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Abstract
This thesis describes the development of methods to modify metal oxide surfaces with
aryldiazonium ions and the characterisation of the effect of modification on the properties of these
materials.
SU-8 2005 photoresist surfaces were used as a model system for modifying poorly conducting metal
oxides. SU-8 surfaces were modified with nitrophenyl (NP) and methoxyphenyl (MP) groups at pH 7
and pH 10 in aqueous conditions. The thickness of the resulting films was measured by atomic force
microscopy (AFM). The grafting reaction at pH 10 was found to have minimal dependence on the
aryl substituent whereas at pH 7, MP-films required over 30 min to reach uniform coverage. It is
proposed that the formation of the diazohydroxide intermediate at pH 7 is more favoured for the
aryldiazonium ions with nitro substitution than methoxy substitution. In non-aqueous conditions, no
grafting was observed by AFM after 1 h reaction time in the absence of reducing agent. In the
presence of ferrocene as a reducing agent, scattered aggregates were found across the surface,
suggesting the grafting reaction was rapid and uncontrolled.
These conditions were then adapted to modify MnO2 nanoparticles and electrodeposited films and
the effect on their electrochemical behaviour as pseudocapacitance materials was investigated.
X-ray photoelectron spectroscopy (XPS) showed that attachment of aryl layers to the MnO 2
nanoparticles occurred via covalent bonding though surface O species. The capacitance of MnO2
films was found by cyclic voltammetry (CV) to generally increase after modification at 50 mV s-1 scan
rate but decrease at 500 mV s-1. Electrochemical impedance spectroscopy (EIS) measurements
indicated that the aryl layer introduced a diffusive resistance in the electrode, limiting charge
storage at high scan rates. The origin of the increase in capacitance at low scan rates could not be
identified, however, it is proposed that modification of the surface may introduce gap states that
provide additional charge storage.
MBE-grown and bulk single crystal ZnO surfaces were modified at pH 8 in aqueous conditions with
aryldiazonium ions. MBE-grown surfaces were modified electrochemically and non-electrochemically
with a range of aryldiazonium ions, with electrochemical modification giving increased grafting
density. These electrochemical modification conditions were then extended to single crystal O-polar,
Zn-polar and m-plane ZnO surfaces, however, no signs of aryl layer attachment were observed. XPS
analysis of modified MBE-grown and single crystal surfaces showed increased P-content after
electrochemical cycling in the presence of aryldiazonium ions, most likely due to adsorption of
phosphates from the modification solution. At single crystal surfaces this was found to vary with the
vi

extent of O-termination of the crystal phase. Changes in valence band edge position were observed
by XPS for some modified single crystal surfaces, however, this did not directly correlate to
P-content at the surface, suggesting further modifications are occurring at the surface.
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1. Introduction

1 Introduction
Metal oxides are a class of materials that exhibit a wide range of physical, chemical and electronic
properties and can be prepared with diverse morphologies including 0-, 1- and 2-dimensional
nanostructures such as nanoparticles, nanorods and thin films. This variety of properties and
morphologies allows for a similar breadth of applications including energy generation and storage,
catalysis and electronics.1-3
In a number of these applications, the properties of the metal oxide surface are vital to the function
and stability of the material. For example in catalytic systems, the surfaces of the catalyst and
support are involved in the catalytic reaction, as well as being potential sites of degradation of the
material due to corrosion or catalytic poisoning.4 Therefore by controlling the properties of metal
oxide surfaces, the performance and stability of these materials can be enhanced. One approach to
controlling surface properties is to use chemical modification to attach molecular layers to the
surface to influence the behaviour of the underlying material or to add new functionalities.5
The work described in this thesis investigates the use of aryldiazonium ion-based grafting to modify
MnO2 and ZnO nanomaterials. The introduction to surface modification by aryldiazonium ion-based
grafting is given in this chapter. The application of aryldiazonium ion-based grafting to nonconducting materials will be detailed in Chapter 3. The properties of MnO2 and ZnO, and prior
research on their chemical modification, will be described in Chapters 4 and 6 respectively.

1.1 Aryldiazonium Ion-Based Modification
Aryldiazonium salts have long been studied as reagents for organic synthesis, especially in the
production of dyes.6 The first detailed study of aryldiazonium ion grafting to surfaces was
undertaken by Pinson et al., where aryl layers derived from aryldiazonium ions were electrografted
to carbon surfaces and the involvement of aryl radicals in the grafting mechanism was proposed.7
Subsequently aryldiazonium ions have been studied extensively as modification agents due to their
ability to form stable covalent bonds to a variety of substrates and to give layers with a range of
functionalities.8-10 Films grafted from aryldiazonium salts have thicknesses ranging from < 1 nm for a
monolayer (depending on substituent) to > 1 µm for polymeric films, with typical values being a few
nm.11-13 Aryldiazonium salt-based grafting has been used previously on a range of metal oxides
including TiO2, indium tin oxide (ITO), native oxides on Cu and Al surfaces, ZnO and Fe3O4.14-19
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1.1.1

Synthesis of Aryldiazonium Ions

One of the main advantages of aryldiazonium ions is their straightforward synthesis from readily
available aromatic amine derivatives.8 For use for surface modification, aryldiazonium ions are either
prepared as isolated salts or are used ‘in situ’ without isolation.
Isolated salts can be prepared by either aqueous or nonaqueous routes. In aqueous conditions, the
salt is prepared in ice cold acidic solution from the aromatic amine precursor by reaction with
sodium nitrite. The low temperature acidic conditions are necessary as aryldiazonium salts are
unstable in aqueous solution above 5 °C and at pH > 2.9 Non-aqueous preparation of aryldiazonium
salts is usually conducted in acetonitrile with tert-butyl nitrite as the diazotising agent. There are
safety issues associated with isolated salts as they can be explosive and unstable at room
temperature unless they are prepared with bulky counter-ions such as BF4-.9, 10
In addition to these safety concerns, some aryldiazonium ions of interest, such as 4aminobenzenediazonium – a useful molecular tether, are very difficult to isolate and thus have to be
prepared and used in situ. The in situ preparation involves reacting the amine with the diazotising
agent in either acidic or non-aqueous solution and then immediately grafting from this solution. In
this fashion, aryldiazonium ions can be reacted with the substrate without needing to be isolated or
stored.20, 21 Alternatively, the reaction can be conducted entirely in pure isoamyl nitrite which acts as
both a solvent and diazotising agent.10
1.1.2

