im-Ar ligand by the pre-coordination method, and 

also by direct grafting of [FeTPPN2]2+. The spectroscopic changes during ORR in acid medium 

were also studied. Due to the weak and complex absorption of the Q bands, this thesis work is 

mainly focused on the Soret band change during redox reaction by A-SEC. 

5.2 Experimental 

All the experimental work in this chapter was done under the supervision of Prof. Tony Breton 

and Dr Christelle Gautier at the University of Angers, France.  

 

Unless stated otherwise, a potentiostat/galvanostat model SP300 (from Bio-Logic) monitored 

by ECLab software was used for electrochemical experiments. DCM (HPLC grade) was used 

without drying as solvent and tetrabutylammonium hexafluorophosphate ([Bu4N]PF6) was 

used as electrolyte. For all electrografting experiments, a home-made Ag/Ag+ (10 mM AgNO3 

in ACN in 0.1 M [Bu4N]PF6-DCM) electrode, GC and Pt were used as reference, working and 

counter electrodes, respectively. 

5.2.1 Electrografting of [FeTPPIm-Ar-N2]2+  

[FeTPPIm-Ar]+ modified surface was prepared following the procedure described in Chapter 

3. [FeTPPIm-Ar]+ was electrografted from a 1:1 mixture of FeTPPCl with Im-Ar-NH2 (both 

0.5 mM) in 0.1 M [Bu4N]PF6-DCM solution after adding tBuNO2 (3 mM). The potential was 

cycled between 0.4 to -0.2 V or -0.6 V at 50 mV/s for selected cycle numbers. After grafting, 

the electrodes were sonicated in DCM for 1 min. The surface concentration of grafted 

[FeTPPIm-Ar]+ was calculated from CVs of the Fe(III)/Fe(II) redox couple in 0.1 M 

[Bu4N]PF6-DCM solution as described in Chapter 3.  
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5.2.2 Electrografting of [FeTPPN2]2+  

[FeTPP]+-GC was prepared following the procedure described in Chapter 4. FeTPP was 

electrografted from 0.5 mM FeTPPNH2 with tBuNO2 (3 mM) in 0.1 M [Bu4N]PF6-DCM by 

CV cycling between 0.2 to -0.5 V for 20 cycles at 50 mV/s. After grafting, the electrodes were 

sonicated in DCM for 1 min. The surface concentration of [FeTPP]+ was calculated from CVs 

for the 1st oxidation peak in 0.1 M [Bu4N]PF6-DCM solution as described in Chapter 4. 

5.2.3 A-SEC 

The instrument set-up for A-SEC measurement is described in Chapter 2. Ag wire, GC and Pt 

wire were used as pseudo-reference, working and counter electrodes, respectively. TLC 

experiments were carried out in 0.5 mM FeTPPCl, or a 1:1 mixture of FeTPPCl with Im-Ar-

NH2 (both 0.5 mM) in 0.1 M [Bu4N]PF6-DCM solution. It should be noted that for A-SEC 

measurement under TLC, the thickness of the thin layer varied slightly between experiments 

in the range of 20-50 µm. For [FeTPP]+ ligand oxidation, A-SEC measurement was carried out 

under air. The electrochemical reduction of [FeTPP]+ was performed under Ar flow after 

degassing the solution for 15 min. A-SEC for surface immobilized species was performed 

either in 0.1 M [Bu4N]PF6-DCM under air or in 0.1 M HClO4 solution degassing with Ar, or 

purging with O2 for 5 min or 15 min. Unless stated otherwise, CVs shown in this chapter were 

obtained in the A-SEC set-up and when spectra are shown after extraction from repeat CVs, 

they are obtained from the 1st CV cycle. 

 

The A-SEC results shown in this work are generated by the software associated with the A-

SEC setup. The synchronous spectra obtained during electrochemical measurement can be 

plotted in 2D projections and 3D spectra. The spectrum at a certain time (or potential) or at a 

certain wavelength can be extracted from 3D spectra using the software. It should be noted that 

in order to minimize the noise, the spectra obtained from the A-SEC measurements described 

here are the difference between the selected spectrum and a reference spectrum. The reference 

is taken from the initial conditions (recorded at the equilibrium, prior to any redox events) and 

the absorbance is calculated using Equation 5.5, where I0 = average intensity of the first ten 
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frames, and I = intensity of selected spectrum. SEC plot v5.1 software developed within Matlab 

was used for raw data processing and the raw intensity (Figure 5.4) measured by the detector 

was converted to absorbance by calculation of -log (Z/Zmean), where Z and Zmean are the 

intensity of spectrum and reference spectrum. The spectra were then filtered using Speckle 

Filter (to remove detector noise) and SavGol2D filter to reduce the experimental noise level to 

0.0001. For all cases, electrochemical consumption of an initial species results in a negative 

absorbance, while the production of a new species leads to a positive absorbance peak.303 

 
 A[\ = log	(

,$
, ) Equation 5.5 

 

 

Figure 5.4 An example of raw spectra obtained from an A-SEC measurement. The first ten 

frames are averaged and used as the reference spectrum for subsequent frames. 

5.3 Results and discussion 

5.3.1 A-SEC in solution 

5.3.1.1 FeTPPCl in solution 

A conventional UV-vis spectrum of FeTPPCl in DCM solution was obtained in transmission 

mode using a 1 cm pathlength cuvette. Figure 5.5 shows the Soret band at 416 nm, and Q bands 
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at 509, 576, 656 and 690 nm, which is consistent with reported studies.308, 309 The presence of 

Fe leads to increase in symmetry of porphyrin and weak absorption at 656 and 690 nm, so 

normally two Q bands are reported: 509 and 576 nm.200 As described in Chapter 3, FeTPPCl 

shows a reversible one-electron Fe(III)/Fe(II) redox couple under N2, and two step-wise one 

electron transfers for porphyrin ligand oxidation. Therefore, in order to investigate the redox 

chemistry and assign the species consumed and generated from the first one electron oxidation 

of the porphyrin ligand, and Fe(III)/Fe(II) reduction, as well as its ORR catalytic performance, 

A-SEC measurements (from 400 to 950 nm) were performed under the electrochemical 

conditions.  

 
Figure 5.5 The UV-vis spectrum of FeTPPCl (7×10-5 M) in DCM solution. Pathlength l = 1 cm. 

5.3.1.1.1 Oxidation of FeTPPCl in solution 

Two repeat CVs for the first one-electron oxidation of solution phase FeTPPCl in DCM under 

TLC are shown in Figure 5.6. The CVs show a chemically reversible couple at E1/2 ≈ 1.1 V 

assigned to oxidation of TPP. A plot of current vs time converted from the CV (Figure 5.6 (a)) 

is shown in Figure 5.6 (b), and the corresponding spectroscopic data can be presented in 

selected plots as shown in Figure 5.6: (c) 3D plot of absorbance vs time and wavelength, (d) 

projections along the absorbance axis or (e) along the time axis ((d) time vs wavelength and (e) 

absorbance vs wavelength summarized over all time), (f) the spectra extracted at the applied 
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potentials shown by the coloured squares in Figure 5.6 (a). For subsequent measurements, 

selected plot types will be shown. 

 

Figure 5.6 Various plots from A-SEC for 0.5 mM FeTPPCl in 0.1 M [Bu4N]PF6-DCM over 

two CV cycles between 0.6 V and 1.2 V at 10 mV/s under TLC: (a) CVs of the first one-electron 

oxidation; (b) plot of current vs time converted from the CV (a); (c) 3D A-SEC representation; 

(d, e) projections along the absorbance axis or along the time axis, (f) 2D spectra extracted at 

different potentials (coloured squares in (a)) on the 1st scan.) 

(a) 

(d) 

(b) 

(c) 

(e) (f) 
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Both the CV and A-SEC shown in Figure 5.6 confirm the reproducible redox behaviour of the 

FeTPPCl complex. In order to further understand the change of absorbance during the 

oxidation process, the 2D spectra were extracted from A-SEC at different potentials (Figure 

5.6 (a)) as shown in Figure 5.6 (f). Over the potential range from 1.04 to 1.18 V, the spectra 

show a decreased intensity in the band at ~ 423 nm and an increasing intensity in new bands at 

~ 477, 548, 605 and 759 nm. On the return CV scan from 1.04 to 0.70 V, the intensity of all 

bands decreased until close to the initial conditions at 0.7 V, indicating the formation of the 

original species.  

 

Previous studies of the one-electron oxidation of porphyrin ring of FeTPPCl were carried out 

in a conventional OTTLE cell. For example, As reported by Chen et al. the spectra change with 

time for the one-electron oxidation of FeTPPCl in DCM at applied potential of 1.3 V vs SCE. 

During oxidation, the Soret band at 416 nm decreased significantly, and a broad low-intensity 

Soret band at ~ 400 nm and bands with slightly increased intensity at ~ 480, 560 and 600 nm 

were obtained after oxidation. This is the typical spectrum obtained from oxidation process of 

FeTPPCl in OTTLE cell.280, 308 These changes were assigned to the formation of porphyrin π 

cation radical.280, 294, 308  

 

Figure 5.7 Spectra obtained from conventional UV-vis for FeTPPCl in DCM (black) and A-

SEC for one-electron oxidation of FeTPPCl at 65 s (1.18 V) in 0.1 M [Bu4N]PF6-DCM (blue). 

 

Figure 5.7 compares the spectrum extracted from A-SEC for the one-electron oxidation of 
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FeTPPCl obtained at 65 s (1.18 V) in DCM to a conventional UV-vis spectrum of FeTPPCl in 

DCM. It is clear that the negative absorbance at ~ 423 nm in the A-SEC spectrum corresponds 

to the consumption of the starting FeTPPCl, which is also consistent with the decreased Soret 

band during oxidation in literature. The band at ~ 477 nm possibly arose from the subtraction 

from the initial spectrum during data processing. Nevertheless, due to the featureless low-

intensity broad Soret band of the π cation radical and subtraction data processing, it is difficult 

to confirm the maxima of the Soret band. In addition, the appearance of bands at ~ 548 and 

605 nm suggest the formation of π cation radical, which is consistent with the reported 

spectrum where the intensity increased at similar wavelength.308 The origin of the broad 

absorbance band at 759 nm is unknown, but could arise from a GC-related polarization process. 

A similar absorption was observed for unmodified GC oxidation process in 0.1 M [Bu4N]PF6-

ACN solution. 

5.3.1.1.2 Fe(III)/Fe(II) reduction of FeTPPCl in solution 

A-SEC was also used to examine the reduction of Fe(III)TPPCl to [Fe(II)TPPCl]- under TLC. 

Two repeat CV cycles and the corresponding A-SEC results are shown in Figure 5.8. CVs 

(Figure 5.8 (a)) show well-defined redox peaks for Fe(III)TPPCl reduction; however, the origin 

of the small pre-peak is unknown. It can be seen from the CVs that the redox process is not 

fully chemically reversible as the reduction peak is bigger than the return oxidation peaks, and 

the current for the 1st cycle is larger than for the 2nd cycle. Figure 5.8 (b) shows the current 

change vs time transferred from CVs in Figure 5.8 (a). This is attributed to the decomposition 

of FeTPPCl through catalysis of the reduction of trace O2 in the wet solvent. Although attempts 

were made to maintain an air-free environment, the experimental set-up makes it impossible to 

fully exclude air. 
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Figure 5.8 (a) Two CV cycles for the reduction of Fe(III)TPPCl (0.5 mM) in 0.1 M [Bu4N]PF6-

DCM, scan rate = 10 mV/s; (b) plot of current vs time obtained from the CVs in (a); (c) the 

corresponding A-SEC; (d) spectra extracted from (c) at different potentials (coloured squares) 

shown in (a). 

 

The corresponding A-SEC obtained during electrochemical reduction process and the spectra 

extracted from A-SEC at different potentials are shown in Figure 5.8 (c) and (d), respectively. 

A-SEC shows a positive sharp absorption band at ~ 447 nm, a broad low intensity positive 

band at ~ 568 nm, and a lower positive intensity band at 613 nm. The spectra also show negative 

absorption bands at ~ 510 and ~ 689 nm. In Figure 5.8 (d), as the applied potential becomes 

more negative, the intensity of these bands increases. 

(c) 

(a) (b) 

(d) 
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Figure 5.9 UV-vis absorption spectra of [Fe(III)TPP]Cl, Fe(II)TPP (from electro-reduced 

[Fe(III)TPP)]Cl), [Fe(II)TPP + e-] (from electroreduced Fe(II)TPP), and (Fe(III)TPP)2O in 0.1 

M tetraethylammonium perchlorate-DMF (molar absorption coefficient (ε) is per porphyrin). 

Reproduced with permission from reference 309. Copyright (1983) American Chemical 

Society. 

 

The spectroscopic change of UV-vis SEC during FeTPPCl reduction in OTTLE cell has been 

reported in different solvents.309-311 For example, as shown in Figure 5.9, an increased intensity 

and a redshifted Soret band for [Fe(II)TPPCl]- compared to Fe(III)TPPCl are observed in DMF. 

Therefore, in this thesis work, the band at ~ 447 nm is assigned to the Soret band and the bands 

at ~ 568 and 613 nm are assigned to Q bands of Fe(II)TPP in the presence of Cl- in solution. 

The disappearance of bands at ~ 510 and 689 nm is related to the consumption of 

Fe(III)TPPCl.268 These spectral changes are consistent with a reported SEC experiment, carried 

out in an OTTLE cell, of the electrochemical reduction of [FeTPP]+, FeTPPCl and FeTPPCl in 

the presence of excess Cl- in dichloroethane (DCE).268 Comparison of the spectra obtained here 

with those in that study indicates that on reduction, a mixture of Fe(II)TPP and [Fe(II)TPPCl]- 

is present in solution. There is a redshift in the Soret band from Fe(III)TPPCl (417 nm) to 

[Fe(II)TPPCl]- (447 nm). This is also consistent with the observation reported by Kadish et 

al.,268 which showed a redshift from Fe(III)TPPCl (417 nm) to [Fe(II)TPPCl]- (441 nm). The 
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redshift of the Soret band in the reduction process was previously attributed to the distortion 

of the porphyrin symmetry.185 

 

To further understand the spectroscopic changes during reduction process of FeTPPCl, a 

spectrum extracted from A-SEC after complete reduction of Fe(III)TPPCl, and a conventional 

UV-vis spectrum for FeTPPCl, are compared in Figure 5.10. It might seem surprising that on 

reduction there is negligible change in the absorbance at the wavelength of the Soret band for 

the Fe(III)TPP. Nevertheless, this is consistent with spectra obtained by Kadish et al., which 

showed that for a solution of FeTPPCl, there is little change in the intensity of that band during 

reduction, unless there is large excess of Cl- in solution.268 For convenience, the absorption 

bands of these spectra are listed in Table 5.1. 

 

Figure 5.10 Spectrum extracted from A-SEC after complete reduction of Fe(III)TPPCl (-0.60 

V in the 1st CV cycle) in 0.1 M [Bu4N]PF6-DCM and conventional UV-vis spectrum for 

FeTPPCl in DCM. 
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Table 5.1 Summary of the absorption bands from conventional UV-vis spectrum, and A-SEC 

spectra for the reduction of FeTPPCl, and bands reported by Kadish et al..268 

Species Soret band, nm Other absorption bands, nm 

FeTPPCl (conventional) 416 509, 576, 656, 690 

[Fe(II)TPPCl]- (A-SEC) 447 568, 613 

Fe(III)TPPCl (Kadish) DCE 417 443, 537 

[Fe(II)TPPCl]- (Kadish) DCE 441 530, 570, 610 

 

 

 
Figure 5.11 (a) Two CV cycles for the reduction of Fe(III)TPPCl (0.5 mM) in the presence of 

air in 0.1 M [Bu4N]PF6-DCM, scan rate = 10 mV/s; (b) the corresponding A-SEC; (c) the 

spectrum extracted from (b) at -0.60 V in the 1st scan. 