Modification Methods

Modification using aryldiazonium ions can be carried out by electrochemical (electrografting) or nonelectrochemical reactions (e.g. chemical reduction or spontaneous reaction at room temperature
and open-circuit potential). This diversity of methods enables modification of a range of conducting,
semiconducting and insulating substrates.
1.1.2.1 Electrografting
The first report of surface modification by electrografting of aryldiazonium ions was the attachment
of 4-nitrophenyl (NP) layers to glassy carbon (GC) electrodes by the electrochemical reduction of 4nitrobenzenediazonium (NBD) BF4- salt.7 Electrochemical grafting proceeds by reduction of the
aryldiazonium ion to produce N2 gas and an aryl radical which then attacks the surface to produce an
aryl film grafted to the surface (Scheme 1.1, Steps 1 and 2). Electrografting is typically conducted in
aqueous acid or acetonitrile as aryldiazonium ions are stable under these conditions.9
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Scheme 1.1: Proposed mechanism for electrografting and multilayer formation by radical reactions
of aryldiazonium salts, based on that of Pinson et al.22
In addition to grafting to the electrode surface, the reactivity of the radical species results in a
number of side reactions. Radicals in solution can terminate by abstracting protons from the solvent
or by dimerisation, however, this is less likely during electrografting due to the formation of the
radicals close to the substrate. However, radicals produced at the substrate surface can also react
with the growing aryl layer to form multilayers (Scheme 1.1, Step 3). Restoration of aromaticity after
attack by aryl radicals occurs through an electron transfer to the electrode or reoxidation of the
cyclohexadienyl radical by another aryldiazonium ion (Step 4). Multilayer formation by aryl radicals
continues by this process until the layer is sufficiently thick to prevent electron transfer out to
aryldiazonium ions in solution and thus further grafting (Step 5).8 However, grafting by nonelectrochemical methods (Section 1.1.2.2) has been reported to continue after the formation of a
‘blocking’ film that prevents electron transfer from the surface.23
Several methods have been used to limit aryl layer formation to a monolayer during electrografting.
Menanteau et al. explored the use of radical scavengers to limit the multilayer formation by
suppressing excess radicals produced during the grafting process at carbon electrodes. It was
expected that when radicals are being scavenged from solution, the faster grafting kinetics of
attachment to carbon versus the already-grafted film would result in grafting occurring solely at the
carbon surface.24 Surface coverage and film thickness measurements decreased with increasing
radical scavenger concentration and were consistent with monolayer formation at a 2 × excess of
the radical scavenger (2,2-diphenyl-1-picrylhydrazyl) compared to NBD salt.12 No measurements of
film roughness were provided, however, the monolayer films show signs of variable film density. This
3
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is possibly due to the radical scavenger suppressing radical grafting at the surface in addition to
grafting multilayer structures.
An alternative monolayer formation method is to prepare films with the desired modifier protected
by bulky cleavable substituents. Subsequent multilayer formation will occur at the protecting groups
such that when these groups are cleaved after the grafting reaction, the disordered multilayer film
will be removed.25, 26 Initial work in this area by Nielsen et al. grafted diaryldisulfides to prepare nearmonolayers of thiophenolates by reductive cleavage of the disulfide bonds within the film.25
However, this approach is limited to the preparation of near-monolayers as the diaryldisulfide group
is not bulky enough to prevent grafting to the aryl ring below the disulfide bond resulting in
multilayer material that is retained after the disulfide bonds are cleaved. An improvement to this
strategy by Leroux et al. was the use of triisopropylsilyl as a cleavable protecting group that
prevented grafting to the aryl layer by its increased steric bulk, allowing preparation of
ethynylphenyl monolayers.11 This method has been applied recently to prepare amine-terminated
monolayers

on

carbon

surfaces

by

grafting

the

tert-butyloxycarbonyl-

and

fluorenylmethyloxycarbonyl-protected aryldiazonium salts.26 After the protecting groups were
cleaved, the thickness of the grafted films decreased from ~2 nm to < 1 nm indicating the resulting
film was monolayer or near monolayer in thickness. Film coverage measurements were conducted
by using amide coupling reactions to immobilise redox probes onto the film surface and calculated
coverages were approximately half the expected value for a close-packed monolayer. This low
coverage may be due to the variable yield of coupling reactions masking the true quantity of film
grafted or the size of the protecting group limiting the initial grafting step to sub-monolayer
coverage. These studies suggest that grafting monolayer-thickness films is achievable but further
work is needed to improve the uniformity of these surfaces.
Electrografting of aryldiazonium ions has been applied to metal oxides materials to control their
surface properties. Tanguy et al. used electrografting aryldiazonium ions to lower the surface
reactivity of Li1.1V3O8 for Li-ion battery applications.27 The high activity of nanostructured surfaces
can lead to unwanted side reactions that reduce the stability of the electrode material. Attaching a
thin (< 30 nm) coating to the surface can passivate it against unwanted reactions without restricting
charge transfer during the energy storage process. Li1.1V3O8 nanoparticles were modified with NP
films by electrografting 0.2 M NBD salt during the lithium intercalation process in ethylene
carbonate-dimethyl carbonate LiPF6 (1 M). After cleaning by sonication, FT-IR of the modified
material showed peaks characteristic of NP groups and an absence of diazonium groups indicating
the grafting reaction was successful. The binding mode between the aryl layer and the oxide surface
4
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was not studied, however evidence for azo linkages was observed via XPS. Transmission electron
microscopy (TEM) images showed formation of a homogeneous ~ 2 nm thick layer around the oxide
particles after 60 min modification suggesting formation of a continuous multilayer. The effect of
modification on the chemical activity of the electrode was measured by monitoring electrolyte
decomposition processes electrochemically. On the modified surface the electrolyte decomposition
decreased significantly and the capacity retention of the electrode was improved without altering
the electrochemical activity.
1.1.2.2 Non-electrochemical Grafting
Grafting of aryl layers from aryldiazonium ions can also be conducted at open-circuit potential and
room temperature by a variety of methods depending on the substrate and reaction conditions. This
has the advantage of allowing modification of materials that are insulating or otherwise difficult to
form into electrodes.10
1.1.2.2.1 Reduction by Chemical Reagents
The most directly analogous method to electrografting is the use of chemical reducing agents to
reduce the aryldiazonium ion to an aryl radical in acidic conditions. H3PO2 and iron powder are
commonly employed for this.28 As radicals are produced in solution rather than at the surface, the
process is much less efficient than electrografting.8 Abiman et al. compared grafting electroactive
aryl layers to carbon powders with the reducing agent H3PO2 solution and in pure water.29 The
reducing agent was found to give lower surface coverage than the spontaneous reaction in pure
water. Electrochemistry of the grafted layers in the presence of reducing agents only showed a
single peak compared to multiple convoluted peaks when films were grafted spontaneously. These
differences were proposed to be caused by the spontaneous grafting occurring through several
types of linkages which give different redox potentials for the attached groups. Due to the rapid
formation of radicals in the presence of a reducing agent, these alternative mechanisms are
suppressed and the instability of radicals leads to a short period of film growth. A similar trend in
film thickness for films derived by spontaneous reaction versus chemical reduction was observed by
Simons et al. on insulating SU-8 substrates.28 Atomic force microscopy (AFM) film thickness
measurements showed that aminophenyl films grafted with H3PO2 were approximately half as thick
as spontaneously grafted films. This reduced film thickness was due to the reducing agent rapidly
converting aryldiazonium ions in solution into radicals that terminate in solution by reaction with
each other or the solvent which limits the available radicals to graft to the surface.
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1.1.2.2.2 Reduction by Conducting Substrates
Rather than electrons provided by an external circuit or an added reducing agent, sufficientlyreducing substrates can reduce aryldiazonium ions to aryl radicals by reacting with them directly by
effectively the same process as shown in Scheme 1.1. This technique is limited by the reducing
power of the substrate in relation to the aryldiazonium ion and is thus restricted in terms of what
functionalities can be grafted to the surface as the substituents on the aryl ring influence the
reduction potential of the aryldiazonium ion.30 This dependence on the relative reducing power of
the substrate has been demonstrated by the spontaneous grafting of aryldiazonium ions with
different reduction potentials onto GC surfaces.30 Of the aryldiazonium salts studied (R = NO2, NEt2,
NHPh, NPh2), only NBD was found to readily graft to the GC surface by spontaneous reaction. This
was attributed to the ease of reduction of NBD arising from the strong electron-withdrawing
character of the NO2 substituent. The decreased driving-force for modification typically results in
spontaneous grafting being less efficient than electrografting, requiring longer reaction times to
achieve comparable surface coverage.31, 32
Spontaneous aryldiazonium ion reduction has been observed on carbon, metal and semiconductor
surfaces.18,

33, 34

Grafting via spontaneous reduction on carbon surfaces has been exploited

industrially by the Cabot corporation to prepare modified carbon powders to use in ink.35 Hurley and
McCreery modified Cu and Cu/Al alloy surfaces via spontaneous reaction in acidic and non-aqueous
media and observed attachment via Cu-C and Cu-O-C (to the native oxide) bonding by X-ray
photoelectron spectroscopy (XPS).18 The spontaneous reaction on Cu surfaces was expected to be
analogous to the Gattermann and Sandermeyer reactions where copper catalysts reduce
aryldiazonium ions to aryl radicals. Spontaneous modification has been used on other reducing
metals including: Fe,36, 37 Pd34 and Zn.37 Semiconducting GaAs and Si surfaces were also found by
Stewart et al. to spontaneously reduce aryldiazonium ions for grafting of aryl radicals.34
1.1.2.2.3 Aryl Cation-Based Grafting
In addition to homolytic dediazoniation to form radicals, aryldiazonium ions have also been shown
to spontaneously decompose heterolytically via loss of nitrogen gas to give aryl cations that are able
to graft to surfaces in both acidic and non-aqueous solutions.38 The mechanistic involvement of aryl
cations was proposed for the modification of graphite and glassy carbon in the absence of reducing
agent.29 The area of the NP-reduction peak observed after modification with NBD in the absence of
reducing agent was found to increase with increasing reaction temperature from 5-70 °C, suggesting
thermal decomposition to aryl cations. However, grafting by spontaneous reduction is also possible
at these substrates and thus grafting via the aryl cation may not be the dominant mechanism. The
6
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involvement of aryl cations was also proposed by Mesnage et al. to explain the modification of Au
surfaces (Scheme 1.2).39 Despite Au being insufficiently reducing to reduce aryldiazonium ions to
form aryl radicals, attachment of the aryl ring directly to the substrate via metal-C bonding was
detected by XPS. Successful attachment was observed, independent of the substituent on the aryl
ring (R = NO2, SCH3, COOH, Br, OCH3) which exert varying inductive and mesomeric effects. This is in
contrast to the reduction-based mechanisms described previously, where the effect of the
substituent on the aryldiazonium ion reduction potential, and thus grafting efficiency, is significant.
Grafting via the aryl cation mechanism was found to be favoured as pH increased (up to pH 2.68)
due to the decreased stability of the aryldiazonium ion and was also favoured by the absence of Clwhich can quench aryl cations. These experimental observations confirm the involvement of aryl
cations as the grafting intermediate, however, the details of the mechanism of attachment to the
surface are unclear.

Scheme 1.2: Proposed mechanisms for spontaneous grafting via aryl cations or formation of azo
linkages by direct attack of the aryldiazonium ion.39
Reaction via aryl cations has also been proposed as one of the dominant mechanisms for multilayer
formation (Scheme 1.2) where aryl cations attack the already grafted groups, followed by
elimination of H+.39 It has been proposed that this mechanism contributes to the continued grafting
observed at blocking film surfaces in acetonitrile and aqueous acid where electron transfer into
solution is not possible and spontaneous reduction of the aryldiazonium ion is unlikely. Gradual
thermal decomposition of the aryldiazonium ion into aryl cations is consistent with the relatively
slow reaction rate of multilayer formation compared to the initial film formation by spontaneous
reduction at carbon surfaces.23
1.1.2.2.4 Direct Aryldiazonium Ion Grafting
The direct attack of the aryldiazonium ion to attach via azo linkages has been proposed as a grafting
mechanism in acidic or non-aqueous solutions for inert substrates (Scheme 1.2). Attachment via azo
7
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linkages has been observed via XPS by Mesnage et al. for Au and Ni substrates modified in acid and
non-aqueous solution.39 Azo linkages were observed with all modifiers studied (R = NO2, SCH3,
COOH, Br, OCH3), however, Au-N bonding from direct attachment of the aryldiazonium ion to the
surface was not observed for COOH or OCH3 substituted layers despite their electronic similarity to
other layers (e.g. R = OCH3 to SCH3). This result is unexpected as direct grafting of the aryldiazonium
ion is proposed as occurring by electrophilic attack and thus the electronic character of the
substituent would affect grafting by influencing the electrophilicity of the aryldiazonium ion.12 The
absence of Au-N bonding in the XPS spectra for these samples may also be caused by low surface
concentrations and the surface insensitivity of 1486 eV X-rays resulting in Au-N bonds being
undetected. Spontaneous grafting of NBD through azo linkages directly to carbon surfaces has also
been observed when the radical grafting mechanisms are quenched by radical scavengers.12, 40 The
proportion of azo linkages on the grafted surface detected by XPS was found to increase with the
concentration of radical scavenger and decrease with the thickness of the grafted film. These results
suggest that the azo linkages are primarily between the aryl layer and the substrate rather than
within the layer. The low concentration of azo linkages within the film was explained as being due to
the electron-withdrawing NO2 group on the already-grafted film deactivating the aryl ring for attack
by aryldiazonium ions (via the mechanism in Scheme 1.2). Grafting through azo linkages is favoured
at open-circuit potential where there is less driving force for the conversion of aryldiazonium ions to
radicals.
1.1.2.2.5 Diazoate-Based Grafting
In contrast to acidic and non-aqueous conditions, at neutral and basic pH, the aryldiazonium ion is
highly unstable and instead forms a diazohydroxide which converts to a diazoate. Diazoates and
diazohydroxides decompose homolytically to form aryl radicals that can graft to the surface (Scheme
1.3)41-43 As no reduction by the substrate is required, this method functions on inert substrates like
Au.42 In addition to spontaneous decomposition, radical formation by electrochemical reduction of
diazoates has been observed at GC in pH 10 buffer at 0.025 V vs. SCE. This suggests that at
sufficiently reducing metals, such as Fe, grafting may also occur via reduction of the diazoate to
radicals by the substrate.42

8

1. Introduction

Scheme 1.3: Diazoate formation in high pH solution and surface modification by the resulting aryl
radicals.
The diazoate mechanism has been used to modify metals (Fe and Au), insulators (SiO2) and metal
oxides (TiO2, Fe3O4, Gd2O3 and Al2O3).42,

44-46

The diazoate mechanism is useful due to the low

reducing power of many oxide materials as they are unable to reduce aryldiazonium ions. For
example, Griffete et al. modified Fe3O4 nanoparticles with aryldiazonium salts at pH 9 to improve
their aqueous dispersibility.46 This modification approach was successful with both pre-formed
nanoparticles and using the aryldiazonium grafting process to form a capping layer around the
nanoparticles within the particle synthesis solution. The aryl layer was identified on the surface by
peaks assigned to C=C bonding in the FT-IR spectra of the modified particles, however, the bonding
between the particles and the layer was not characterised. Subsequent work by Brymora et al. used
57