 

As described above, FeTPPCl was not stable during the Fe(III)/Fe(II) reduction process in the 

A-SEC set-up. This was attributed to incomplete exclusion of air and wet solvent. To further 

(b) (c) 

(a) 
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investigate this possibility, A-SEC measurement was carried out in the presence of air, giving 

the CVs and A-SEC spectra shown in Figure 5.11. As shown in Figure 5.11 (a), the reduction 

peak in the 1st cycle is much larger than the return oxidation peak, the reduction peak in the 2nd 

cycle is much smaller than on the 1st scan and the oxidation peak on the 2nd scan almost 

disappears. These CVs can be compared with those in Figure 5.8 (a), and it is clear that when 

more air is present, the changes in the repeated CVs are greater. This can be attributed to a 

higher concentration of O2 present for the CVs in Figure 5.11 (a). The observation that the 

oxidation peak on the 1st cycle is smaller than the reduction peak on the 2nd scan, indicates that 

the Fe(II) complex reacts catalytically with O2, at least to some extent. Also it was confirmed 

that FeTPPCl is stable during reduction process in dry and O2
--free DMF by electrochemical 

measurement.309 Therefore, it is concluded that the presence of O2 in the wet solution leads to 

decomposition or deactivation of the complex. 

 

The spectroscopic data confirm that in the 2nd cycle, the amount of reduced porphyrin is smaller 

than on the 1st cycle (Figure 5.11 (b)). The spectrum of the fully reduced species in Figure 5.11 

(c) is similar to that of reduced species in the absence of air (Figure 5.8 (c) green trace), but the 

ratio of the peak intensity at ~ 447 and 550 nm are different in these two spectra as compared 

in Figure 5.12. In addition, two bands were shown between 540 and 600 nm in the presence of 

air. This is attributed to the presence of O2 during reduction process, resulting in the formation 

of other Fe porphyrin species, such as [Fe(III)TPP(O2
•)]- and [Fe(III)TPP(OO)]-. However, 

these species are only stable at very low temperature, according to the mechanism of ORR 

catalysed by FeTPPCl.312 Thus, the nature of these species cannot be confirmed in this work, 

which was done at room temperature. In addition, decomposition of FeTPPCl was observed 

from A-SEC. The decreased absorption intensity from 1st cycle to 2nd cycle in this work (Figure 

5.11) confirms the ORR catalysis of FeTPPCl in the presence of O2 in wet DCM. This is 

consistent with the observation in Chapter 4, which was attributed to a result of demetallation 

and production of H2O2 during ORR catalysis.  
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Figure 5.12 Spectra extracted from A-SEC after complete reduction at -0.60 V in the presence 

and absence of air on the 1st CV cycle. 

5.3.1.2 FeTPPCl with Im-Ar-NH2 

As described in Chapter 3, [FeTPP]+ can be immobilized on the surface via an Im-Ar linkage, 

so the redox processes of FeTPPCl were first studied by A-SEC in the presence of Im-Ar-NH2 

(1:1) in DCM solution. As shown in the CVs in Figure 5.13 (a), oxidation of FeTPPCl in the 

presence of Im-Ar-NH2 shows a large irreversible broad process on the 1st scan at ~1.0-1.2 V, 

which is assigned to the irreversible electrooxidation of the amine group of Im-Ar-NH2 
313 and 

the 1st oxidation of the porphyrin. The current of the 2nd scan decreases significantly and only 

one redox process is observed, which is assigned to oxidation of the porphyrin. The oxidation 

of the amine group of Im-Ar-NH2 was confirmed by recording CVs of different ratios of Im-

Ar-NH2: FeTPPCl (Figure 5.14). As the ratio of Im-Ar-NH2 increases, the oxidation peak 

current at ~ 0.75 V vs Ag/Ag+ increases significantly, consistent with amine oxidation of Im-

Ar-NH2. Amine electrooxidation is well-known to lead to surface grafting through a 

mechanism involving formation of an amino radical which couples to the surface.314 As 

discussed in Chapter 3, the solution with 1:1 ratio of FeTPPCl and Im-Ar-NH2 has mainly 

uncoordinated Im-Ar-NH2 and FeTPPCl, so the 2nd CV scan in Figure 5.13 (a) can be assigned 

to oxidation of FeTPPCl at a surface with a grafted layer of Im-Ar. 
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Figure 5.13 (a) Two CV cycles of 1st oxidation of a 1:1 mixture of FeTPPCl with Im-Ar-NH2 

(both 0.5 mM) in 0.1 M [Bu4N]PF6-DCM, scan rate = 10 mV/s; (b) the corresponding A-SEC; 

(c) spectra extracted from A-SEC of 1st oxidation for FeTPPCl (blue) and FeTPPCl with Im-

Ar-NH2 (1:1) (green) at 1.4 V at the 2nd cycle.  

 

Figure 5.13 (b) shows the corresponding A-SEC, with a negative absorption band at ~ 423 nm 

and positive bands at ~ 479, 548, 609 and 700-950 nm. A spectrum was extracted from the A-

SEC after oxidation at 1.4 V on the 2nd CV cycle and compared to the extracted spectrum of 

FeTPPCl in the absence of Im-Ar-NH2 (Figure 5.13 (c)). These two spectra are very similar, 

with respect to the wavelength of disappearance (~ 423 nm) and appearance of absorption 

bands (~ 479, 548 and 609 nm). However, in the presence of Im-Ar-NH2, there is an additional 

broad positive absorbance band at ~800 to 900 nm, which is tentatively attributed to the Im-Ar 

grafted GC. It appears that the presence of Im-Ar-NH2 has negligible impact on absorption 

wavelength for the neutral porphyrin or the π cation radical as the shape and position of the 

absorption peaks are the same in the presence and absence of Im-Ar-NH2, and the intensities 

(b) (c) 

(a) 
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of the band at 423 nm is equal for FeTPPCl under these two conditions. However, the 

intensities of other bands are less intense with Im-Ar-NH2, which is attributed to the change of 

molar adsorption coefficients of the π cation radical. CVs of different ratios of Im-Ar-NH2: 

FeTPPCl (0:1 and 1:1) show that there is no obvious change in potential for the 1st oxidation 

of TPP (Figure 5.14 inset). These spectroscopic and electrochemical results indicate that the 

presence of Im-Ar-NH2 has negligible effect on the oxidation of FeTPPCl. 

 
Figure 5.14 CVs of different ratios of Im-Ar-NH2 : FeTPPCl (0.5 mM) in 0.1 M [Bu4N]BF4-

DCM solution, scan rate = 100 mV/s. Note: this was done in conventional electrochemical cell. 

 

The reduction of FeTPPCl in the presence of a 1:1 ratio of Im-Ar-NH2 was also investigated 

by A-SEC. The CVs obtained under Ar in the A-SEC setup (Figure 5.15 (a)) show reversible 

redox peaks for 2 cycles. This response is different from the CVs obtained for FeTPPCl with 

Im-Ar-NH2 (1:1) in a conventional electrochemical experiment (Figure 3.4 (b-c)), where 

separate reduction peaks for FeTPPCl and [FeTPPIm-Ar-NH2]+ were observed and it was clear 

that there was only a small amount of FeTPPCl coordinated to Im-Ar-NH2 in solution at 1:1 

ratio. The CV difference under TLC and conventional electrochemical cell is attributed to the 

effect of slow scan rate under TLC. The scan rate used for A-SEC was 10 mV/s, which is much 

slower than 100 mV/s used for CVs shown in Figure 3.4 (b-c)). However, even at a scan rate 

of 10 mV/s in a conventional cell, CV shows two reduction peaks (CVs are not shown), which 
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is attributed to significant diffusion. Under TLC, diffusion is restricted, and well-defined redox 

peaks could be observed. Therefore, the single redox couple under TLC corresponds to 

FeTPPCl coordinated with Im-Ar-NH2. 

 

 

Figure 5.15 (a) Two CV cycles of reduction of a 1:1 mixture of FeTPPCl with Im-Ar-NH2 (both 

0.5 mM) in 0.1 M [Bu4N]PF6-DCM, scan rate = 10 mV/s; (b) corresponding A-SEC; (c) spectra 

extracted from A-SEC on the 1st cycle at different potentials. 

 

The A-SEC in Figure 5.15 (b-c) shows strong positive absorption bands at ~ 430, 533 and 567 

nm, and weak negative absorption bands at ~ 462 and 510 nm, suggesting the molar absorption 

coefficients of most of the product are larger than that of the reactant. Compared to reduction 

of FeTPPCl in the absence of Im-Ar-NH2 (Figure 5.16), the Soret band in the presence of Im-

Ar-NH2 has a blueshift from 447 nm to 430 nm. As reported in Kadish’s study,268 the Soret 

bands of FeTPP(II)(2-MeImH) (437 nm) and FeTPP(II)(ImH)2 (426 nm) have blueshifts in 

DCE compared to [Fe(II)TPPCl]- (441 nm), but redshift compared to Fe(III)TPPCl (417 nm) 

(c) 

(a) 

(b) 
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as summarized in Table 5.2 (note this Table includes data from Table 5.1).268 Therefore, the 

spectra shown in Figure 5.15 and Figure 5.16 for FeTPPCl in the presence of Im-Ar-NH2 are 

fully consistent with Fe(III)TPPIm-Ar-NH2 as the starting complex and Fe(II)TPPIm-Ar-NH2 

as the reduction product. The bands at 530 and 567 nm arise from Fe(II)TPPIm-Ar-NH2. These 

assignments are also consistent with a previous reported study for the reduction of FeTPPCl 

with 1 equivalent of imidazole.191 

 
Figure 5.16 Spectra extracted from A-SEC on the 1st cycle after complete electroreduction of 

Fe(III) for FeTPPCl (black) and FeTPPCl with Im-Ar-NH2 (1:1) (blue) in DCM. 

 

Table 5.2 Absorption bands summary for reduction of FeTPPIm-Ar-NH2 derived from A-SEC 

and previous study reported by Kadish et al.268 Data from Table 5.1 are included in this Table. 

Species Soret band, nm Other absorption bands, nm 

FeTPP-Im-Ar-NH2 (1:1) (conventional) 416 509, 576, 656, 690 

[Fe(II)TPPCl]- (A-SEC) 447 568, 613 

Fe(II)TPPIm-Ar-NH2 (A-SEC) 430 533, 567 

Fe(III)TPPCl (Kadish268) DCE 417 443, 537 

[Fe(II)TPPCl]- (Kadish268) DCE 441 530, 570, 610 

Fe(II)TPP(2-MeImH) (Kadish268) DCE 437 534, 565, 606 

Fe(II)TPP(ImH)2 (Kadish268) DCE 426 534, 561, 602sh 
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5.3.2 A-SEC for surface immobilized [FeTPPIm-Ar]+ in non-aqueous solution 

[FeTPPIm-Ar]+ film was grafted on the surface following the procedure described in Chapter 

3. Figure 5.17 shows the CVs and A-SEC in 0.1 M [Bu4N]PF6-DCM solution for the 1st 

oxidation of [FeTPPIm-Ar]+ film with G = 4.4´10-10 mol/cm2 grafted from 0.4 V to -0.6 V for 

30 cycles. As shown in Figure 5.17 (a), compared to the CVs obtained for the solution species 

(Figure 5.13 (a)), the oxidation of [FeTPPIm-Ar]+ on the surface is less defined due to the low 

surface concentration. The corresponding A-SEC (Figure 5.17 (b)) shows a positive absorption 

band at ~ 417 nm and a negative absorption band at ~ 478 nm. Figure 5.17 (c) shows the 

spectroscopic change extracted from A-SEC at different potentials. 

 

 

Figure 5.17 (a) Two CV cycles of the 1st oxidation for [FeTPPIm-Ar]+ grafted on surface (0.4 

V to -0.6 V for 30 cycles at 50 mV/s) in 0.1 M [Bu4N]PF6-DCM, scan rate = 10 mV/s; (b) 

corresponding A-SEC, (c) spectra extracted from at selected potentials on the 1st CV scan. 

 

(b) (c) 

(a) 



 174 

The spectrum of [FeTPPIm-Ar]+ immobilized on surface obtained from A-SEC after complete 

oxidation was compared to UV-vis spectrum of [FeTPPIm-Ar]+ on SnO2 (Figure 3.16), as 

shown in Figure 5.18. The position of the Soret band of [FeTPPIm-Ar]+ on SnO2 is ~ 443 nm. 

Tentatively, the band at ~ 478 nm is assigned to the disappearance of the Soret band for neutral 

species on the surface, which is quite similar to the Soret band of [FeTPPIm-Ar]+ on SnO2, and 

the band at ~ 416 nm is assigned to be part of the Soret band for a p cation. Due to the 

subtraction data processing, the maxima of the Soret band of [FeTPPIm-Ar-NH2]+ after 

oxidation cannot be determined. Nevertheless, combining the shape and position of bands at ~ 

416 and 478 nm, the Soret band of p cation on surface is broad and blushifted with lower 

intensity, which is consistent with the spectroscopic change of solution species after oxidation. 

 

Figure 5.18 Spectra of [FeTPPIm-Ar]+ immobilized on GC surface obtained from A-SEC after 

oxidation (blue) and UV-vis transmission of [FeTPPIm-Ar]+ on SnO2 (black). 

 

To study the reduction of [FeTPPIm-Ar]+, the same film as discussed above (Γ = 4.4×10-10 

mol/cm2) was investigated by A-SEC measurement. The CVs with well-defined chemically 

reversible redox peaks for [Fe(III)TPPIm-Ar]+ reduction are shown in Figure 5.19 (a). Figure 

5.19 (b-c) shows a negative absorption band at ~ 437 nm and positive bands at ~ 480, 565, and 

615 nm, suggesting the consumption of [Fe(III)TPPIm-Ar]+ and formation of Fe(II)TPPIm-Ar 

on the surface. The spectrum after complete reduction extracted from A-SEC was also 
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compared to the spectrum of [FeTPPIm-Ar]+ film immobilized on SnO2 as shown in Figure 

5.20. It can be seen that the disappearance of Soret band (~ 437 nm) matches to the Soret band 

(~ 444 nm) of [Fe(III)TPPIm-Ar]+ film on SnO2. The absorption band at ~ 480 nm was assigned 

to the Soret band or part of the Soret band of Fe(II)TPPIm-Ar film on GC, due to the spectral 

subtraction in the data processing. 

 

  
Figure 5.19 (a) Two CV cycles of the reduction of [Fe(III)TPPIm-Ar]+ grafted on surface in 

0.1 M [Bu4N]PF6-DCM, scan rate = 10 mV/s; (b) corresponding A-SEC; (c) spectra extracted 

from A-SEC at selected potentials on the 1st scan. 

 

(c) (b) 

(a) 



 176 

 

Figure 5.20 Spectrum extracted from A-SEC for [FeTPPIm-Ar]+ film on GC after complete 

reduction (blue) and UV-vis spectrum of [FeTPPIm-Ar]+ film on SnO2 (black). 

 

 

Figure 5.21 Spectra after complete reduction extracted from A-SEC of [FeTPPIm-Ar]+ on 

surface (blue), [FeTPPIm-Ar-NH2]+ (red), and FeTPPCl in solution (black). 

 

As shown in Figure 5.21, the spectrum after complete reduction can also be compared to the 

spectra of reduced [FeTPPIm-Ar-NH2]+ and FeTPPCl in solution. For convenience, the 

absorption bands for all the solution and surface species discussed above are listed in Table 

5.3. By comparing to the solution spectra and combining the spectra reported by Kadish et 

al.,268 redshifts of the absorption bands on surface are observed from A-SEC measurement. 