Fe Mössbauer spectroscopy to identify grafting through Fe-O-C bonds by on Fe2O3 particles

modified by the same route.47
A related mechanism is grafting via the diazoanhydride which is favoured in neutral conditions.
Reaction between a diazoate and another aryldiazonium ion by the Gomberg-Bachmann reaction
can lead to the formation of a diazoanhydride which decomposes homolytically to form radicals
(Scheme 1.4). This mechanism has been proposed for the modification of carbon nanotubes in pure
water and dimethylformamide.48, 49 Schmidt et al. identified radicals as the key reactive species in
9
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modification of carbon nanotubes in water as grafting reaction was suppressed in the presence of
the radical scavenger (2,2,6,6-Tetramethyl-1-piperidinyl)oxidanyl.48 Analysis by electron spin
resonance spectroscopy indicated that the grafting reaction occurs by a radical chain mechanism
involving the carbon nanotubes. This reaction is pH dependent and was found to be dominant at
neutral pH as the reaction was suppressed in the presence of excess HCl.48 During grafting in
dimethylformamide, the involvement of diazoanhydride-derived radicals was evidenced by the
introduction of O species during the grafting process as detected by XPS.49 Grafting was found to be
independent of the substituent used, providing further evidence for radical production by
spontaneous decomposition rather than a reduction process. It is difficult to determine from these
results any influence on the substituent on the decomposition of the diazoanhydride as a number of
the substituents studied introduce O-content into the modified samples in addition to any resulting
from grafting by diazoanhydride-derived radicals.

Scheme 1.4: a. Formation of radicals via a diazoanhydride intermediate, b. Bonding between
diazoanhydride-derived radicals and a surface.49
1.1.2.2.6 Other Methods
In addition to the methods described above, aryldiazonium grafting reactions have been driven by
several other methods.
Photochemical grafting is a method that can be used as both a modification and patterning strategy
by exploiting photolithography techniques. Aryl layers have been grafted by photochemical methods
onto

metals

and

semiconductors.50,

51

Zhao

et

al.

grafted

films

from

4-(2-(4-Pyridinyl)ethynyl)benzenediazonium salt to quartz, ITO and Si by immersing the substrate in
10
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non-aqueous aryldiazonium ion solution for 24 hours before irradiating with 200 W UV radiation.
UV-vis spectroscopy was used to observe the decomposition of the diazonium group on irradiation
of modified quartz substrates. Covalent bonding to the substrate was inferred from the stability of
the aryl layers, however, the bonding mode and grafting mechanism were not studied.50
Photochemical modification has been used to modify Au, Cu and Fe surfaces by visible and UV light.
Visible light modification relied on formation of a charge transfer complex between NBD and
1, 4-dimethoxybenzene which had been found previously to decompose to NP and 1,4dimethoxybenzene cation radicals upon irradiation. Modification of Au surfaces by visible light
irradiation was confirmed by IR reflection-absorption spectroscopy and the film thickness was found
to be 50 nm (suggesting significant multilayer formation) after 20 min irradiation. Similar results
were obtained on the Cu and Fe surfaces. Modification under UV irradiation was achieved on metal
surfaces using just the aryldiazonium salt without requiring formation of a charge transfer complex.
Film thickness measurements on a modified Cu surface revealed the grafted film was a multilayer
(thickness ~36 nm).51 The mechanism for modification under UV irradiation was not described.
Mechanical decomposition via sonication and ball-milling have also been used to graft aryldiazonium
salts to undoped nanodiamonds, GC and ITO surfaces.52-54 In the ultrasonic modification procedure,
solvent sonolysis forms radicals (e.g. OH• and H• in H2O) that reduce diazonium groups giving aryl
radicals which attach to the surface.52, 54 Mirkhalaf et al. studied the effect of ultrasound frequency
on the grafting of NBD to ITO surfaces in acetonitrile.54 Ultrasound frequencies ranging from 20-1142
kHz were compared using XPS analysis of the resulting films. XPS peak intensity of C and N
functionalities arising from grafting were highest at 20 kHz, suggesting an inverse dependence of
grafting on the frequency. It was proposed that this trend resulted from increased cavitation
collapse rates at higher frequency causing more radicals to form and react in solution rather than at
the ITO surface. Additionally, it was observed that the films grafted at high frequency had a higher
proportion of reduced-N functionalities (e.g. NH2), suggesting the high frequency sonication
procedure was causing chemical reduction of the NP film. This result has significance for processing
of modified materials where sonication steps for cleaning or dispersion (of nanomaterials) may
change the chemical nature of the film.
1.1.3

Characterisation of Aryl Layers

Due to the possibility of very low layer thickness when grafting from aryldiazonium ions (< 1 nm for a
monolayer film),12 characterisation of modified surfaces can be difficult. Film characterisation
techniques are focused on revealing either the physical properties (e.g. coverage and morphology)
or chemical nature (bonding and terminal functionality) of the film.
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Film morphology is usually characterised by AFM or TEM which have been used to identify grafted
films down to monolayer thickness on surfaces. AFM can be used as a method to measure film
thickness on planar substrates by imaging across an edge of the film to the bare substrate. One
approach to expose the underlying substrate is to use the AFM tip to scratch the film away and
profile across this scratch.55 Alternatively, patterned substrates can be prepared using
photolithography and then film grafted in the exposed areas of the pattern. Subsequent removal of
the photoresist reveals bare areas of substrate. Profiling across bare and film-covered areas gives a
measure of the film thickness.28 TEM imaging can also be used to measure film thickness on
nanomaterials due to contrast differences between the grafted layer and the substrate.27 Scanning
tunnelling electron microscopy (STM) has been used to characterise film attachment to graphite
surfaces. The high resolution of STM enabled bound molecules to be observed at the step-edges of
highly-oriented pyrolytic graphite, however, the molecules on the basal planes appeared to be highly
mobile rather than attached to the surface and no change of hybridisation due to grafting was
detected.56 Subsequently, work by Greenwood et al. has demonstrated that bonding does occur to
the basal plane of highly-oriented pyrolytic graphite but that upon removal of the film, the surface
reverts to pristine graphite which masks the changes in hybridisation during grafting.57
The quantity of film and strength of attachment has been measured by thermogravimetrc analysis
(TGA). Toupin et al. observed a ~5% mass loss due to the NP film on modified carbon powder and
the high (> 200 °C) decomposition temperature suggests that the film is stably attached to the
surface.58
The chemical nature of the film can be investigated by FT-IR, XPS and time-of-flight secondary ion
mass spectrometry (ToF-SIMS). In addition to detection of terminal functional groups, FT-IR can be
used to monitor grafting reactions by measuring the disappearance of the IR-active diazonium
group.59 XPS has been used to characterise bonding between the aryl layer and the substrate as well
as between aryl groups within multilayers. As the binding energy of core electrons is sensitive to the
chemical state of the atoms involved, different types of bonding can be identified by peak-fitting the
additional features produced by the resulting shifts in binding energy from the main element peak.
Peak fitting to the O 1s spectrum can be used to detect metal-O-C bonding to oxide surfaces. The
presence of metal-C bonds has been determined from C 1s spectra, and N 1s spectra can give
information about azo linkages in the film or to the surface.15, 18 ToF-SIMS has also been used to
characterise the bonding to the surface based on fragments containing substrate-C or substrate-N
bonds.22
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As many of the substrates modified by aryldiazonium ions are electroactive, electrochemical
characterisation is extensively used to monitor film functionality and coverage. Successful grafting
can be observed by the presence of electroactive groups or the loss of current due to blocking films.
Surfaces with pH-responsive modifiers also usually show pH-responsive electrochemical behaviour.
Estimates of film coverage and thickness can be made by quantifying the charge transfer to
electroactive films - most commonly NP films. Alternatively, redox active groups can be coupled to a
non-electroactive layer.26