The redshifts of the absorption bands of [Fe(III)TPPIm-Ar]+ from solution to surface are 

consistent with the spectra obtained from conventional UV-vis transmission measurement 
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described in Chapter 3 (Figure 3.16), and reported studies for other metal porphyrin species.237, 

315 In addition, to the best of author’s knowledge, the redshifts of the absorption bands of 

Fe(II)TPP species from solution to surface were also observed for the first time. Compared to 

solution, redshift for both oxidation and reduction process on the surface are observed. As 

mentioned in Chapter 3, the redshift of the absorption bands from solution to surface is 

attributed to the J-aggregation of porphyrin rings,98 or the distortion of [FeTPP]+ after 

immobilized on the surface.185 The Soret band of the film is broader than in solution, which 

may result from the intermolecular electronic interactions within the film.238 

 

Table 5.3 Summary of the absorption band for FeTPP in solution and [FeTPPIm-Ar]+ on 

surface. Data from Table 5.2 are included in this Table. 

Species 
Soret band, 

nm 

Other absorption bands, 

nm 

FeTPP-Im-Ar-NH2 (conventional) 416 509, 576 

[Fe(II)TPPCl]- (A-SEC) 447 568, 613 

Fe(II)TPPIm-Ar-NH2 (A-SEC) 430 533, 567 

[Fe(III)TPPIm-Ar]+ film on SnO2 (conventional) 444 - 

Fe(II)TPPIm-Ar film (A-SEC) 480 - 

Fe(III)TPPCl (Kadish268) DCE 417 443, 537 

[Fe(II)TPPCl]- (Kadish268) DCE 441 530, 570, 610 

Fe(II)TPP(2-MeImH) (Kadish268) DCE 437 534, 565, 606 

Fe(II)TPP(ImH)2 (Kadish268) DCE 426 534, 561, 602sh 

5.3.2.1 Effect of grafting potential on A-SEC 

As discussed in Chapter 3, the negative potential limit during [FeTPPIm-Ar]+ grafting has an 

impact on the film composition. At negative grafting potential limit of -0.6 V, the grafted 

[FeTPPIm-Ar]+ film contains a large amount of coordinated [FeTPP]+, while grafting from a 

negative potential limit of -0.2 V gives a film that contains a large amount of uncoordinated 
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Im-Ar. The A-SEC results discussed above was for a film grafted using a negative potential 

limit of -0.6 V. In order to study the influence of grafting potential range on the spectroscopic 

properties of immobilized [FeTPPIm-Ar]+, A-SEC was carried out for a [FeTPPIm-Ar]+ film 

grafted between 0.4 V to -0.2 V for 75 cycles, giving surface concentration Γ = 4.5×10-10 

mol/cm2. Figure 5.22 shows the CVs and A-SEC for oxidation (Figure 5.22 (a-b)) and 

reduction (Figure 5.22 (c-d)) of the [FeTPPIm-Ar]+ film. The position and shape of the 

absorption bands are similar to those grafted using a negative potential limit of -0.6 V (Figure 

5.17 and Figure 5.19) as is evident from the direct comparison of the spectra of the fully 

oxidized and reduced species in Figure 5.23, suggesting that the same electroactive species 

were immobilized on the surface. 

 

 

Figure 5.22 (a) Two CV cycles of the 1st oxidation for [FeTPPIm-Ar]+ film in 0.1 M [Bu4N]PF6-

DCM, scan rate = 10 mV/s; (b) the corresponding A-SEC. (c) Two CV cycles of the reduction 

for [FeTPPIm-Ar]+ film, scan rate = 10 mV/s; (d) the corresponding A-SEC. The film was 

grafted using 75 cycles between 0.4 to -0.2 V at 50 mV/s. 

(a) (b) 

(c) (d) 
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Although these two films have a similar surface concentration of [FeTPP]+ calculated from the 

CVs, the film grafted from the negative potential limit of -0.2 V shows higher absorbance 

intensities, and narrower peaks and a small (~ 5-9 nm) redshift for each band (Figure 5.23), 

compared to the film grafted from -0.6 V. This might be attributed to the different composition 

of the layers. The film grafted from -0.2 V has significantly more uncoordinated Im-Ar and so 

the film is expected to be thicker (as explained below). This means on a volume basis, the film 

grafted at -0.2 V has a lower volumetric concentration of [FeTPP]+ groups. 

 
Figure 5.23 Spectra extracted from A-SEC of [FeTPPIm-Ar]+ on surface grafted from negative 

potential limit of -0.6 V and -0.2 V after complete oxidation (a) and reduction (b). 

 

A previous study by A-SEC using the same instrument used here found that for SAMs of 

dialkyl disulfide PDI diluted by hexanethiol groups, the molar absorption coefficient of the 

singly-reduced perylene groups decreased as the concentration of perylene groups increased.206 

As established by previous work, the molecular orientation affects the molar absorption 

coefficient.316, 317 Thus, this was attributed to a change in orientation of perylene groups with 

surface concentration. Such a change seems unlikely in the films studied here which are 

expected to be highly disordered, however the decrease in volume of the layer for the film 

grafted with a potential limit of -0.6 V may lead to increased molecular interactions which 

decrease the molar absorption coefficient of [FeTPP]+ groups. The volumetric concentration 

of [FeTPP]+ in the film grafted from -0.6 V can be estimated using its surface concentration 

and estimated film thickness (Figure 3.22), giving 0.25 mol/L (where Γ = 4.4×10-10 mol/cm2 

and d ≈ 18 nm). The Beer-Lambert law only applies to dilute solution with concentration < 

(a) (b) 
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0.01 M,318 because at higher concentrations, the interactions between ions or molecules affects 

the absorption, giving a decrease in molar absorption coefficient.206 In this work, the high 

volumetric concentration of [FeTPP]+ groups in the film may lead to strong interaction between 

the molecules, and a decrease in molar absorption coefficient. On the other hand, the 

[FeTPPIm-Ar]+ film grafted from -0.2 V would be expected to be much thicker due to the Im-

Ar layer in the film, so the volumetric concentration of [FeTPPIm-Ar]+ would be lower and the 

molecular interactions would be less, resulting in a higher molar absorption coefficient. 

5.3.3 A-SEC for [FeTPPIm-Ar]+ film in acid solution for ORR 

5.3.3.1 A-SEC for [FeTPPIm-Ar]+ in acid solution under Ar 

As shown in Chapter 3 and 4, the [FeTPPIm-Ar]+ modified surface exhibits ORR catalysis 

properties. However, the stability of [FeTPPIm-Ar]+ film for ORR in acid medium is very poor. 

In Chapter 4, the decomposition mechanism of [FeTPP]+ during ORR in acid medium was 

investigated and a second modifier was introduced as an attempt to enhance the ORR 

performance. To further study the [FeTPPIm-Ar]+ film performance during ORR, A-SEC 

measurement for immobilized [FeTPPIm-Ar]+ film was carried out in aqueous acid solution. 

Only the reduction of [Fe(III)TPPIm-Ar]+ was examined, because the ORR is catalysed by the 

Fe(II) species and the oxidation of the complex might also lead to oxidation of the GC substrate 

in aqueous acid solution. 

 

Figure 5.24 shows two repeat CV scans of [FeTPPIm-Ar]+ film in 0.1 M HClO4 under Ar and 

the corresponding A-SEC results. The film was grafted from 0.4 V to -0.6 V for 40 cycles and 

its surface concentration was estimated to be 6.6×10-10 mol/cm2. As frequently observed in 

DCM solution, there are 2 peaks on the 1st scan, and the 1st peak is attributed to a ‘pre-peak’ of 

reduction. The CV in aqueous solution is not fully reversible or well-defined as it is in DCM 

solution. As discussed in Chapter 4, as the surface concentration of [FeTPP]+ increases, the 

Fe(III)/Fe(II) redox peak separation increases significantly in 0.1 M PB solution, indicating 

that the permeability of [FeTPPIm-Ar]+ film is reduced and the electron transfer rate decreases 
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as the film thickness increases. Presumably this may also be the case in 0.1 M HClO4. It should 

be noted that due to the fast diffusion rate of O2 in aqueous solution and the experimental set-

up used, a trace amount of O2 is expected to remain in the solution even with Ar degassing. 

Therefore, a small catalytic contribution might be involved in the CVs of [Fe(III)TPPIm-Ar]+ 

reduction. 

 

Figure 5.24 (a) Two CV cycles of the reduction of [Fe(III)TPPIm-Ar]+ film under Ar in 0.1 M 

HClO4, scan rate = 10 mV/s; (b) the corresponding A-SEC. 

 
Figure 5.25 Spectra extracted from A-SEC for [FeTPPIm-Ar]+ (Γ = 4.4×10-10 mol/cm2 (grafted 

from the same condition) on surface after complete reduction on the 1st CV cycle in 0.1 M 

[Bu4N]PF6-DCM and 0.1 M HClO4 under Ar. 

 

(a) (b) 
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As shown in Figure 5.24 (b), A-SEC displays a negative absorption band at ~ 439 nm and a 

positive absorption band at ~ 484 nm, corresponding to the Soret band of [Fe(III)TPPIm-Ar]+ 

and Fe(II)TPPIm-Ar, respectively. In Figure 5.25, spectra extracted from A-SEC in DCM and 

HClO4 for two [FeTPPIm-Ar]+ films grafted from 0.4 V to -0.6 V for 30 cycles with the same 

surface concentration (~ 4.4×10-10 mol/cm2) are compared. In DCM and HClO4 solution, the 

change in the Soret bands is similar, but the change in Q bands is different. In addition, although 

the surface concentration of [FeTPP]+ is similar, the intensity of the negative band at ~ 439 nm 

in DCM is much lower than in HClO4. Presumably, this is because the molar absorption 

coefficient of the [FeTPPIm-Ar]+ film is lower in DCM than in HClO4. This might be attributed 

to solvent effect and molecular interaction. Various non-aqueous solvents have been used to 

investigate the interaction between metal porphyrins and solvents ranging from non-binding 

solvent like DCM to stronger binding solvents like DMF, DMSO and pyridine.275, 319, 320 Kadish 

et al. found that solvents affected the UV-vis absorption as well as redox potentials of metal 

porphyrin. For example, the effect of solvent on Zn(II) porphyrin was studied and the authors 

pointed out that axial binding of solvent affected the redshift of the Soret band and the relative 

intensity of the Q bands. Presumably, DCM and HClO4 may have similar effect on the 

spectroscopic difference of [FeTPPIm-Ar]+ film. 

5.3.3.2 A-SEC for [FeTPPIm-Ar]+ in acid solution with O2 

In order to investigate the change in the [FeTPPIm-Ar]+ film during ORR, A-SEC 

measurement at the film was carried out in 0.1 M HClO4 solution purged with O2 for 5 min. 

The solution is not O2 saturated under these conditions. Figure 5.26 (a) shows a larger reduction 

peak current on the 1st CV cycle, compared to the CVs under Ar (Figure 5.24), suggesting ORR 

catalysis by [FeTPPIm-Ar]+. A-SEC (Figure 5.26 (b)) shows a negative absorption band at ~ 

439 nm and a positive absorption band at ~ 486 nm. It is similar to the A-SEC obtained under 

Ar (Figure 5.24), as compared in Figure 5.26 (c), indicating reduction of [Fe(III)TPPIm-Ar]+ 

is occurring in 0.1 M HClO4 solution in the presence of O2. However, there are a few interesting 

observations: (i) the intensity of the Soret bands absorption is weaker under ORR condition 

than under Ar, which means less Fe(III) was reduced and less Fe(II) was formed; (ii) the 
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reduction peak is only seen on the 1st CV cycle and disappeared on the 2nd cycle, but A-SEC 

shows the same bands for the 2 cycles; (iii) as shown in Figure 5.27, under Ar, the change in 

the Soret band starts at ~ -0.25 V, whereas under ORR, it starts changing at ~ -0.43 V, 

considerably more negative than ~ -0.25 V. 

 

Figure 5.26 (a) Two CV cycles of reduction for [FeTPPIm-Ar]+ grafted on surface under O2 in 

0.1 M HClO4, scan rate = 10 mV/s; (b) the corresponding A-SEC; (c) spectra extracted from 

A-SEC for [FeTPPIm-Ar]+ under Ar and O2 at the applied potential of -0.5 V. 

 

The reason why the A-SEC data in Figure 5.26 (b) show the same changes in absorbance for 2 

potential cycles, but the 2 repeat CVs in Figure 5.26 (a) are so different is not understood. 

Tentatively, this can be attributed to a field effect on [FeTPP]+ film. However, other 

observations can be tentatively explained. As a more negative potential is applied, more Fe(II) 

is produced but it can be converted back to Fe(III) by O2 in the film. This explains why 

spectroscopic evidence for Fe(II) does not appear at the same potential as under Ar. Eventually 

(a) (b) 

(c) 
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O2 in the film is depleted and Fe(II) centres are stable, as evidenced by the spectroscopic change 

starting at ~ -0.43 V. However, Fe(II) centre in the outer part of the film can continue to be 

oxidized by O2 diffusing in solution and so the film is never in the fully reduced state. As a 

result, the change in the absorbance of the Soret bands are smaller than under Ar. The plots in 

Figure 5.27, which show changes in the Soret band absorption vs time and potential clearly 

illustrate this behaviour. Under O2, the changes in absorption are delayed, the changes are more 

disrupted, and the magnitude of absorbance changes is smaller than under Ar. 

 

Figure 5.27 Plots of absorbance vs time and potential extracted from A-SEC of the reduction 

of [FeTPPIm-Ar]+ film at 438 and 485 nm: (a) under Ar, (b) under O2. 

 

In order to further study the spectroscopic changes during ORR, 10 more CV cycles were 

carried out in 0.1 M HClO4 with O2 (Figure 5.28). It is clear that although there are no well-

defined ORR catalytic peaks shown on CVs, the spectra display the change of the Soret band 

for the reduction of [Fe(III)TPPIm-Ar]+, which is the same as shown above. Figure 5.28 (c) 

shows the absorbance change at 438 and 485 nm with time (for 10 CV cycles) under ORR 

condition. The intensities of the two absorption bands gradually decrease, suggesting the 

continuous decomposition of [FeTPPIm-Ar]+ film. Figure 5.29 compares the spectra of the 

[FeTPPIm-Ar]+ film for the 1st, 4th and 7th scans under ORR conditions. As the scan number 

increases, not only does the intensity of the Soret bands decreases, but there is a growing 

background absorption which is consistent with decomposed film on the surface. The apparent 

(a) (b) 
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redshift in bands as scan number increases may be an effect of the changing background on the 

“subtracted” spectra. 

 

Figure 5.28 (a) 10 CV cycles for reduction of [FeTPPIm-Ar]+ film in 0.1 M HClO4 with O2, 

scan rate = 10 mV/s; (b) the corresponding A-SEC; (c) plot of absorbance vs time extracted 

from A-SEC at 438 and 485 nm. 

 
Figure 5.29 Spectra at 60 s (1st scan), 420 s (4th scan) and 780 s (7th scan) extracted from A-

SEC for reduction of [FeTPPIm-Ar]+ film in 0.1 M HClO4 solution under O2. 

(a) (b) 

(c) 
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For ORR, in addition to the number of active catalysis sites, the concentration of O2 in solution 

affects the ORR performance. A-SEC measurement for [FeTPPIm-Ar]+ film was carried out 

in O2-saturated 0.1 M HClO4. (This solution was purged with O2 for 15 min.) The [FeTPPIm-

Ar]+  film was grafted from 0.4 V to -0.6 V for 30 cycles, giving Γ = 4.4×10-10 mol/cm2. Figure 

5.30 shows CVs and the corresponding A-SEC. Compared to CVs with a peak current of ~ 5 

µA in Figure 5.26 (a), a larger peak current (~ 12 µA) was recorded on the 1st CV cycle. There 

is no well-defined absorption band observed in A-SEC, indicating the decomposition of the 

film. The plot of absorbance vs time and potential was extracted from A-SEC at 440 and 479 

nm (Figure 5.30 (c)). The shape is consistent with the plot with lower concentration of O2 

(Figure 5.27 (b)), however, the baseline for the absorbance of the Fe(II) Soret band has 

significantly changed, suggesting film decomposition. 

 

Figure 5.30 (a) CVs of ORR for [FeTPPIm-Ar]+ film in high concentration O2 purged 0.1 M 

HClO4, scan rate = 10 mV/s; (b) the corresponding A-SEC; (c) plot of absorbance vs time and 

potential extracted from A-SEC at 440 and 479 nm. 