1.2 Aims
The aim of this thesis is to develop methods to modify metal oxide materials with aryldiazonium
salts and determine the effect of modification on their material properties and performance with a
particular focus on MnO2 and ZnO.
This thesis is organised as follows:
Chapter 2: General Experimental Methods: describes general experimental procedures and
equipment used in this thesis.
Chapter 3: Aryldiazonium ion-based Grafting to Model Non-conducting Surfaces: describes the
modification of SU-8 surfaces in aqueous and non-aqueous conditions as a model non-conducting
substrate.
Chapter 4: Modification of MnO2 Nanoparticles with Aryldiazonium Ions: describes development of
aqueous and non-aqueous conditions for modifying MnO2 nanoparticles and characterisation of the
modified particles.
Chapter 5: Electrochemical Investigations of Electrodeposited MnO2 Films Modified with
Aryldiazonium Ions: explores the electrochemical behaviour of modified MnO2 surfaces using
electrodeposited MnO2.
Chapter 6: Modification of ZnO Surfaces with Aryldiazonium Ions: describes development of
conditions to modify various ZnO materials and characterisation of the modified materials.
Chapter 7: Conclusion: summarises the overall thesis work and provides suggestions for future work.
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2 General Experimental Methods
2.1 General Synthesis and Reagents
2.1.1

Reagents and Solvents

Unless stated otherwise, all solvents and reagents were obtained from commercial sources and used
as received. Non-aqueous solutions were prepared in HPLC grade solvents and aqueous solutions
were prepared in ultrapure water (resistivity > 18 MΩ cm).
2.1.2

Tetrabutylammonium tetrafluoroborate

Tetrabutylammonium

tetrafluoroborate

(TBABF4)

electrolyte

was

prepared

by

mixing

tetrabutylammonium hydroxide (TBAOH, 40%) and tetrafluoroboric acid (HBF4, 48%). HBF4 (5 mL)
was diluted to 25 mL with water and added to diluted TBAOH (20 mL diluted to 100 mL with water)
under stirring. The resulting precipitate was washed with water and filtered under vacuum. The
TBABF4 electrolyte was dried for 3 days in an oven at 60 °C and then for 2 days under vacuum at
80 °C before storage in a desiccator.
2.1.3

Aryldiazonium Salts

All aryldiazonium salts used in this thesis had been previously reported and were prepared according
to a literature method.1
Briefly, 4 mL of 25% fluoroboric acid was added slowly with stirring to 5 mmol of aromatic amine
derivative in an ice bath. A cold solution of 5 mmol of sodium nitrite dissolved in water was then
added dropwise with stirring to the amine solution in the ice bath. The collected product was
recrystallised from acetonitrile and diethyl ether, dried and stored in a desiccator.
2.1.4

Buffer Solutions

Buffers were prepared using the Henderson-Hasselbalch equation to estimate the amount of each
reagent (Equation 2.1), where pKa corresponds to the –log10 acid dissociation constant (Ka) for the
acid-base pair in each buffer, [HA] is the concentration of the acidic component and [A-] is the
concentration of the conjugate base. For buffer solutions of pH 7-8 , phosphate buffer was prepared
using NaH2PO4 as the source of acidic H2PO4- (pKa = 6.86) and NaOH added to produce the conjugate
base (HPO42-). To prepare pH 10 buffer, NaHCO3 (HCO3- pKa = 10.33) was used with NaOH. In both
cases, the buffer pH was measured using a pH meter and adjusted by addition of NaOH or H2SO4.
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Equation 2.1

2.2 Instrumental Methods
2.2.1

X-ray Photoelectron Spectroscopy

XPS data were obtained using a Kratos Axis Ultra DLD spectrometer equipped with a monochromatic
Al Kα source operating at 100-150 W. Wide scans were recorded with a step size of 1 eV and pass
energy of 160 eV; for narrow scans the corresponding parameters were 0.1 and 20 eV, respectively.
Specific sample preparation is described in the corresponding experimental chapters. Peak fitting
procedures and data analysis were conducted using CasaXPS software.
2.2.2

pH Meter

pH values were measured using an EDT Instruments GP 353 ATC pH meter.
2.2.3

Scanning Electron Microscopy

SEM images were obtained using a Raith 150 e-beam lithography system operating with a 10 keV
acceleration voltage.
2.2.4

X-Ray Powder Diffraction

Samples were ground in a small amount of perfluorinated oil to make a paste and mounted on a
glass fibre. Data were collected on a SuperNova, Dual, Cu at zero, Atlas single crystal diffractometer.
The samples were kept at 298.0 K during data collection. Data were integrated at 2θ = 0.05°
intervals, and corrected for scan speed and baseline corrected.
2.2.5

Fourier Transform-Infrared Spectroscopy

FT-IR spectra were recorded using a Bruker Vertex 70 spectrometer operating OPUS software using a
Bruker PLATINUM diamond ATR accessory. Unless otherwise stated, mid-IR spectra were recorded
using 64 scans at 4 cm-1 resolution from 600 to 4000 cm-1 with a liquid N2 cooled HgCdTe detector.
2.2.6

Atomic Force Microscopy

A Dimension 3100 with Nanoscope IIIa controller (Digital Instruments, Veeco, Plainview, NY) was
used for all AFM studies. Images were collected in tapping mode using silicon cantilevers (Tap300AlG, Budget Sensors, Bulgaria) with resonant frequencies between 200-400 kHz. Scan parameters
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including scan rate and feedback control settings were optimised for each image. Image analysis was
conducted using Nanoscope Analysis software (Bruker).
2.2.7

Electrochemistry

Unless otherwise stated, electrochemical measurements were performed using an Eco Chemie
Autolab PGSTAT302 or PGSTAT302N potentiostat/galvanostat running Autolab General Purpose
Electrochemical System (GPES) software version 4.9 or Autolab NOVA versions 1.9-1.11. Unless
stated otherwise, all CVs were obtained in deoxygenated solutions with scan rate = 50 mV s− 1.

2.3 Electrochemical Methods
2.3.1

Working Electrodes

The GC disk electrodes used in this thesis were fabricated in the Mechanical Workshop of the
Department of Chemistry, University of Canterbury and consisted of GC rods sealed in Teflon such
that only a flat 3 mm diameter disk of GC was exposed (electrode area = 0.07 cm 2). A brass rod
embedded in the Teflon and pressed into the back of the GC rod was used as the electrical contact
for the electrode (Figure 2.1A). GC plate electrodes were cut from a 3 mm thick GC slab into ~15 mm
x 15 mm pieces (Figure 2.1B).