(c) 

(b) (a) 
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In order to investigate the effect of surface concentration of [FeTPPIm-Ar]+ on the A-SEC 

results, three [FeTPPIm-Ar]+ \ surfaces prepared with different surface concentrations (4.4×10-

10 mol/cm2, 2.2×10-10 mol/cm2 and 1.2×10-10 mol/cm2), which were grafted from 0.4 V to -0.6 

V for different cycle numbers, were used for A-SEC measurement in 0.1 M HClO4 under Ar. 

The A-SEC of each films has the same two absorption bands (Figure 5.31 (a-c)) and the 

decrease of absorbance values from Figure 5.31 (d) to Figure 5.31 (f) is consistent with the 

decrease of FeTPP surface coverage. For thicker films, the 2nd CV cycle exhibits almost 

unchanged absorption signals, but for thin film (Γ = 1.2×10-10 mol/cm2), the absorption 

intensity on the 2nd cycle decreases significantly compared to the 1st cycle (Figure 5.31 (f)). 

Moreover, the corresponding plot of absorbance at 438 and 485 nm vs time and potential 

(Figure 5.31 (d-f)) for films with Γ = 4.4×10-10, 2.2×10-10 and 1.2×10-10 mol/cm2, shows that 

the absorbance change on the 1st cycle starts at potential of -0.23, -0.31 and -0.34 V, 

respectively. This is attributed to the presence of trace amount of O2 in the solution although 

attempt was made to eliminate O2. In addition, the intensity of the absorption bands (438 and 

485 nm) on the 1st and 2nd cycle vs the surface concentration is shown in Figure 5.32. Although 

a limited number of experiments were carried out and the molar absorption coefficient could 

be affected by the surface concentration, for both cycles, the absorbance at both wavelengths 

of the thinner films is smaller than expected based on the absorbance of the thickest film. Thus, 

tentatively, it shows film with high surface concentration tends to be more stable in the 

presence of trace O2 in acid solution. 



 188 

  

Figure 5.31 A-SEC for the reduction (from 0.1 to -0.5 V) in 0.1 M HClO4 under Ar of 

[FeTPPIm-Ar]+ film with different surface concentrations, scan rate = 10 mV/s: (a) Γ = 4.4×10-

10 mol/cm2; (b) Γ = 2.2×10-10 mol/cm2; (c) Γ = 1.2×10-10 mol/cm2; (d-f) the corresponding plot 

of absorbance vs time and potential at 438 and 485 nm, respectively. 

 

(d) 

(e) 

(f) 

(a) 

(b) 

(c) 
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Figure 5.32 Plots of absorbance extracted from A-SEC at 438 and 485 nm vs surface 

concentration of [FeTPPIm-Ar]+ on surface for (a) 1st CV cycle and (b) 2nd CV cycle. 

5.3.4 A-SEC for mixed layer of [FeTPPIm-Ar]+/-(CH2)10COOH 

In order to improve the ORR performance in acid medium of [FeTPPIm-Ar]+ film, a second 

modifier (-(CH2)10COOH) was introduced to the surface by CuAAC click reaction (Scheme 

5.1). As described in Chapter 4, it was demonstrated that in the presence of -(CH2)10COOH, 

the production of H2O2 decreased by ~ 10% compared to a single component film. To gain an 

insight into the effect of -(CH2)10COOH on the properties of [FeTPPIm-Ar]+, A-SEC was used 

to study the mixed layer in DCM and HClO4. Only the reduction of [Fe(III)TPPIm-Ar]+ was 

examined. 

 

Scheme 5.1 Preparation of mixed layer of [FeTPPIm-Ar]+/-(CH2)10COOH via click reaction. 

 

Figure 5.33 shows the CV and A-SEC of [FeTPPIm-Ar]+/-(CH2)10COOH film in 0.1 M 

[Bu4N]PF6-DCM. The [FeTPPIm-Ar]+ film was grafted on -(CH2)10COOH pre-modified GC 

from 0.4 V to -0.3 V for 25 cycles, giving Γ = 9.9×10-11 mol/cm2. As shown in Figure 5.33 (a), 

well-defined Fe(III)/Fe(II) redox peaks were observed. The corresponding spectra (Figure 5.33 

(a) (b) 
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(b)) display a negative absorption band at ~ 448 nm and positive absorption bands at ~ 483, 

570 and 624 nm.  

 
Figure 5.33 (a) Two CV cycles of the [FeTPPIm-Ar]+/-(CH2)10COOH film reduction in 0.1 M 

[Bu4N]PF6-DCM, scan rate =10 mV/s; (b) the corresponding A-SEC. 

 

After complete reduction, the spectrum of [FeTPPIm-Ar]+/-(CH2)10COOH mixed layer 

extracted from A-SEC in DCM was compared to [FeTPPIm-Ar]+ films grafted from negative 

potential limit of -0.6 V and -0.2 V (both films with Γ = 4.4×10-10 mol/cm2), as shown in Figure 

5.34. Compared to the single layer of [FeTPPIm-Ar]+ grafted from -0.6 V, the mixed layer has 

a redshift (~ 10 nm) for all bands, except for the band at ~ 483 nm. However, compared to the 

[FeTPPIm-Ar]+ film grafted from -0.2 V, there is no evident shift. This can be attributed to the 

different volumetric concentrations of [FeTPP]+ in the films. As mentioned in section 5.3.2.1, 

the high volumetric concentration of [FeTPP]+ in films would result in strong molecular 

interaction. On the other hand, the presence of uncoordinated Im-Ar and -(CH2)10COOH in the 

films dilutes the volumetric concentration of [FeTPP]+, leading to the shift of the Soret band 

and an increase of molar absorption coefficient. 

(a) (b) 
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Figure 5.34 Spectra extracted from A-SEC of [FeTPPIm-Ar]+/-(CH2)10COOH mixed layer 

(black) and [FeTPPIm-Ar]+ film grafted from -0.6 V (blue) and -0.2 V (red) after complete 

reduction in 0.1 M [Bu4N]PF6-DCM. 

 

 

Figure 5.35 (a) Two CV cycles of ORR in O2 saturated 0.1 M HClO4 at [FeTPPIm-Ar]+/-

(CH2)10COOH mixed layer, scan rate = 10 mV/s; (b) the corresponding A-SEC; (c) spectra 

extracted from A-SEC for [FeTPPIm-Ar]+ (blue) and [FeTPPIm-Ar]+/-(CH2)10COOH mixed 

layer (black) after complete reduction; (d) plot of absorbance vs time and potential extracted 

from A-SEC at 440 and 490 nm. 

(c) 

(b) (a) 

(d) 



 192 

To investigate ORR catalysis by the [FeTPPIm-Ar]+/-(CH2)10COOH mixed layer, A-SEC 

measurement was performed in 0.1 M HClO4 saturated with O2. As shown in Figure 5.35 (a), 

a catalytic current is observed on the 1st CV cycle, and disappears on the 2nd cycle, which is 

consistent with previous results (Figure 5.30). A-SEC (Figure 5.35 (b)) shows the 

disappearance of the Soret band at ~ 445 nm and a positive band at ~ 485 nm. After complete 

reduction under ORR condition, the spectrum was compared to the spectrum of [FeTPPIm-

Ar]+ single component layers in Figure 5.35 (c). The two spectra are similar in terms of the 

Soret band absorbance under ORR conditions. Figure 5.35 (d) shows the plot of absorbance vs 

time (potential) extracted from A-SEC at 440 and 490 nm; the plots are very similar to those 

of single component [FeTPPIm-Ar]+ film under ORR conditions (Figure 5.27 (b)). For the 

mixed layer film, a relatively low surface concentration of [FeTPPIm-Ar]+ (Γ = 9.9×10-11 

mol/cm2) was observed and so Figure 5.35 (d) can be compared with the data for the single 

component layer with Γ = 1.2×10-10 mol/cm2 (Figure 5.31 (f)). It is clear that even under O2, 

the stability of the mixed layer, as evidenced by the extent of change in absorbance from the 

1st to 2nd cycle, is significantly greater than that of the single component layer under Ar (with 

trace O2). Hence this is an evidence that the presence of -(CH2)10COOH enhances the stability 

of [FeTPP]+ under ORR conditions. 

 

In addition, the stability of the mixed layer was tested by performing 10 CV cycles in O2 

saturated 0.1 M HClO4 as shown in Figure 5.36. It can be seen that the intensity of the Soret 

bands decreased continuously and the shape of the absorption bands matches that of the 

[FeTPPIm-Ar]+ single component layer under the same conditions (Figure 5.28 (c)). It can be 

seen from Figure 5.36 (c) that the absorption intensity of the mixed layer decreased slower than 

the single component layer (Figure 5.29). This is clearer when comparing the spectra at 780 s 

(7th scan) in Figure 5.36 (d). 
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Figure 5.36 (a) 10 CV cycles for ORR of [FeTPPIm-Ar]+/-(CH2)10COOH in O2 saturated 0.1 

M HClO4, scan rate = 10 mV/s; (b) the corresponding A-SEC; (c) spectra extracted from A-

SEC at 440 and 485 nm; (d) spectra at 60 s (1st scan), 420 s (4th scan) and 780 s (7th scan) 

extracted from A-SEC. 

 

In addition, the stability of the [FeTPPIm-Ar]+/-(CH2)10COOH mixed layer was compared to 

single component layer using normalized absorbance (by surface concentration) at ~ 440 nm 

at different cycle numbers. As shown in Figure 5.37, for both the films, the normalized 

absorbance decreases with successive scans. However, the normalized absorbance for mixed 

layer is higher than single component layer, and the decreasing slope is smaller. Therefore, 

tentatively, it suggests that the mixed layer is more stable than the single component layer. 

(a) 

(c) (d) 

(b) 
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Figure 5.37 Plot of normalized absorbance at 440 nm for [FeTPPIm-Ar]+ layer (black) and 

[FeTPPIm-Ar]+/-(CH2)10COOH layer (red) with cycle number under ORR condition. 

5.3.5 A-SEC for [FeTPP]+-GC grafted from [FeTPPN2]2+ 

As described in Chapter 4, [FeTPP]+ can be immobilized on the surface by generating and 

electrografting [FeTPPN2]2+ in situ (the structure is shown in Figure 5.38). In order to compare 

the spectroscopic properties of [FeTPP]+ immobilized by different methods under ORR 

conditions, A-SEC measurement was also performed on [FeTPP]+ film grafted from 

[FeTPPN2]2+. [FeTPP]+-GC was grafted from 0.5 mM [FeTPPN2]2+ solution between 0.4 V to 

-0.3 V for 20 cycles, giving Γ = 2.1×10-10 mol/cm2. 

 
Figure 5.38 Chemical structure of [FeTPPN2]2+. 

N N

NN

Fe

N2+
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Figure 5.39 (a) Two CV cycles of ORR for [FeTPP]+ modified surface in 0.1 M HClO4 with 

O2, scan rate = 10 mV/s; (b) the corresponding A-SEC; (c) spectra of [FeTPPIm-Ar]+ (black) 

and [FeTPP]+-GC (blue) extracted from the corresponding A-SEC spectra after complete 

reduction (at -0.5 V) in 0.1 M HClO4 with O2; (d) plot of absorbance vs time and potential 

extracted from A-SEC at 438 and 482 nm for [FeTPP]+-GC. 

 

ORR was carried out in 0.1 M HClO4 solution with O2 (purged with O2 for 5 min). Figure 5.39 

(a) shows a reduction peak on the 1st cycle, corresponding to ORR catalysis. This peak is absent 

on the 2nd cycle. Figure 5.39 (b) shows the corresponding A-SEC results: disappearance of the 

Soret band at ~ 440 nm, and appearance of a band at 482 nm. In Figure 5.39 (c), after complete 

reduction (-0.5 V) at the 1st cycle, the spectrum was extracted and compared to [FeTPPIm-Ar]+ 

film in 0.1 M HClO4 solution. Both the Soret band position and shape are similar under ORR 

condition, which suggests that the same species was involved in the two types of films, but the 

orientation and the arrangement of the species within the two films formed are different to have 

(d) (c) 

(a) (b) 
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an impact on the molar absorption coefficient. The absorbance change vs time at the 

wavelength of the Soret bands is shown in Figure 5.39 (d). The shape of absorbance changing 

with time (potential) is similar to that at the [FeTPPIm-Ar]+ film under ORR conditions shown 

in Figure 5.27 (b), indicating that ORR catalysis is occurring at the [FeTPP]+-GC film. When 

the concentration of O2 is the limiting reagent (the solution was purged with O2 for 5 min only), 

the spectrum of the [FeTPPIm-Ar]+ under ORR condition at the 2nd cycle was preserved. 

 

Figure 5.40 (a) Two CV cycles of ORR for [FeTPP]+ modified surface in 0.1 M HClO4 with 

O2, scan rate = 10 mV/s; (b) the corresponding A-SEC; (c) plot of absorbance vs time and 

potential extracted from A-SEC at 438 and 482 nm. 

 

However, when a higher concentration of O2 was present in solution (purged with O2 for 15 

min), the CV at the [FeTPP]+-GC film has a much larger ORR peak current (Figure 5.40 (a)). 

Figure 5.40 (b) shows the corresponding A-SEC with a broad negative absorption band without 

appearance of new bands. As shown in Figure 5.40 (c), a plot of absorbance vs time and 

(c) 

(a) (b) 
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potential extracted from A-SEC shows no absorption bands, indicating that the film has been 

destroyed. Contrary to that observed from Figure 5.30 (c) or Figure 5.31 (c), where a null 

absorbance value is recovered when the film is deactivated, a steady state negative value after 

the first reduction cycle. This suggests a different nature of the deactivation mechanism. For 

[FeTPP]+ film, the A-SEC results exhibit a destruction of the porphyrin, while for [FeTPPIm-

Ar]+ film, a simple Fe demetallation is more possible as the negative absorbance at the end of 

the experiment is exactly the same as the one measure in the beginning (Figure 5.30 (c)). This 

is consistent with the XPS results shown in Chapter 4, that for [FeTPPIm-Ar]+ film, Im-Ar 

structure was observed after ORR; while for [FeTPP]+ film, porphyrin structure decomposition 

and oxidation were observed. 

5.4 Conclusion 

A-SEC results for oxidation and reduction of FeTPPCl in DCM matched those obtained from 

OTTLE cell experiment reported in the literature. ORR catalysis was observed in wet DCM in 

the presence of O2, resulting in the decomposition of [FeTPP]+. The presence of Im-Ar-NH2 

(1:1 ratio) in solution has a negligible effect on the [FeTPP]+ oxidation spectrum, but resulted 

in the blueshift of the Soret band of Fe(II)TPP species. The electrochemical and spectroscopic 

response of [FeTPPIm-Ar]+ was preserved after immobilization on the surface. Compared to 

solution A-SEC spectra, both the Soret bands for first oxidation and reduction process 

redshifted; for Fe(II)TPPIm-Ar, the shift was ~ 33 nm. The [FeTPPIm-Ar]+ film composition 

affected absorbances of the Soret bands despite the same surface concentration of [FeTPP]+ in 

the films. 

 

Reduction of [FeTPPIm-Ar]+ films was studied in acid solution. Similar Soret bands are 

observed in both non-aqueous solution and aqueous acid solution for reduction process. In acid 

solution, stable and well-defined A-SEC was obtained for a thick film under Ar, while for a 

thin layer, a decrease in the Soret band was observed, and attributed to a trace amount of O2 in 

solution. Under ORR condition, changes in the Soret band were still visible on repeat scans, 

although the catalytic peak was not present on the second CV cycle. This interesting 
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observation needs further investigation. Importantly, a potential delay was observed for the 

absorbance change of the Soret band under ORR condition, giving clear evidence that Fe(II) 

was oxidized by O2 until O2 was depleted. 10 CV cycles under ORR conditions showed new 

evidence that [FeTPPIm-Ar]+ film was decomposed gradually. Additionally, the presence of -

(CH2)10COOH enhanced stability of [FeTPPIm-Ar]+ under ORR conditions as evidenced by a 

slower decrease in absorption intensity on repeat cycles than for the single component layer, 

consistent with the results in Chapter 4. 

 

In addition, the similar A-SEC was obtained for [FeTPP]+-GC in aqueous acid solution under 

O2. Consistent with observations in Chapter 4, A-SEC confirmed the complete decomposition 

of [FeTPP]+ film under ORR condition. 
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6 Conclusion and future work 

6.1 Conclusion 

Electrocatalyst design for ORR in hydrogen-oxygen fuel cell contributes to a sustainable 

energy future. Surface immobilization of metal complexes offers an opportunity to develop a 

cheap and controllable strategy for designing ORR electrocatalysts. Operating ORR in acid 

medium is challenging. This thesis aimed to identify structure and strategies to enhance ORR 

catalytic performance using surface immobilized [FeTPP]+ complexes, which can be further 

extended to other metal porphyrin and Pc, and catalytic reactions. Straightforward, stable and 

robust surface modification is appealing for electrocatalyst design for fuel cell. 

 

In this thesis work, [FeTPP]+ was immobilized on surface via two main strategies: post- and 

pre-coordination methods via coordination reaction with Im-Ar. For post-coordination method, 

the axial ligand, Im-Ar was immobilized on carbon surface by CuAAC click reaction and 

directly grafting of Im-Ar-N2
+ formed in situ in aqueous and non-aqueous solution. The 

presence of Im group was confirmed electrochemically by its pH response using Fe(CN)6
4-, 

and [FeTPP]+ was coordinated to Im by simply immersing into the FeTPPCl solution. However, 

different from results reported by Harris et al.,100 the redox couple Fe(III)/Fe(II) from [FeTPP]+ 

on surface via this post-coordination method could not be observed. So, the amount of 

[FeTPP]+ immobilized cannot be easily quantified by this method, limiting the possibility to 

control and design the film structure. Therefore, post-coordination method is not recommended 

for planar electrode surface modification with [FeTPP]+.  

 

Pre-coordination method was also developed to immobilize [FeTPPIm-Ar]+ on surface after 

coordination reaction. Both the electrochemical and spectroscopic properties were preserved. 

Different from post-coordination method, the grafted [FeTPPIm-Ar]+ exhibited well-defined 

Fe(III)/Fe(II) redox peaks and oxidation peaks of the TPP2- ligand. This method is promising 

to extend to surface modification of other metal porphyrin and Pc. Compared to solution 
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species, a large positive shift (~ 130 mV) for Fe(III)/Fe(II) reduction of [FeTPPIm-Ar]+ film 

was observed in DCM, which is attributed to the loss of amine group on the Im-Ar group and 

a surface charge effect. The grafting mechanism was carefully studied, and redox grafting 

phenomenon was spotted during grafting. A wide range of surface concentration of [FeTPPIm-

Ar]+ film (from ~ 2×10-11 to 3×10-9 mol/cm2) was obtained by simply adjusting the grafting 

potential and CV cycle number. It was found that the film composition was dependent on the 

grafting potential range. Films grafted from negative potential limit of -0.6 V contains higher 

volumetric concentration of [FeTPP]+ than that grafted from a negative potential limit of -0.2 

V.  

 

As the pre-coordination method led to characteristic and controllable [FeTPPIm-Ar]+ film, it 

was further investigated for ORR catalysis. Grafting potential and surface concentration of 

[FeTPPIm-Ar]+ affected the ORR performance. The surface concentration of 2.5×10-10 

mol/cm2 showed the highest ORR peak current in CVs. However, [FeTPP]+ decomposition 

was observed after one CV cycle for all the ORR catalysts in acid medium independent of the 

film composition and surface concentration. After ORR, both the Fe(III)/Fe(II) redox peaks 

and oxidation peaks of TPP2- were lost. During ORR, 70% of O2 was reduced to H2O2 as 

revealed by RRDE measurement. Acid and H2O2 treatment confirmed that demetallation of 

[FeTPP]+ and the Fenton reaction between H2O2 and Fe species led to the complete loss of the 

[FeTPP]+, indicating that decreasing production of H2O2 is critical for catalyst stability. 

 

Mixed layers were introduced to improve the ORR catalytic performance. The presence of 

ADA and HEA positively shifted the ORR onset potential of physisorbed FeTPPCl, which was 

attributed to the hydrophobic effect of the long alkane chain. The presence of ADA and HEA 

did not enhance onset potential of ORR catalysed by [FeTPPIm-Ar]+ film as FeTPPCl, but did 

decrease H2O2 production to 66%. In addition, second modifiers with longer molecular length 

were introduced via CuAAC click reaction to form mixed layer of [FeTPPIm-Ar]+/-

(CH2)4COOH and [FeTPPIm-Ar]+/-(CH2)10COOH, which decreased H2O2 production by 10%, 
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compared to the single layer of [FeTPPIm-Ar]+. However, no positive onset potential shift was 

observed. By decreasing the production of H2O2, the stability of [FeTPPIm-Ar]+ film was 

enhanced under ORR conditions, which was confirmed by A-SEC. These results indicate that 

the presence of a second modifier is promising to promote the PCET and increase contribution 

of the 4 e- reduction pathway. However, the importance of the -COOH group is not clear as the 

different lengths of the modifiers give similar results and modifications with other terminal 

groups were not tested due to time constraints. 

 

In addition, [FeTPP]+ was directly immobilized on the surface by electrografting of 

[FeTPPN2]2+. Compared to [FeTPPIm-Ar]+ film with the same surface concentration, [FeTPP]+ 

film displayed higher ORR reduction peak current and more positive onset potential and 

produced less H2O2. The reason of enhancement is not fully understood, but may be attributed 

to ClO4
- in solution acting as an axial ligand for [FeTPP]+ film, but this is mostly unlikely as 

ClO4
- is weakly coordinating. It suggests that [FeTPP]+ film is promising for further study. 

However, decomposition was also observed for [FeTPP]+ film during ORR. 

 

The degradation of both [FeTPPIm-Ar]+ film and [FeTPP]+ film was investigated. O2 depletion 

was not the reason for catalytic reduction peak disappearance during CV scans under ORR 

condition. Both electrochemistry and XPS results suggested that demetallation is one of the 

origins for degradation. For [FeTPPIm-Ar]+ film, as it is attached on the surface via axial ligand, 

demetallation resulted in the whole complex detaching, but the Im-Ar film remained on the 

surface. For [FeTPP]+ film, demetallation also occurs, but the porphyrin structure remained on 

the surface and is attacked by ROS, resulting in film oxidation. In addition, A-SEC spectra 

after ORR were consistent with a different decomposition mechanisms for [FeTPPIm-Ar]+  

[film and [FeTPP]+ film. During ORR, the UV-vis absorption of [FeTPP]+ film was completely 

lost, whereas for [FeTPPIm-Ar]+ film, the absorption of Soret bands can still be spotted, 

consistent with XPS results. 
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Furthermore, the spectroscopic properties of [FeTPP]+ in solution and on the surface were 

investigated using A-SEC. In solution, the spectroelectrochemical properties of FeTPPCl 

matched with literature for both the ligand oxidation and Fe(III)/Fe(II) reduction processes, 

confirming that it is reliable to apply this technique to porphyrin characterization. For FeTPPCl 

in DCM, the addition of Im-Ar-NH2 did not affect the UV-vis spectrum for oxidation of TPP2-, 

but for Fe(III)/Fe(II) reduction, blueshifts were observed for all the new bands compared to 

FeTPPCl. The spectroscopic properties were preserved after immobilization. Redshifts in 

spectral bands were observed for both oxidation and reduction processes, compared to solution 

species. It was found that the absorbance increased with increased surface concentration, but 

volumetric concentration of [FeTPP]+ in the film could affect the molecular interaction and 

absorption as a consequence. 

 

More importantly, it was found from A-SEC that Fe(III)/Fe(II) reduction potential was delayed 

under ORR conditions, compared to under Ar, giving direct evidence that the formed Fe(II) 

was re-oxidized by O2 until O2 was consumed. Film decomposition was also observed from A-

SEC spectra under ORR conditions. However, it is not understood why the CV reduction peak 

disappeared on repeat scans while the A-SEC still showed the Soret absorption bands for repeat 

cycles under ORR conditions. 

 

In summary, this work showed that using axial ligand and forming porphyrin based diazonium 

salts are simple and promising approaches to immobilize [FeTPP]+ on the surface. For ORR 

catalysis in acid media, the production of a high %H2O2 was detected. This suggests that the 

key factor for [FeTPP]+ stability is decreasing %H2O2. This work also showed that the concept 

of preparing mixed layers of [FeTPP]+ with a second modifier is promising to decrease %H2O2. 

The strategies developed in this work can be further extended to other metal porphyrin or Pc 

complexes surface immobilization, and catalytic reactions. 

6.2 Future work 
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The attraction of all the surface functionalization in this thesis work is that the immobilized 

film was covalently bound to the carbon surface with well-defined electrochemical and 

spectroscopic properties. In addition, all the surface modifications are robust, experimentally 

simple and straightforward. Although the structure and strategies for immobilizing [FeTPP]+ 

on carbon surface have been proposed and the ORR catalytic performance in aqueous acid 

media was investigated, there were several observations and ideas with respect to properties 

and performance of the grafted [FeTPP]+ film, which were not followed up due to time 

constraints. In addition, these surface modification approaches can be extended to other metal 

porphyrin and Pc complexes immobilization for various applications, which can be further 

investigated. 

 

Firstly, as discussed in Chapter 4, promoting the 4 e- pathway and decreasing the %H2O2 are 

the key for ORR enhancement operating for fuel cells. Thus, more work can be done in the 

future in terms of decreasing the production of H2O2. For example, the effect of surface 

concentration and grafting potentials of [FeTPPIm-Ar]+ films on %H2O2 can be further 

investigated to find out the optimal surface concentration. Furthermore, as reported by Dey et 

al., [FeTPP]+ derivatives showed high 4 e- selectivity in pH 7 buffer solution,178 and Chlistunoff 

et al. reported very positive onset potential of [FeTPP]+ immobilized on polyvinylimidazole in 

H2SO4.191 Thus, it would be interesting to test the ORR catalytic performance of [FeTPPIm-

Ar]+ film and [FeTPP]+ film in different solutions, such as buffer solutions with different pH 

and other acids such as H2SO4 and HCl. By using different electrolyte solutions for ORR, it is 

also possible to investigate the coordination effect of ClO4
- on the FeTPP film. In addition, 

compared to [FeTPPIm-Ar]+ film, it was found that [FeTPP]+ film showed better ORR catalytic 

performance, so it is more promising for further study. The effect of surface concentration of 

[FeTPP]+ film on ORR catalysis can be investigated. Following the same procedure as mixed 

layers for [FeTPPIm-Ar]+, mixed layers of [FeTPP]+ with second modifiers can be prepared. 

Radical scavengers can be introduced to the ORR solution to capture the hydroxyl radical to 



 204 

confirm the production of hydroxyl radical is responsible for decomposing the film and 

improving the stability of [FeTPP]+.321 

 

Moreover, as introduced in Chapter 1, axial ligands with electron-withdrawing or -donating 

groups can influence the electron density of the metal centre and the metal-O-O-H bonds.106, 

193 In this thesis work, as summarized in Table 4.5, [FeTPPIm-Ar]+ film did not show 

significant enhancement of ORR onset potential. This might be attributed to the weak 

electronic effect of Im-Ar ligand, so other axial ligands, such as thiolate and pyridine can be 

examined. 

 

In addition to aryldiazonium ions grafting, amine electro-oxidation is a well-known approach 

to immobilize amine derivatives on the surface. [FeTPPNH2]+ can be electrografted on surface 

via amine electrooxidation. It would be interesting to compare the ORR performance catalysed 

by [FeTPP]+ film prepared from amine oxidation and diazonium ion grafting. It is also possible 

to prepare mixed layers from amine electrooxidation of the mixture of [FeTPPNH2]+ and other 

amine derivatives. Other [FeTPP]+ derivatives can be synthesized, for example, [FeTPP]+ with 

azide substituent on porphyrin ring can be clicked to ethynyl group grafted on surface. 

Alternatively, ethynyl group modified [FeTPP]+ can be clicked to azide group immobilized on 

surface. Or other coupling reactions can be applied to immobilize [FeTPP]+ on surface for 

electrocatalysis. This offers a way to form mixed layer in one pot reaction. 

 

Due to the climate change, global warming and energy crisis, it is in high demand to achieve 

sufficient conversion of chemical energy to feedstock chemicals, electrical and fuels energy. 

For example, CO2 reduction to useful chemicals or fuels becomes popular. [FeTPP]+ is not 

only ORR electrocatalyst, but also electrocatalyst for CO2 reduction reaction. It would be 

interesting to apply the [FeTPP]+ films to catalyse CO2 reduction in the future. Meanwhile, the 

idea of introducing a second modifier could be applied to CO2 reduction so as to enhance the 

[FeTPP]+ catalytic activity. 
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A. Appendix: Simultaneous electro-click and electrochemically 

mediated polymerization reactions for one-pot grafting from a 

controlled density of anchor sites 

A.1 Introduction 

One pot reaction of SI-ATRP with CuAAC can be performed as they have the same catalyst 

system. It offers convenient way to prepare polymer brushes from the surface. In addition, the 

Cu(I) catalyst can be generated by electrochemical reduction of Cu(II), so the one pot reaction 

can possibly be extended to electrochemically mediated SI-ATRP (SI-eATRP) and 

electrochemically mediated CuAAC (eCuAAC). SI-eATRP was developed to ease the 

experimental conditions for conventional SI-ATRP.1 SI-eATRP can be initiated, reinitiated and 

tuned by applying sufficient potential and stopped by removal of the potential; heating or inert 

gas protection are not required;2 and the reaction solution can be reused which has advantages 

in terms of cost and waste reduction.2, 3 Polymer brushes of 3-sulfopropyl methacrylate 

(PSPMA) was grown from Au surface by SI-eATRP.3, 4 Hydrophilic poly(vinylpyrrolidone) 

(PVP) brushes was grown from ordered mesoporous carbons surface using SI-eATRP.5 

CuAAC can also be electrochemically initiated. For example, eCuAAC was used to prepare 

both small-molecule and large biomolecule triazole conjugates.6, 7 Polymer multilayer films 

can be obtained by eCuAAC as well.8 Collman et al. used eCuAAC to attach ethynylferrocene 

on azide-terminated SAMs on Au electrodes.9 Ku et al. used eCuAAC to pattern fluorescent 

molecules onto an azido functionalized glass substrate by SEM.10 Very recently, the eCuAAC 

was used to click FcCH2N3 to an H-Eth-Ar monolayer on boron-doped diamond.7  

 

On the basis of literature reports, combination of SI-eATRP with eCuAAC in one pot reaction 

(eCuAAC/SI-eATRP) for the growth of polymer brushes from carbon electrode surfaces is an 

attractive strategy. A preliminary investigation has been briefly carried out and gave promising 

results.11 However, there are no literature reports of this approach. Using aryldiazonium salt to 
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introduce an anchor layer on the carbon electrode is an easy approach and importantly gives a 

strong covalent bond between the polymer and surface. 

 

The aim of the work in this chapter is to develop a strategy to generate active Cu(I) on the 

working electrode surface to initiate the click reaction between a surface-anchored alkyne and 

a polymerization initiator bearing an azide group to form a covalently bonded initiator layer 

and at the same time to carry out SI-eATRP at the working electrode surface. In this chapter, 

eCuAAC/SI-eATRP has been investigated at room temperature under ambient conditions for 

grafting both nonpolar poly methyl methacrylate (PMMA) and the temperature-sensitive polar 

poly(N-isopropylacrylamide) (PNIPAM) on thin multilayers and monolayers of surface-

anchored ethynyl groups. PMMA is a very commonly studied polymer which has various 

applications. It has been used for biomedical applications involving the preparation of bone 

cements for drug delivery and release; it has been used for molecular separations and for TiO2 

modification for photocatalytic applications.12 PNIPAM is a well-known temperature sensitive 

polymer. It has a lower critical solution temperature (LCST) of around 32 ºC in aqueous 

solution.13 Below the LCST, the chains hydrate to swell and stretch to exhibit hydrophilicity. 