Figure 2.1: GC working electrodes: A. GC disc electrode embedded in a Teflon sheath, B. GC plate
electrode.
GC electrodes in both forms were hand polished before use with a slurry of 1 μm alumina powder
(Leco Corporation) on a lecloth polishing pad (Leco Corporation) until visible residues, markings and
scratches were removed. Electrodes were rinsed with ultrapure water after polishing then sonicated
in ultrapure water for 5 min and rinsed again to remove residual alumina from the surface. This
procedure was repeated before each set of experiments.
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2.3.2

Reference and Counter Electrodes

Unless otherwise stated, a saturated calomel (SCE) reference electrode was used for all aqueous
electrochemistry and a calomel electrode (CE) with 1 M LiCl for non-aqueous solutions. All potentials
in this thesis are quoted vs. SCE.
Counter electrodes used in this thesis were Pt mesh sealed in glass unless otherwise stated.
2.3.3

Cell Setup

Two types of electrochemical cell were used for electrochemical experiments in this thesis involving
GC working electrodes: either a standard glass pear-shaped cell (Figure 2.2A) or a pear-shaped glass
cell with a hole in the bottom (Figure 2.2 B and C). For GC disk working electrodes, the standard glass
cell was used with ports in the top to introduce the working electrode, counter electrode, reference
electrode and bubbler to purge solutions with N2(g). Electrochemistry on GC plate working
electrodes was conducted using the pear-shaped cell with a hole in the base. The cell was sealed to
the working electrode surface by a Viton or Kalrez O-ring and held in place onto an insulating strip
on a metal base by four springs. The area of the working electrode was defined by the area of the Oring used (0.79 cm2 unless stated otherwise). Electrical contact was made to the working electrode
by pinning a strip of copper foil underneath the working electrode. Counter and reference
electrodes and a gas bubbler were introduced from ports in the top of the cell.
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Figure 2.2: Photographs of electrochemical cell setups: A. standard pear-shaped cell for top-loading
electrodes e.g. GC disc electrodes, B. cell for bottom-loading electrodes e.g. GC plate electrodes, C.
close-up image of bottom-loading cell where it seals to the electrode.
2.3.4

Surface Coverage Calculation by NP-Reduction

Surface coverage of NP-groups (ΓNP) on modified surfaces was calculated using the peak areas of the
NP-reduction process determined by CV. Electroreduction of NP groups proceeds by a 4-electron
process (Equation 2.2) in aqueous protic media to hydroxylaminophenyl groups which can be further
reduced by a 2-electron process (Equation 2.3) to aminophenyl groups. Remaining
hydroxylaminophenyl groups in the film undergo a reversible oxidation to form nitrosophenyl
groups.2
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Equation 2.2
Equation 2.3
Equation 2.4
For the materials used in this thesis, the reversible hydroxylaminophenyl/nitrosophenyl redox
couple (Equation 2.4) could not be resolved from the material redox signals and thus the peak area
from the overall 6 e- reduction process (Equation 2.2 and 1.3) was used in Equation 2.5 to determine
ΓNP, where ν is the scan rate (V s-1), F is the Faraday constant (96485 C mol-1) and A is the geometric
area of the working electrode (cm2). Peak areas were determined by integration using Autolab NOVA
versions 1.9-1.11 by fitting a linear baseline to the voltammogram.
Equation 2.5

2.4 Experimental Uncertainties
Reported uncertainties are the standard deviation for n samples unless stated otherwise. Where n =
2, the range is reported instead.

2.5 References
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3 Aryldiazonium ion-based Grafting to Model Non-conducting
Surfaces
3.1 Introduction
Metal oxides exhibit a range of conductivities, therefore developing techniques to modify nonconducting materials is relevant to the modification of semiconducting and insulating oxides. When
modifying these surfaces with aryldiazonium salts, the lack of conductivity limits the available
grafting mechanisms as electrografting and spontaneous reduction by the substrate are not possible.
Aryldiazonium ions have been used to modify a range of non-conducting substrates including:
poly(ethylene

terephthalate),

polyvinylchloride,

polymethylmethacrylate,

polyethersulfone

membranes, commercial polymer membranes, cyclic olefin copolymer, glass and silica
nanoparticles.1-8
The most common method for grafting aryldiazonium ions to insulating substrates is by the
formation of radicals by addition of a chemical reducing agent such as Fe powder or H3PO2. Mévellec
et al. prepared mixed AP-polymer films on glass and PTFE surfaces by reaction of amine-teminated
aryldiazonium ions with the relevant monomer in the presence of Fe powder in aqueous acid
solution.7 The aryl radicals produced by reduction of the aryldiazonium salt grafted to the surface
and acted as polymerisation initiators in solution resulting in a polymeric layer bound to the surface.
The presence of the deposited layer was evidenced by contact angle changes after modification.
Photochemical grafting methods have also been used to modify non-conducting surfaces in concert
with lithographic patterning techniques to produce surfaces with localised modification. These
methods also rely on a chemical reducing agent to form aryl radicals by reaction with the
aryldiazonium salt, however, the reducing agent in this case is a photosensitiser such as tris(2,2′bipyridyl)ruthenium(II) which becomes active after irradiation.2 Reduction of aryldiazonium ions with
H3PO2 has also been used to graft aminophenyl films to poly(D,L-lactic acid) to prepare
phosphonate-terminated bone tissue engineering scaffolds.9 Modification of the surface was found
to increase the formation of calcium containing minerals compared to an untreated scaffold.
Grafting can also be induced by thermal decomposition of the aryldiazonium salt. Chehimi et al.
modified polymethylmethacrylate surfaces with a range of aryl layers by immersion of the substrate
in aryl amine dissolved in pure isopentylnitrite at 60 °C for 30 min.3 The isopentylnitrite acts as both
a solvent and diazotising agent, converting the aryl amine to the aryldiazonium ion which
decomposes at 60 °C to react with the surface. Thermal decomposition reactions of aryldiazonium
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salts are typically thought to occur via formation of the aryl cation,10, 11 however, no grafting was
observed in the presence of a radical scavenger which suggests the aryl radical is the intermediate in
this case. No reduction source was suggested by the authors as the source of these radicals. 3
Modification at basic pH has been used to modify insulating SiO2 and Al2O3 nanoparticles.8, 12 Under
these conditions, radicals form from decomposition of the diazoate and graft to the surface (Scheme
1.3). Grafting was used to anchor reactive tethers or polymer initiators to these nanoparticle
surfaces. Successful grafting was established by evaluating the effectiveness of subsequent dye
attachment to the tethers or polymer formation.
In this thesis, the epoxy-based photoresist (PR) SU-8 (Figure 3.1) was used as a model nonconducting surface to compare grafting under different conditions. SU-8 has been used in a prior
aryldiazonium grafting study by Simons et al. as cured SU-8 produces smooth surfaces that are stable
in aqueous and nonaqueous reaction conditions.13 In this prior study, grafting of aminophenyl (AP)
films in aqueous acid conditions was compared in the presence and absence of reducing agents
(H3PO2 and Fe powder). Grafting of the aryldiazonium salt prepared in situ was found to occur with
and without reducing agent, however, the diamine precursor did not attach to the surface. The
effect of reaction time on film thickness measured by AFM with and without H3PO2 was also studied.
In the presence of reducing agent, the grafting reaction terminated within 30 min, resulting in films
of < 10 nm thickness. In the absence of reducing agent, the initial film growth rate was similar to that
in the presence of reducing agent but continued gradually over the 2 h reaction time to produce ~14
nm thick films.