Above its LCST, chains shrink and become hydrophobic.14-19 This reversible phase transition 

corresponds to the dehydration of the PNIPAM chains and subsequent collapse of the 

hydrophobic chains into compact globules that aggregate into larger mesoglobules.19 Thus, in 

principle, by grafting PNIPAM chains onto a solid surface, the phase transition of PNIPAM 

can be utilized to shift the surface between hydrophilic and hydrophobic. The modified surfaces 

were characterized by electrochemistry, water contact angle measurement and AFM in both air 

and liquid. 

A.2 Experimental 

Unless stated otherwise, for all electrochemistry experiment in this chapter, GC and PPF were 

used as working electrode, Pt was used as counter electrode, and SCE was used as the reference 

electrode. 
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A.2.1 Organic synthesis 

A.2.1.1 Synthesis of azido-functionalized initiator (APBiB) 

APBiB was synthesized from 3-azido-1-propanol. The synthetic procedure followed that 

reported by Wu et al..20 

A.2.1.1.1 Synthesis of 3-azido-1-propanol 

Sodium azide (125 mmol, 8.12 g) and a catalytic amount of potassium iodide were dissolved 

in 20 mL of water. To this, a solution of 3-chloro-1-propanol (31 mmol, 2.6 mL) diluted in 80 

mL of acetone was added dropwise. The reaction was stirred at room temperature for 48 h, 

after which the mixture was extracted with diethyl ether (50 mL×3). The top layer was collected 

and dried over potassium carbonate. The dried mixture was filtered and concentrated under 

reduced pressure to give a light-yellow oil. Yield = 62%. 1H NMR (400 MHz, CDCl3) ?: 3.81(t, 

2 H), 3.61(t, 2 H), 2.01(m, 2 H), 1.66 (s, 1 H), ppm. 

A.2.1.1.2 Synthesis of APBiB 

Triethylamine (53.8 mmol, 7.5 mL) and 3-azido-1-propanol (19.2 mmol, 1.96 g) were added 

to 140 mL diethyl ether. 2-Bromoisobutyryl bromide (BiBB, 59 mmol, 7.3 mL) was added 

dropwise for 1 h to the mixture that was stirred at 0 ºC. The mixture was then warmed to room 

temperature and stirred for 24 h. The solution was filtered, and the filtrate was washed with 50 

mL of saturated NaHCO3 solution, dried with Na2SO4, filtered and concentrated under reduced 

pressure to obtain APBiB as a light-yellow oil. The product was purified using column 

chromatography (petroleum ether: diethyl ether = 20:1 v/v), giving a colourless oil. Yield = 

74%. 1H NMR (400 MHz, CDCl3): δ = 4.34 (t, 2 H), 3.65 (q, 2 H), 2.15 (m, 2 H), 1.93 (s, 6 

H), ppm. 

A.2.1.2 Synthesis of 4-ethynylbenzenediazonium tetrafluoroborate ([H-Eth-ArN2]BF4, EBD) 

EBD was prepared using a modified literature method.21 4-Ethynylaniline (5 mmol) was 

dissolved in a mixture of water (2 mL) and HBF4 (48%, 2 mL) with stirring and acetone ( ~ 5 
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mL) was added to dissolve 4-ethynylaniline. To this, a solution of sodium nitrite (5 mmol) 

dissolved in a minimum amount of water was added dropwise giving a red precipitate. The 

mixture was cooled in an ice bath for 30 min and filtered. The crude product was purified by 

dissolving in a small amount of ACN, and ice-cold diethyl ether was added slowly to precipitate 

the EBD. The product was filtered and washed with diethyl ether three times. The brown 

powder was dried at room temperature for 30 min and stored in the dark at -4 °C. Yield = 46%. 

1H NMR (400 MHz, CD3CN): ? = 8.46 (d, 2 H), 7.98 (d, 2 H), 4.25 (s, 1H), ppm. 

A.2.2 Electrochemistry 

A.2.2.1 Electrografting procedure 

“Thin” and “thick” ethynylphenyl (H-Eth-Ar) groups were electrografted to GC and PPF 

electrodes from EBD in degassed 0.1 M [Bu4N]BF4-ACN. When using PPF or GC plate as the 

working electrode, the EBD solution was pre-degassed in a separate flask and then transferred 

to the electrochemistry cell. The procedure was used to limit the time that EBD solution was 

in contact with the carbon working electrode, and therefore to limit the spontaneous grafting 

reaction. To prepare a “thin” multilayer, a solution of 0.5 mM EBD was used, and one CV scan 

was performed between 0.6 and -0.3 V vs SCE at a scan rate of 300 mV/s. The “thick” film 

was prepared in 1 mM EBD solution, with 5 CV cycles between 0.6 and -0.6 V at a scan rate 

of 300 mV/s. The modified GC electrode was rinsed in acetone, and sonicated in ACN for 5 

min, and dried with a stream of N2 (g). 

 

[TIPS-Eth-N2]BF4 was electrografted to the carbon electrode from a 5 mM solution, following 

literature.22 

 

The electrochemistry of Fc coupled electrodes were investigated via CVs in 0.1 M LiClO4-

EtOH. The surface concentration of Fc coupled to the electrode was calculated from CVs 

obtained over the potential range of 0 to -0.8 V vs SCE in 0.1 M LiClO4 - EtOH. The standard 

procedure for Fc  modified electrodes involved three CV scans obtained at 200 mV/s followed 
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by single scans at 100, 200, 300, 400, and 500 mV/s. The surface concentration of Fc was 

calculated from the CVs obtained at each scan rate and the average value is reported with its 

standard deviation. 

A.2.2.2 Procedure for electrochemically induced one pot reaction 

Polymer brush modified GC and PPF were prepared via electrochemically induced one pot 

reaction of eCuAAC/SI-eATRP as shown in Scheme A.1. The H-Eth-Ar modified GC or PPF 

was the working electrode immersed into an electrochemical cell. A solution of APBiB (1 

mmol, 0.25 g), CuBr (0.05 mmol, 7.17 mg), PMDETA (5 mmol, 10.4 µL), methyl methacrylate 

(MMA) (75 mmol, 8 mL) or N-isopropylacrylamide (NIPAM) (32 mmol, 3.6 g), and 

[Bu4N]BF4 (1.6 mmol, 0.528 g), was prepared in 16 mL of ACN for reaction and added into 

the cell. Different potentials and different reaction times were used for polymerization, as 

described in Section A.3. After reaction, the modified electrode was sonicated in ACN for 5 

min, rinsed with acetone, sonicated in water for 5 min, and then dried with a stream of N2 (g). 

Blank control experiments were also performed using the same conditions as above but without 

a grafted H-Eth-Ar layer, or alternatively, without applying a potential. 

A.2.3 AFM measurement 

AFM at the University of Canterbury was used for imaging and film thickness measurement. 

AFM images were obtained using a Nanoscope Dimension TM3100 microscope integrated 

with a Nanoscope IIIa controller (Digital Instruments, Veeco). All measurements were 

performed in either tapping mode or contact mode using SiN cantilevers (Tap300Al-G) 

operating at a resonant frequency of ~ 280 kHz. The film thickness was measured following 

reported procedure.23 A section of film, 1 µm ´ 1 µm, was removed by the AFM tip operating 

in contact mode and using a deflection set point voltage of 0.5 V, and a force (determined 

empirically) of ~1 _N. To measure the film thickness, line profiles were obtained in tapping 

mode using the Nanoscope software, at 10 positions across the scratch area and the average of 

these ten measurements gave the film height and uncertainty. 
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AFM images in liquid were obtained using an Asylum Research Cypher ES with the help of 

Dr. Yiran An at the University of Auckland. Samples were mounted on a 15 mm-diameter 

AFM specimen disc. Mill-Q water was added to the sample surface. Liquid AFM imaging was 

undertaken with temperature control, at 25 ºC, 40 ºC and the sample was then cooled to 25 ºC. 

Asylum’s control and analysis software (V 15) is built on WaveMetrics Igor Pro architecture. 

A.2.4 Water contact angle measurement 

Samples were mounted on a horizontal and temperature controlled hot plate and static water 

droplets (2 μL each) were placed on the surface using a micro-syringe. Different temperatures 

were used (room temperature and 50 ºC) and 5 min was allowed to make sure that the sample 

had equilibrated at the desired temperature. After adding the water droplet to the surface, an 

Edmund Scientific camera and macrolens recorded the image, allowing later analysis using 

ImageJ v1.48 software (NIH, Bethesda, MD) with a drop analysis plug-in. At least three 

droplets were imaged per sample and the mean value is reported. 

A.3 Results and discussion 

A.3.1 Preparation and characterization of ethynyl functionalized layers 

Scheme A.1 shows the overall strategy employed for work in this chapter. Ethynyl (H-Eth-Ar) 

groups were electrografted to the surface by two routes. In pathway (i), EBD was used and the 

resulting layer is expected to have multilayer character.23-27 Pathway (ii) which proceeds via 

the protected aryldiazonium salt is expected to result in a sparse monolayer of H-Eth-Ar 

groups.22, 28, 29 Based on the formation of H-Eth-Ar layers, the electrochemically induced one 

pot reaction of CuAAC and ATRP was carried out under selected conditions to prepare surfaces 

modified with polymer brushes grown from MMA and NIPAM. 
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Scheme A.1 Strategies for the preparation of H-Eth-Ar layers and polymer film on carbon 

surfaces using electrochemical methods. 

A.3.1.1 H-Eth-Ar multilayers 

H-Eth-Ar groups were successfully electrografted to GC and PPF from a solution of EBD in 

ACN. As shown in Scheme A.1, pathway (i), multilayer films are expected to be grafted using 

this aryldiazonium ion. The one CV cycle obtained in the grafting solution of 0.5 mM EBD 

(Figure A.1 (a)) shows one broad reduction peak cantered at ~ 0.1 V, indicating a chemically 

irreversible reduction of EBD. By restricting the negative potential limit to -0.2 V and using a 

single scan in a 0.5 mM EBD solution, it is expected that only a “thin” multilayer of H-Eth-Ar 

groups is grafted to the surface. In contrast, thicker H-Eth-Ar multilayers were prepared using 

five CV cycles in a solution of 1 mM EBD using the potential limits of -0.6 V. Figure A.1 (b) 

shows a reduction peak in the first cycle, but the following four cycles have only low current 

due to the non-conducting grafted layer blocking electron transfer to the surface. 
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Figure A.1 (a) one CV scan at GC in a solution of 0.5 mM EBD and (b) five CV scans at GC 

in 1 mM EBD, both in 0.1 M [Bu4N]BF4-ACN. Scan rate = 300 mV/s. 

 

A qualitative indication of “thin” and “thick” film formation can be obtained from redox probe 

voltammetry. This involves recording CVs of a redox species (in this case, Fe(CN)6
4-), at 

unmodified and modified electrodes and comparing their response. As shown in Figure A.2, 

after modification, the CVs of the redox probe on the electrodes was changed. ∆Ep increased 

and at the same time, the peak currents decreased; these changes are attributed to a decrease in 

the electron-transfer rate due to the presence of the film. This is explained as the rate of 

electron-transfer decreases exponentially with distance.30 In the CVs obtained at the surface 

modified with a “thin” film (Figure A.2 (a)), the peaks are still visible. However, at the “thick” 

film in Figure A.2 (b), no redox peaks are observed and the background current is low, 

consistent with a thicker blocking film. 

 

 

(a) (b) 
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Figure A.2 (a) CVs of 1 mM Fe(CN)6
3- in 0.1 M KCl at unmodified (black), and “thin” H-Eth-

Ar modified (red) GC electrodes, scan rate = 100 mV/s; (b) CVs of 1 mM Fe(CN)6
3-/4- in 0.1 

M KCl at bare (black), and “thick” H-Eth-Ar modified (red) GC electrodes, scan rate = 100 

mV/s. 

A.3.1.2 H-Eth-Ar monolayers 

Monolayers of H-Eth-Ar groups were prepared using the protected diazonium salt, as shown 

in the pathway (ii) in Scheme A.1. Firstly, a TIPS-Eth-Ar layer was grafted using 5 CV cycles 

from 0.6 to -0.75 V in 5 mM solution as shown in Figure A.3. The protecting group and any 

multilayer formation on these groups were then removed in TBAF-THF solution to yield a 

sparse monolayer of H-Eth-Ar groups.22, 28 

 

Figure A.3 Five CV scans at a GC electrode in a solution of 5 mM [TIPS-Eth-Ar-N2]BF4 in 0.1 

M [Bu4N]BF4-ACN. Scan rate = 50 mV/s. 

(a) (b) 



 250 

These steps for monolayer formation were monitored using Fe(CN)6
4- in aqueous solution and 

Fc in ACN solution as redox probes. As shown in Figure A.4(a), the thick non-conducting 

TIPS-Eth-Ar layer blocks electron transfer in Fe(CN)6
4- solution, while in Fc solution (Figure 

A.4 (b)), a S-shaped redox response was obtained. The S-shape voltammetry for Fc is 

consistent with electron transfer occurring through pinholes in the layer, giving a response 

typical of that obtained at an array of widely-spaced microelectrodes.31 These results suggest 

that the layer is more permeable in the organic solvent, which is not surprising considering the 

organic nature of the layer. After deprotection, the monolayer is less blocking to Fe(CN)6
4- than 

the “thin” multilayer (Figure A.2 (a)), consistent with a sparse monolayer remaining after 

deprotection.22 Meanwhile, the response of Fc at the modified surface is indistinguishable from 

that obtained at polished GC, consistent with the nature of the layer, solvent and redox probe. 

 

Figure A.4 CVs obtained at unmodified (black), TIPS-Eth-Ar (red) and H-Eth-Ar monolayer 

(blue) modified GC in (a) 1mM Fe(CN)6
4- in 0.1 M KCl solution, scan rate = 100 mV/s; and 

(b) 1 mM Fc in 0.1 M [Bu4N]BF4-ACN, scan rate = 200 mV/s. 

A.3.1.3 Quantitative characterization of H-Eth-Ar thin multilayer and monolayer films 

The thickness of grafted H-Eth-Ar thin multilayer and monolayer films was estimated by AFM 

depth profile measurements on modified PPF. As shown in Figure A.5 (a-b), the thin multilayer 

film of H-Eth-Ar has a scratch depth of 1.8 ± 0.3 nm. By subtracting the depth of the scratched 

on unmodified PPF (~ 0.5 nm), the H-Eth-Ar has a film thickness of 1.3 ± 0.3 nm. This low 

film thickness is consistent with the redox probe CVs shown in Figure A.2 (a). As calculated 

(a) (b) 
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from Avogadro 1.2.0, the average height of the H-Eth-Ar group vertically aligned on a flat 

surface is 0.65 nm; therefore, the experimental thickness of grafted film corresponds to 

approximately 2 layers, consistent with the “thin multilayer” description. For the deprotected 

H-Eth-Ar film, the depth profile in Figure A.5 (d) gives a scratch depth of 1.2 ± 0.3 nm. After 

correcting for the scratch depth of bare PPF, the film thickness is 0.7 ± 0.3 nm, close to the 

expected thickness of a monolayer. 

 

 

Figure A.5 AFM topographical image of scratched modified PPF: (a) a thin multilayer H-Eth-

Ar film and (c) a H-Eth-Ar monolayer film; (b) and (d) the corresponding depth profiles for (a) 

and (c), respectively. 