Figure 3.1: SU-8 PR before and after photopolymerisation with a photoinitiator (PI).
The grafting mechanism to SU-8 in the presence of reducing agent is assumed to be primarily due to
the formation of aryl radicals by the reduction of the aryldiazonium ion.11 The rapid termination of
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film growth observed was likely due to radicals being consumed by reaction with each other or with
the solvent (e.g. proton abstraction), limiting further grafting.
In the absence of a reducing agent, the grafting mechanism to SU-8 is less well understood. Under
acidic conditions, the aryldiazonium ion is stable and decomposition to radicals and cations would be
slow.14 Additionally, the positively charged amino substituent makes aryl cation formation
disfavoured.13 Direct attack by the aryldiazonium ion is difficult to determine from the N 1s XPS
spectra for amine terminated films as the amine and azo N 1s peaks occur at the same energy.15 The
N:C ratios determined by XPS for films grafted with and without reducing agent were similar,
suggesting there were not significant contributions from grafting via direct attack of the
aryldiazonium ion. The rapid grafting of thick AP films in the absence of reducing agent may be
unique to this modifier as similar experiments with aminomethylbenzenediazonium ion produced
only 1.4 nm thick films after 40 min reaction time. It was proposed that the ability of the AP groups
to participate in redox reactions promotes catalytic film growth.13
The work described in this chapter focuses on studying grafting conditions where the diazoate
mechanism is expected to occur (neutral and basic pH), and also on non-aqueous modification at
planar SU-8 surfaces. This is of interest as the pH and solvent stability of metal oxides is variable and
thus having a range of possible modification conditions is necessary to modify these surfaces. At
neutral pH, the grafting mechanism is not well understood due to the formation of the diazoate
being less favoured than at higher pH values. The formation of other intermediates such as
diazoanhydrides has been proposed in pure water and dimethylformamide.16, 17 Additionally, as the
prior studies on the modification of non-conducting surfaces with diazoates used nanoparticle
surfaces which are typically highly active, the viability of this method to modify planar substrates
needs to be investigated. The grafting mechanisms to non-conducting substrates in non-aqueous
conditions, with and without reducing agents have not been explored previously.
The goal of this work was to explore a range of modification conditions with aryldiazonium salts on a
non-conducting substrate. Using SU-8 as a model non-conducting surface, spontaneous reactions via
the diazoate route were examined in high pH aqueous solution and the effect of a chemical reducing
agent in non-aqueous conditions was investigated.
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3.2 Experimental Methods
3.2.1

Preparation of SU-8 Surfaces

SU-8 surfaces were prepared according to the method described in Simons et al.13 Si wafers were
coated with AZ1518 PR (Microchemicals, Germany) to protect the surface from cutting debris and
cut into approximately 10 mm x 10 mm pieces. The protecting PR was then removed by sonication in
acetone, 2-propanol (IPA) and ethanol for 5 min each and O2 plasma treatment at 100 W RF power
for 2 min. SU-8 2005 PR (Microchemicals, Germany) was spin-coated onto the cleaned Si samples at
2000 rpm for 1 min. The SU-8 films were then treated by 2 min soft-baking at 95 °C on a hotplate
and then exposed under UV light using an MA6 mask aligner (Suess Microtec, Germany) in flood
exposure mode for 3 cycles with 20 s exposure time. After exposure the samples were soft-baked for
2 min at 95 °C then hard-baked for 30 min at 200 °C on a hot plate.
3.2.2

Patterning and Masking of SU-8 Surfaces

Patterned SU-8 samples were prepared by spin-coating AZ1518 PR onto the cured SU-8 surfaces at
3000 rpm for 30 s and soft-baking for 60 s at 95 °C on a hot plate. A chrome-on-glass photomask was
used to expose the PR for 10 s using a mask aligner in vacuum mode. The patterns were developed
by soaking the substrates in 2% tetramethylammonium hydroxide for 25 s before being rinsed with
H2O and dried with N2 gas.
AZ1518 PR was used without lithographic patterning by drop-coating areas of the SU-8 surface and
then soft-baking for 5 min at 95 °C on a hotplate.
Polyimide tape (Multicomp) was also used to mask samples for non-aqueous modification by
applying two parallel strips of tape to a cleaned hard-baked SU-8 surface leaving an area of exposed
surface approximately 5 × 10 mm between them.
3.2.3

Modification of SU-8 Surfaces

3.2.3.1 Modification in Aqueous Solution
Initial tests of modification of patterned SU-8 surfaces were conducted by preparation of
aminobenzenediazonium ion in situ by dropwise addition of 0.1 M NaNO2 to an equal volume of
0.1 M 1,4-diaminobenzene dissolved in 0.5 M HCl (2 mL typical volume) in the presence of the SU-8
substrate. The reaction solution was agitated for 1 hour on an orbital shaker. Subsequent
modification experiments in aqueous conditions were carried out by immersion of the patterned SU8 surfaces in a 50 mM solution of a previously prepared aryldiazonium salt in 0.1 M HCl, pH 7 or pH
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10 buffer for either 15 min, 30 min, 1 h or 8 h. After modification, samples were rinsed with
ultrapure water then sonicated in acetone, IPA and ethanol for 5 min each to remove adsorbed
material and remaining PR.
3.2.3.2 Modification in Non-Aqueous Solution
PR-patterned substrates were immersed in a solution of 50 mM isolated aryldiazonium salt in
acetonitrile with and without 55 mM ferrocene for 1 h on an orbital shaker. After modification,
samples were cleaned by 5 min sonication in each of acetonitrile, acetone, IPA and ethanol.
Polyimide-masked samples were modified as above and cleaned sonicated initially in acetone for 1
min to lift the polyimide tape, then acetonitrile, acetone, IPA and ethanol for 5 min after the tape
was removed.
3.2.4

Surface Morphology Measurements on SU-8

Film thickness measurements were conducted on patterned substrates by imaging a boundary area
between the patterned film and the bare substrates. The boundary height difference was measured
using the average height of a 5 µm x 1.5 µm area crossing the boundary. Average film thickness for a
sample was determined by averaging the measurements from 3 images at different points on the
surface with three height measurements on each image (i.e. the average of 9 total measurements).
For samples with discontinuous film coverage, the average of the maximum height difference across
5 linear sections across the film boundary for 3 images was used.
The average RMS surface roughness was calculated from AFM images by measuring the roughness in
a 2 µm x 2 µm area at three points in the area of interest (e.g. bare surface or grafted film) at three
areas on the sample, giving 9 roughness measurements which were averaged to give the reported
value and standard deviation.
3.2.5

XPS on SU-8 Surfaces

XPS data was collected from SU-8 substrates at a 30 ° angle to the detector normal to improve
surface sensitivity. A charge neutraliser was used to limit the effect of charge build-up on the
surface. Data were charge-corrected to the high resolution C 1s peak at 284.8 eV.
3.2.6

Estimation of Modifier Height (Avogadro)

Avogadro 1.1.1 freeware18 was used to calculate the height of molecules perpendicular to the
surface. The structure of each molecule was drawn and optimised to the lowest energy
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conformation in the software. The height of the molecule was calculated using trigonometry by
measuring the linear distance between the surface and the highest atom in the molecule and the
angle between the highest atom and the surface normal.