 

The surface concentration of reactive H-Eth-Ar groups was investigated by immobilizing 

electroactive Fc groups on the layers via CuAAC click reaction with FcCH2N3. After clicking 

Fc to the layers, CVs of the surface were obtained in 0.1 M LiClO4-EtOH (Figure A.6). By 

integrating the area under the Fc redox peaks of modified electrodes, the average surface 

concentration of immobilized Fc groups was calculated, giving ΓFc = (3.4 ± 0.1)×10-10 mol/cm2 

for the thin multilayer H-Eth-Ar film and ΓFc = (2.6 ± 0.3)´10-10 mol/cm2 for the H-Eth-Ar 

(a) (b) 

(c) (d) 
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monolayer. The maximum surface concentration for a monolayer of Fc group on an ideally flat 

surface has been calculated to be close to 4.5×10-10 mol/cm2, assuming a hexagonal closest-

packing.32 However, polished GC has a typical roughness factor of 2,33-35 and so the measured 

surface concentration for Fc on the thin multilayer is approximately 40% of a close packed 

monolayer. The calculated surface concentration of hexagonal close-packed TIPS-Eth-Ar 

groups on a flat surface is 2.3´10-10 mol/cm2.28 Hence, the estimated surface concentration of 

Fc groups on the H-Eth-Ar monolayer is reasonable considering the roughness of GC. 

 

Assuming that the surface concentration of electroactive Fc group matches the surface 

concentration of active H-Eth-Ar groups, the higher Γ for the thin multilayer is not surprising 

because without the protecting group, the H-Eth-Ar groups are expected to be more closely 

packed. 

  
Figure A.6 Three repeat CV scans obtained in 0.1 M LiClO4-EtOH of GC electrodes modified 

with an H-Eth-Ar layer and reacted with FcCH2N3 via CuAAC: (a) thin multilayer and (b) 

monolayer. Scan rate = 200 mV/s. 

A.3.2 Electrochemically induced one pot reaction of CuAAC and SI-ATRP 

(eCuAAC/SI-eATRP) 

A.3.2.1 Reduction of Cu(II) to Cu(I) at the H-Eth-Ar layer 

For the one pot eCuAAC/SI-eATRP, inactive Cu(II) species must be reduced to the active Cu(I) 

catalyst at the electrode modified with H-Eth-Ar groups. The potential for Cu(II)/Cu(I) 

(a) (b) 
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reduction at each modified electrode was checked in 0.1 M [Bu4N]BF4-ACN. This was 

followed by the examination of the H-Eth-Ar film stability at the applied potential required for 

Cu(II) reduction at each modified electrode (Figure A.7). 

   

  

  
Figure A.7 CVs obtained for reduction of Cu(II) in the one pot solution without monomer at 

scan rate = 100 mV/s at (a) thick multilayer, (c) thin multilayer and (e) monolayer H-Eth-Ar 

films. (b), (d), and (f) EIS data in 1 mM Fe(CN)6
3-/4- in 0.1 M KCl solution obtained at freshly 

prepared H-Eth-Ar films and after 1 h at the indicated applied potential in 0.1 M [Bu4N]BF4 - 

ACN: (b) thick multilayer, (d) thin multilayer and (f) monolayer H-Eth-Ar films. 

(a) (b) 

(c) (d) 

(e) (f) 
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The stability of grafted H-Eth-Ar layers to the applied potential was examined by EIS. The 

selected potential, -1.3 V, -0.65 V and -0.30 V, for the electrodes modified with thick multilayer, 

thin multilayer and monolayer films, respectively, was applied for 1 h in 0.1 M [Bu4N]BF4-

ACN. By using the Fe(CN)6
3-/4- redox probe in aqueous solution, the impedance at the modified 

electrodes was compared before and after application of the potential. Figure A.7 (b, d, f) show 

the results of these measurements. After applying a potential of -1.3 V for 1 h on the thick H-

Eth-Ar film modified GC, the EIS spectrum (Figure A.7 (b)) shows a decrease in the diameter 

of semicircle, indicating a decrease in Rct, resulting from a change in the thick film. However, 

for H-Eth-Ar thin and monolayer films, there is no change in the EIS response (Figure A.7 (d, 

f)) after 1 h at the selected potentials. 

 

As shown in Figure A.7, the thicker film, the more negative the potential for reduction of Cu(II). 

This is attributed to slowing of the electron-transfer kinetics of the Cu(II) to Cu(I) reaction as 

the film thickness increases giving an increasing distance for electron transfer.30 Thus, as the 

film thickness increases, it is necessary to apply a more negative potential to drive the reduction 

reaction. CVs recorded at the electrodes modified with the thinner films (Figure A.7 (c, e)) 

show more than one reduction peak. This is assumed to be attributed to the presence of Cu(II) 

with different coordination spheres, but this observation was not investigated further. These 

EIS results suggest that at the potential required for Cu(II) reduction, the thick film is unstable 

whereas the thin multilayer and monolayer films are stable. This indicates that the H-Eth-Ar 

thin multilayer and monolayer films are suitable for the one pot reaction to graft polymer 

brushes on the surface, but that the thick multilayer film is not suitable. 

 

The stabilities of the films observed here are similar to those reported previously. Loss of 

physisorbed materials,36 film reorganization36 and loss of covalently bounded groups37 have 

been suggested to account for the decreased blocking properties of grafted films at sufficiently 

extreme applied potentials. For the present films, the thick film is more likely to incorporate a 

significant amount of physisorbed material than the thin multilayer and monolayer films and 
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the more negative applied potential is more likely to cause disruption of physisorbed and 

possibly covalently attached materials and to lead to film changes. 

A.3.2.2 Preparation and characterization of PMMA on thin multilayers of H-Eth-Ar groups 

The results of the previous section establish that thin multilayer and monolayer films of H-Eth-

Ar groups are suitable as surface anchoring layers for the electrochemically induced one pot 

eCuAAC/SI-eATRP. The one pot reaction for polymerization of MMA at H-Eth-Ar thin 

multilayers was examined using the standard conditions: Eapp = -0.55 V for 1 h. The monomer 

was chosen for initial studies because PMMA is a very widely studied polymer. The formation 

of PMMA on GC surface was examined by CV, EIS, and AFM measurements. 

 

Figure A.8 (a) shows CVs for Fe(CN)6
3-/4- at the unmodified GC, thin multilayer H-Eth-Ar 

modified GC and PMMA modified GC. The response of Fe(CN)6
3-/4- is significantly more 

blocked after the polymerization than before. The EIS results in Figure A.8 (b) confirm that 

the Rct increases after polymerization: the values for the Rct obtained from Nyquist plots rise 

from 0.31 kW for unmodified GC, through 18.03 kW for H-Eth-Ar to 72.52 kW for PMMA 

modified electrode. The increase in Rct after the one pot reaction is consistent with the 

deposition of polymer on the surface during polymerization. 

 

The modification process was also monitored by AFM measurements. An image of a PMMA 

modified sample after removing a section of film and its corresponding depth profile are shown 

in Figure A.8 (d-e). The scratch depth for a thin multilayer of H-Eth-Ar on PPF was 1.8 ± 0.3 

nm (Figure A.5 (d)) and after polymerization is 2.0 ± 0.1 nm (Figure A.8 (d))giving a PMMA 

thickness of 0.2 ± 0.4 nm, which is a surprising result, considering the change in Rct for 

Fe(CN)6
3-/4- after the one pot reaction. This may because of that the different states of the 

sample during measurement. Rct values were obtained in solution whereas AFM film thickness 

measurement are at dry sample. 
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Figure A.8 (a) CVs, scan rate = 100 mV/s and (b) EIS measurements in 1 mM Fe(CN)6
3-/4- in 

0.1 M KCl solution at bare GC (black line), thin multilayer H-Eth-Ar modified GC (red line), 

PMMA modified GC (blue line); (c) AFM topographical image for a PMMA modified PPF 

sample after removing a section of film; (d) The corresponding depth profile. The one pot 

polymerization of MMA on GC and PPF was carried out at Eapp= -0.55 V for 1 h. 

 

In order to further investigate the “living” nature of this polymerization system, the one pot 

reaction of eCuAAC/SI-eATRP was carried out at the same potential for different reaction 

times. The CVs of the Fe(CN)6
3-/4- redox probe (Figure A.9 (a)) show that the current decreases 

with increasing polymerization time from 1 to 5 h, indicating an increasing amount of polymer 

on the surface. The growth of the polymer with time was measured by the AFM scratch method 

and film thickness values are displayed in Figure A.9 (b) after subtracting the depth of the 

scratch on unmodified PPF. The film thickness increases with increasing reaction time, 

(a) (b) 

(c) (d) 
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demonstrating that this is a living polymerization process. However, even after 5 h 

polymerization, the layer is only approximately 3 nm thick. 

 

Control experiments were undertaken to confirm the expected reaction pathway. As shown in 

Figure A.9 (c), in the absence of an applied potential, after 3 h the CVs for the redox probe are 

similar to those obtained at a thin multilayer H-Eth-Ar modified surface (Figure A.2 (a)). 

Alternatively, after 3 h of reaction at an electrode without the H-Eth-Ar layer, CVs are similar 

to those obtained at unmodified GC even though sufficient negative potential has been applied. 

These experiments confirm that both sufficiently potential and a H-Eth-Ar layer are essential 

to provide catalyst and anchor points for surface polymerization. 

 

The limited growth of polymer can be explained by the chemical nature of the monomer and 

solvent. It has previously been demonstrated that polymer growth varies with solvent polarity.38 

MMA is a nonpolar monomer, while ACN is polar. According to previous research, the growth 

of polymer brushes may be limited due to their poor solvation; presumably this is partly due to 

an unfavourable polymer conformation.39-41 Another factor is that the monomer of MMA was 

not further purified before use and there is inhibitor in MMA, which is used to stop the self-

polymerization of MMA during storage.42 

 

Therefore, in order to further investigate the one pot eCuAAC/SI-eATRP reaction, a polar 

monomer, NIPAM, was chosen. It would not be expected that the growth of PNIPAM brushes 

would be limited as for PMMA in ACN electrolyte. Furthermore, NIPAM was recrystallized 

from solvent before use. 
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Figure A.9 (a) CVs of 1 mM Fe(CN)6
4- in 0.1 M KCl obtained at PMMA modified GC electrode 

prepared at polymerization times of 1 to 5 h with Eapp = -0.55 V, scan rate = 100 mV/s; (b) 

thickness of (blank corrected) PMMA modified PPF samples vs polymerization time at Eapp = 

-0.55 V obtained from AFM scratch measurement; (c) CVs of 1 mM Fe(CN)6
4- in 0.1 M KCl 

at electrode polymerized for 3 h, in the presence of an H-Eth-Ar film, but with no applied 

potential, and at Eapp = -0.55 V in the absence of a thin multilayer H-Eth-Ar film, scan rate = 

100 mV/s. 

A.3.2.3 Preparation and characterization of PNIPAM on thin multilayers of H-Eth-Ar groups 

Following a similar procedure as for the electrochemically induced one pot reaction for grafting 

PMMA on the surface, PNIPAM was grafted to carbon surfaces modified with a thin multilayer 

of H-Eth-Ar groups. An applied potential of -0.65 V was selected for the polymerization to 

give a relatively large driving force for the reduction of Cu(II). Figure A.10 shows the current 

(a) (b) 

(c) 
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vs time plot for the polymerization. In the very early stages, high current values were observed 

corresponding to the initial generation of Cu(I) from Cu(II); the current decreases sharply and 

quickly reach a near steady state with low current. This current is due to the dynamic ATRP 

equilibrium, where the relative ratio of Cu(I)L to Cu(II)L2 is constant as Cu(II) is continuously 

reduced to Cu(I) to support the reaction.2, 43  

 
Figure A.10 Current vs time response for the electrochemically induced polymerization process 

of NIPAM at Eapp= -0.65 V vs SCE on a thin multilayer of H-Eth-Ar groups on GC for 1 h. 

 

After polymerization for 1 h, an increased blocking of the electrochemical response of 1 mM 

Fe(CN)6
3-/4- in 0.1 M KCl solution can be observed from CVs and EIS measurements in Figure 

A.11 (a-b). It is clear that ∆Ep for the redox probe has increased after polymerization. Moreover, 

values of Rct rise from 0.23 kW for bare GC, to 15.93 kW for thin H-Eth-Ar modified, to 63.50 

kW for a PNIPAM modified GC electrode. From AFM measurements, the measured film 

thickness after polymerization is 24.4 ± 1.5 nm (Figure A.11 (c-d)). This thickness is less than 

that reported for PNIPAM brushes (~ 40 nm measured by ellipsometry) grown from Au surface 

in methanol/H2O using the same monomer concentration in an inert atmosphere using non-

electrochemical SI-ATRP.44 This difference could be due to different ATRP conditions, 

catalyst concentration and solvent systems and so on.41, 44, 45 As described above, the 

electrochemically induced ATRP reaction produces active catalyst at the working electrode 

only, so the concentration of catalyst is lower than when directly adding Cu(I) catalyst. 
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Additionally, H2O present in the methanol/H2O solvent system commonly used for ATRP can 

accelerate the polymerization rate.5, 46, 47 Therefore, under the experimental conditions used in 

this work, a relatively low film thickness is not unexpected. 

 

 

 
Figure A.11 (a) CVs, scan rate = 100 mV/s and (b) EIS measurements in 1 mM Fe(CN)6

3-/4- in 

0.1 M KCl solution at unmodified GC (black), thin multilayer H-Eth-Ar modified GC (red) 

and PMMA modified GC (blue); (c) AFM topographical image for a PMMA modified PPF 

sample after removing a section of film; (d) The corresponding depth profile. The one pot 

polymerization of NIPAM on GC and PPF was carried out at Eapp= -0.65 V for 1 h. 

 

Clearly, the PNIPAM layer is much thicker than PMMA layers grafted under the similar 

conditions, confirming that the polar monomer polymerizes faster in this polymerization 

system. After grafting PNIPAM brushes, the arithmetic surface roughness (Ra) increases 

significantly from 0.6 ± 0.1 nm for a H-Eth-Ar modified surface to 3.2 ± 0.2 nm. When the 

polymerization was carried out in the absence of an applied potential, the film scratch depth 

(a) 
(b) 

(c) (d) 
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remained at 1.8 nm, corresponding to just a thin multilayer of H-Eth-Ar film. These results are 

clear evidence that this one pot reaction makes it possible to graft the polymer chains on the 

working electrode surface. 

 

The PNIPAM layer modified electrode has a similar Rct (63.5 kW) to the PMMA modified 

sample described above (75.5 kW), but is significantly thicker (~24 nm for PNIPAM film and 

~ 3 nm for PMMA film). This is attributed to the hydrophilicity of the Fe(CN)6
3-/4- redox 

probe,48, 49 which is expected to be repelled by hydrophobic PMMA film, but not by the 

hydrophilic PNIPAM film. Furthermore, the PNIPAM film is expected to be swollen in 

aqueous solution at room temperature and to be more permeable than the hydrophobic PMMA 

film for which water is a poor solvent. 

 

The influence of applied potential during polymerization system was investigated by EIS of 1 

mM Fe(CN)6
3-/4- in 0.1 M KCl solution at polymer-coated electrodes, and AFM film thickness 

measurements as shown in Figure A.12. Rct values were found to increase with applied 

potential from 63.5 kW for Eapp = -0.65 V to 107.1 kW for Eapp = -0.70 V, then decreased to 

81.6 kW for Eapp = -0.85 V. However, the film thickness measured on modified PPF electrodes 

remained almost constant with different applied potentials, as shown in Figure A.12(c). The 

observed and reproducible small decrease in Rct for the polymer prepared at Eapp = -0.85 V, 

with no decrease in film thickness may be attributed to lower density of polymer brushes 

formed as the generation of Cu (0) during the reaction. At Eapp = -0.70 and -0.75 V, the samples 

exhibit high Rct and high film thickness. However, samples prepared at Eapp = -0.65 V have a 

relatively low Rct but the film thickness is higher than expected, which may be attributed to 

low polymer density resulting from the low driving force for conversion Cu(II) to Cu(I). These 

data tentatively suggest that the marked change in the Rct value with small change in the 

obtained thickness of the grafted polymer (also observed for PMMA, section 1.3.2.2) may arise 

from relatively small differences in the polymer, which do not affect the measured thickness 

of polymer in the dry state. It is possible that small difference in polymer density could have a 
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significant influence on Rct but not on dry film thickness.50 However, further experiments 

would be required to fully characterize the system, for example, polymer growth at the same 

potential but for different times to prepare of uniform polymer brushes on surface. 

 

 

Figure A.12 Data for PNIPAM layers grown on thin H-Eth-Ar multilayers on PPF. (a) Typical 

EIS spectra obtained in 1 mM Fe(CN)6
3-/4- in 0.1 M KCl solution at PNIPAM modified PPF 

polymerized at Eapp = -0.65, -0.70, -0.75 and -0.85 V. (b) Rct extracted from Nyquist plots in 

(a). The error bars represent 3 measurements made at each potential. (c) AFM film thickness 

of PNIPAM layers after polymerization at the indicated Eapp values for PPF samples with 

reaction times of 1 h. 

A.3.2.4 Preparation and characterization of PNIPAM on monolayers of H-Eth-Ar groups 

For the purpose of preparing well controlled and defined PNIAPM layers, monolayers of H-

Eth-Ar films were investigated as the anchoring layer.22, 51, 52 Based on the potential for Cu(II) 

reduction at H-Eth-Ar film with different thickness, PNIPAM film was grown from the 

(b) 

(c) 

(a) 
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monolayer following the same experimental procedure as for the one pot reaction on the thin 

multilayer, but with Eapp = -0.30 V. The initial evidence demonstrating the successful growth 

of PNIPAM on the H-Eth-Ar monolayer can be seen in the CV and EIS plots in Figure A.13. 

After polymerization, the CVs and EIS of Fe(CN)6
3-/4 showed an increased blocking of electron 

transfer with Rct increasing from unmodified (0.46 kW) to monolayer of H-Eth-Ar (6.01 kW) 

to PNIPAM layer (23.21 kW), indicating a successful polymerization.  

 

Figure A.13 (a) CVs, scan rate = 100 mV/s and (b) EIS measurements in 1 mM Fe(CN)6
3-/4- in 

0.1 M KCl solution at bare GC (black), H-Eth-Ar monolayer modified GC (red), PNIPAM 

modified GC (blue). 

 

Compared with the electrode modified with PNIPAM grown on the thin multilayer of H-Eth-

Ar groups, the electrode modified with PNIPAM grown on the H-Eth-Ar monolayer has lower 

Rct. This because the monolayer has a lower surface concentration of active anchor points for 

polymer brush growth than does the H-Eth-Ar thin multilayer, resulting in a lower polymer 

density. Alternatively, the grafted PNIPAM brushes may be shorter than those grown on the 

H-Eth-Ar thin multilayer. 

 

AFM depth profiling was used to measure the thickness of the PNIPAM film grown on the H-

Eth-Ar monolayer on a GC plate electrode. GC was used rather than PPF in this case, because 

GC can be safely subjected to extended ultrasonication. Sonication is particularly important to 

clean the substrate after deprotecting the TIPS-Eth-Ar monolayer. Figure A.14 shows that after 

(a) (b) 
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polymerization, the scratch depth is ~16 nm. This is thinner than the PNIPAM layer grown 

from thin multilayers of H-Eth-Ar groups and may result from lower coverage of H-Eth-Ar 

anchor points, giving a lower coverage of polymerization initiator and a larger area per polymer 

chain. This could result in a lower measured thickness for the polymer in the dry collapsed 

state. Additionally, this result is consistent with the electrochemistry results in terms of the Rct 

values. 

 

Figure A.14 (a) AFM topographical image on PNIPAM modified GC plate prepared at Eapp = 

-0.3 V for 1 h, based on the monolayer of H-Eth-Ar; (b) the depth profile of scratch. 

 

Moreover, the surface hydrophilicity was tested using water contact angle measurement at 

room temperature. The average water contact angle on the PNIPAM modified surface was 44 

± 2°, significantly lower than that for unmodified GC (73 ± 1°), consistent with a hydrophilic 

modifying layer. This further confirms the presence of PNIPAM on the surface. 

A.3.2.5 Temperature response of PNIPAM film grown on thin multilayers and monolayers of H-

Eth-Ar groups 

As mentioned above, PNIPAM is a well-known temperature responsive polymer in aqueous 

solution. Therefore, in order to further characterize the PNIPAM modified surface and 

investigate the temperature response properties, EIS, water contact angle and liquid AFM 

measurements were made at temperatures above and below the LCST. 

(a) (b) 
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EIS measurements of 1 mM Fe(CN)6
3-/4- in 0.1 M KCl solution were conducted on the PNIPAM 

brushes grown on thin multilayers of H-Eth-Ar through the one pot reaction at Eapp = -0.65 V 

for 1 h. The Rct extracted from the EIS results at different temperatures were compared to those 

for unmodified GC over a similar temperature range (Figure A.15). 

 

Figure A.15 Rct values for 1 mM Fe(CN)6
3-/4- in 0.1 M KCl solution as a function of temperature 

for (a) unmodified GC electrode with and without polishing before EIS measurement at each 

temperature; (b) PNIPAM grown on thin multilayer of H-Eth-Ar group with polymerization of 

at Eapp = -0.65 V for 1 h. Successive measurements were made at increasing temperatures. 

 

As shown in Figure A.15 (a), for unmodified GC electrode, values of Rct for 1 mM Fe(CN)6
3-

/4- in 0.1 M KCl solution depend strongly on whether the electrode is polished before each EIS 

measurement. It is assumed that, in the absence of polishing, adsorption of redox species, or 

trace amount of decomposition products block the GC surface and increase the Rct for 

successive measurements at increasing temperature. With polishing before each EIS 

measurement, the Rct values remain low at all temperature. For the PNIPAM modified electrode 

based on the thin multilayer of H-Eth-Ar groups (Figure A.15(b)), the Rct decreases steeply 

between 25 ºC and approximately 30 ºC, and then decreases more slowly with increasing 

temperature. This may seem surprising because in the hydrophobic, collapsed state above the 

LCST, it would be expected that the Rct for Fe(CN)6
3-/4- in the aqueous medium should be 

greater than when the polymer is in the hydrophilic state below the LCST. However, similar 

behaviour has been previously reported and attributed to the collapsed state producing areas of 

(a) (b) 
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thinly covered or bare electrode surface.53-55 For the surfaces prepared here, the Rct at areas of 

surface covered with just a H-Eth-Ar layer, or with a low density and thin film of PNIPAM 

would be expected to be relatively low. This behaviour suggests that the grafted PNIPAM 

brushes have a low density so that a mushroom-like state is obtained when the polymer chains 

collapse, presenting pathways for electron transfer at the electrode surface. 

 

Compared with the thin H-Eth-Ar multilayer based PNIPAM film, the PNIPAM film grown 

from a H-Eth-Ar monolayer shows a similar trend in Rct with temperature response, as seen in 

Figure A.16 (a). As shown in Figure A.16 (b), the Rct values for 1 mM Fe(CN)6
3-/4- in 0.1 M 

KCl solution at the polymer layer exhibits good reversibility on cycling through temperature 

changes. This is attributed to the formation of a controllable and uniform distribution of the 

anchor points leading to the controllable distribution of polymer chains. 

 

Figure A.16 (a) Rct values for 1 mM Fe(CN)6
3-/4- in 0.1 M KCl solution as a function of 

temperature; (b) reversibility test of Rct at low temperature (23 °C) and high temperature (46 

°C) for PNIPAM grown on H-Eth-Ar monolayer modified GC electrode at Eapp = -0.3 V vs 

SCE for 1 h. 

 

 

 

 

 

(a) (b) 
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Table A.1 Water contact angles on PNIPAM modified PPF based on H-Eth-Ar thin multilayers 

at 22 °C and 50 °C. Polymerization was carried out at Eapp = -0.65 V for 1 h. 

Surface 22 °C 50 °C 

PNIPAM modified PPF 42 ± 2 ° 58 ± 2 ° 

Unmodified PPF 62 ± 1 ° 64 ± 3 ° 

 

The water contact angle of PNIPAM films grown on H-Eth-Ar thin multilayers modified PPF 

(Table A.1) and H-Eth-Ar monolayers modified GC surface (Table A.2) were measured at both 

22 °C (below LCST) and 50 °C (above LCST). The temperature of 50 °C was chosen to be 

above the LCST, but not so high that evaporation of the water droplet would be a problem. The 

details of the measurement procedure are given in the experimental section. The data in Table 

A.1 and Table A.2 shows that at 50 °C, both modified samples have higher water contact angle 

than at 22 °C, as expected for a temperature-induced change to a more hydrophobic 

conformation. The water contact angle on unmodified samples did not change with temperature. 

These results are similar to previous studies.15, 17 Bhandary et al. have done the work about the 

effect of temperature on the water contact angle on grafted PNIPAM brushes using molecular 

dynamics simulations, showing a shift from 55 º to 65 º as the temperature increases from 300 

K to 310 K.17 Burdukova et al. also reported similar results: at 22 °C, a silica glass surface 

coated with a PNIPAM with 0.23 Dalton exhibited a water contact angle of ~ 18 º, while at 50 

°C it was ~ 50 º.15 Some studies have reported that the magnitude of hydrophilicity change 

depends on polymer molecular weight and polymer density.15, 16, 56 For example, the study of 

Burdukova et al. showed that the polymer weight makes a difference in terms of water contact 

angle change with temperature: for 3.6 Dalton PNIPAM brushes, the contact angle changed 

from ~ 42 º at 22 °C to ~ 85 º at 50 °C, which is significantly different to the behaviour of the 

0.23 Dalton sample. However, in the present research, the effect of polymerization time (and 

presumably polymer molecular weight) on water contact angle was not investigated. 
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Table A.2 Water contact angles on PNIPAM modified GC based on H-Eth-Ar monolayers at 

22 °C and 50 °C. Polymerization was carried out at Eapp = -0.3 V for 1 h. 

Surface 22 °C 50 °C 

PNIPAM modified GC 44 ± 2 ° 54 ± 2 ° 

Unmodified GC 73 ± 1 ° 72 ± 2 ° 

 

Temperature-induced changes of the PNIPAM conformation were investigated by AFM 

measurements in Mill-Q water at 25 °C and 40 °C. Unmodified GC and H-Eth-Ar thin 

multilayer modified GC were imaged as the temperature cycled from 25 °C to 40 °C and back 

to 25 °C (Figure A.17 and Figure A.18). For both samples, the surface morphology has no 

obvious change as evidenced by surface roughness. For unmodified GC, the surface roughness 

is 2.4 ± 0.3 nm at 25 °C, 2.6 ± 0.1 nm at 40 °C and 2.5 ± 0.3 nm when cooled back to 25 °C. 

For H-Eth-Ar thin multilayer modified GC, the surface roughness is 2.3 ± 0.2 nm at 25 °C, 2.3 

± 0.3 nm at 40 °C, and 2.3 ± 0.6 nm when cooled back to 25 °C. This data demonstrates that 

these two surfaces have no temperature response in water. 

 

For the surface with PNIPAM grown from the H-Eth-Ar monolayer, there is a significant 

morphology change in water as the temperature changes. These changes are clear in the AFM 

topography images of Figure A.19. At 25 °C, the PNIPAM grown from the H-Eth-Ar 

monolayer has a roughness of 6.9 ± 0.8 nm with a brush-like three-dimensional morphology. 

When the temperature was increased to 40 °C, the surface roughness decreased to 3.4 ± 0.7 nm 

and the AFM image reveals a pancake like structure as previously reported.16 When the sample 

was cooled back to 25 °C, the surface features appeared similar to the initial image obtained at 

25 °C. The surface roughness, 6.6 ± 1.0 nm, approached that of the initial value at 25 °C.57 

These results suggest that this modified surface has a significant temperature response property. 

It also shows reversible behaviour to heating and cooling, which is consistent with the Rct 

measurements in Figure A.16. 
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The PNIPAM layer grown from a H-Eth-Ar thin multilayer was also investigated, as shown in 

Figure A.20. At 25 °C, the surface is featureless with surface roughness of 1.7 ± 0.3 nm. When 

heated to 40 °C, it exhibited bigger diverse features with a surface roughness of 2.6 ± 0.5 nm. 

When it was cooled back to 25 °C, the AFM image suggests a morphology change with 

roughness of 1.9 ± 0.2 nm, which is close to the value at 25 °C. There surface roughness values 

show the opposite trend to that for PNIPAM grown on the H-Eth-Ar thin multilayer. However, 

it should be noted that for PNIPAM grown on thin multilayer, the surface roughness values are 

very similar at the low and high temperatures, suggesting only minor polymer conformation 

changes. Comparing the liquid AFM images obtained from the different samples, PNIPAM 

grown from H-Eth-Ar monolayer showed a more obvious morphology change with 

temperature than did the PNIPAM film on the thin H-Eth-Ar multilayer and has a more uniform 

and ordered appearance. 
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Figure A.17 Liquid AFM in water for unmodified GC at (a) 25 °C, (b) 40 °C and (c) 25 °C. 

 

Figure A.18 Liquid AFM in water for H-Eth-Ar thin multilayer modified GC at (a) 25 °C, (b) 40 °C and (c) 25 °C. 
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Figure A.19 Liquid AFM in water for PNIPAM grown on H-Eth-Ar monolayer modified GC at (a) 25 °C, (b) 40 °C and (c) 25 °C. 

 

Figure A.20 Liquid AFM in water for PNIPAM grown on H-Eth-Ar thin multilayer modified GC at (a) 25 °C, (b) 40 °C and (c) 25 °C. 
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A.4 Conclusion 
It has been demonstrated that the electrochemically induced one pot click reaction and SI-

ATRP of MMA and NIPAM can be achieved using carbon electrode modified with H-Eth-Ar 

groups as anchor layers. The use of a thick H-Eth-Ar multilayer results in a considerably 

negative potential for reduction of Cu(II) to Cu(I) to activate the reaction; hence this thick H-

Eth-Ar layer is not stable at that potential and is therefore unsuitable as an anchor layer. On 

thin H-Eth-Ar multilayers, PMMA growth increases with time at the same applied potential, 

but even after 5 h, the thickness of polymer and aryl layer is only ~ 3 nm. This limited growth 

is tentatively attributed to the presence of polymerization inhibitor and solvent polarity. 

PNIPAM polymer brushes grown on thin multilayers have a greater dry thickness than those 

on monolayers. This may attribute to the different concentrations and distribution of active 

anchor points provided by the H-Eth-Ar films. After modification, the PNIPAM-modified 

carbon surface hydrophilicity increases for both layers at room temperature, consistent with 

the hydrophilic polymer grafted to the surface. For PNIPAM layers grown on both thin 

multilayers and monolayers, EIS measurement of 1 mM Fe(CN)63-/4- in 0.1 M KCl solution in 

aqueous solution showed that Rct decreased in the PNIPAM collapsed state at temperatures 

above the LCST, indicating a low density of PNIPAM brushes. Water contact angle 

measurements at different temperatures confirmed the PNIPAM conformation change with 

temperature. However, AFM images in water clearly showed the expected changes in PNIPAM 

conformation with temperature change are more evidend for the layer grown on the H-Eth-Ar 

monolayer. 

 

Results in this chapter show this simple approach gives an easy and robust access to modify 

carbon electrode surface electrochemically with temperature sensitive polymer brushes. 

Aryldiazonium salt provides stable covalent bonding between polymer brushes and carbon 

surface and different structure of anchor layer for SI-ATRP. A monolayer of anchor points 

gives good controllability for polymer brushes growth. The polymer chain density and 

thickness can be adjusted by changing the applied potential and reaction time. However, in the 
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one pot reaction system, eCuAAC and SI-eATRP occur at the same time, and the rate of 

combination of eCuAAC and SI-eATRP has not been fully investigated; therefore, further 

study may be required to optimize the electrochemically induced click reaction and 

polymerization condition. 
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