3.3 Results and Discussion
3.3.1

Sample Preparation

SU-8 surfaces were prepared according to the procedure outlined in Simons et al.13 The desirable
properties of SU-8 substrates reported by Simons et al. are the low surface roughness and stability
to sonication. These properties were checked by AFM for the samples prepared in the present work.
AFM imaging of the surface (Figure 3.2a) shows that it is smooth and undamaged after sonication in
acetone, IPA and ethanol with a surface roughness of 0.35 ± 0.02 nm. Surfaces were then patterned
lithographically with AZ1518 PR to provide a height difference for film thickness measurements.
Scheme 3.1 shows the patterning method and preparation strategy for aryl-modified and blank SU-8
samples.

Figure 3.2: AFM height images of a. bare SU-8 surface after sonication in acetone, IPA and ethanol,
and b. SU-8 surface with an AP film in a checkerboard pattern.
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Scheme 3.1: Preparation of patterned SU-8 samples by photolithography of AZ1518 and subsequent
buffer treatment or aryldiazonium modification. Region ‘X’ indicates where exposed PR is removed
by developer before buffer treatment or attachment of the aryl layer. Region ‘Y’ is where unexposed
PR is removed by solvent cleaning after buffer treatment or modification.
3.3.2

Modification in Aqueous Conditions

Initially, the modification conditions from Simons et al. were replicated by using acidic conditions to
prepare AP films on the exposed areas of the substrate (region X in Scheme 3.1). The surface was
imaged by AFM after the remaining PR was removed by solvent cleaning (Figure 3.2b) where it was
observed that the AP film replicated the pattern in region X distinct from any PR residues remaining
in region Y. Having established that the protocol for grafting patterned films on SU-8 gave the
expected results for AP grafting, NP modification was used to compare the effect of pH on film
growth in 0.1 M HCl and pH 7 and pH 10 buffer solutions. After modification in 50 mM NBD solution
for 1 h and removal of PR, film thickness and roughness were measured by AFM, giving the data
shown in Table 3.1.
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Table 3.1: Film thickness and RMS roughness measurements for SU-8 after 1 h modification with
50 mM NBD or 1 h treatment without NBD: in 0.1 M HCl, pH 10 buffer or pH 7 buffer.
Sample
Step height (nm)a
RMSXb
RMSYc
NP-Mod
0.18 ± 0.02
1.03 ± 0.02
0.39 ± 0.01
Blank
0.15 ± 0.02
0.62 ± 0.03
0.38 ± 0.02
pH 10 Buffer
NP-Mod
1.5 ± 0.3
0.85 ± 0.05
0.55 ± 0.04
Blank
0.35 ± 0.03
0.68 ± 0.07
0.57 ± 0.05
pH 7 Buffer
NP-Mod
2.4 ± 0.3
1.5 ± 0.4
0.45 ± 0.07
Blank
0.303 ± 0.008
1.40 ± 0.05
0.42 ± 0.04
a
b
Height of region X above region Y (Scheme 3.1). RMS roughness measured in region X. cRMS
Modification medium
HCl

roughness measured in region Y.
AFM imaging at the interface between regions X and Y on the modified sample (Figure 3.3a) shows a
clear difference in roughness between each region (1.03 ± 0.02 nm and 0.39 ± 0.01 nm for regions X
and Y respectively) and a small height difference (0.18 ± 0.02 nm). The height difference after HCl
NBD treatment is less than the thickness of a NP monolayer (0.64 nm on a flat surface) indicating
that minimal grafting has occurred. A blank sample was prepared in HCl in the absence of NBD to
evaluate the influence of PR residues on the observed height differences. AFM imaging of an HCltreated blank is shown in Figure 3.3b. The film thickness across the interface between region X and Y
after HCl blank treatment was the same within experimental error as for the NP-modified sample
(0.15 ± 0.02 nm) but with a lower roughness difference (0.62 ± 0.03 nm and 0.38 ± 0.02 nm for
regions X and Y respectively).The low magnitude of the height difference compared to the roughness
in the treated area and the similarity in film thickness measured between the NP-modified and blank
samples indicates that these film thickness values may be an artifact of the surface roughness
difference between regions X and Y rather than a grafted layer. The increased roughness observed in
region X on the HCl blank sample may be due to residual exposed PR or swelling of the SU-8
substrate during development of the pattern or acid treatment. However, the low roughness in
region Y suggests that the unexposed PR can be removed completely by solvent treatment and may
indicate that the roughness in region X is not caused by PR residues. The further increased
roughness on treatment with NBD suggests that there is sparse attachment of the aryldiazonium
occurring under these conditions but not to a sufficient degree to graft a continuous film. In HCl, the
aryldiazonium ion is stable and the only expected film growth mechanism is slow film formation via
the aryl cation or direct attack by the aryldiazonium ion.19, 20 Therefore, treatment with NBD in HCl
was used to determine whether interactions between NBD and photoresist result in film growth.
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Figure 3.3: AFM height images of SU-8 surface pattern edges. Regions X and Y are labelled according
to Scheme 3.1., where X is the region exposed for 1 h in HCl solution in the presence (a) and
absence (b) of NBD.
AFM images of SU-8 surfaces after treatment in pH 10 buffer for 1 h in the presence and absence of
NBD are shown in Figure 3.4. After modification with NBD at pH 10 there is a continuous film present
covering region X (exposed to the NBD solution) that is not present in the pH 10 blank sample. The
film thickness was significantly higher in the presence of NBD compared to the pH 10 blank (1.5 ± 0.3
nm compared with 0.35 ± 0.03 nm). The film roughness was also significantly higher than in region Y
for the NP-modified sample (0.85 ± 0.05 nm compared with 0.55 ± 0.04 nm) whereas the was no
roughness difference between regions X and Y on the pH 10 blank sample. In comparison with the
sample treated with NBD in HCl, the measured height difference after modification in pH 10 buffer is
much higher (1.5 ± 0.3 nm compared with 0.18 ± 0.02 nm) indicating that grafting is much more
extensive at pH 10. Additionally, the NBD solution in HCl showed little change in appearance over
the 1 h reaction time whereas the appearance of a brown precipitate was observed within minutes
at pH 10, suggesting formation of polymeric aggregates in the pH 10 solution. These results align
with the high stability of the aryldiazonium ion in HCl and the expected rapid decomposition to aryl
radicals via a diazoate intermediate at high pH.20,

21

In pH 10 solution, it is expected that the

dominant grafting mechanism will be via the diazoate route which is favoured in high pH.
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Figure 3.4: AFM height images of SU-8 surface pattern edges. Regions X and Y are labelled according
to Scheme 3.1., where X is the region exposed for 1 h in pH 10 buffer solution in the presence (a)
and absence (b) of NBD.
Figure 3.5 shows the AFM images of the pattern step-edges of SU-8 surfaces treated in pH 7 buffer
solution for 1 h in the presence and absence of NBD. The AFM image of the NBD treated sample
(Figure 3.5a) shows a continuous film similar to that obtained for NP-modification at pH 10. Film
thickness measurements showed that the NP-modified sample had a larger height difference
between regions X and Y than the blank sample (2.4 ± 0.3 nm compared with 0.303 ± 0.008 nm)
prepared at pH 7. Additionally, the NP film grafted in pH 7 solution is significantly thicker than the
film grafted at pH 10 for the same reaction time and concentration. This increase in film thickness
may be due to the increased stability of the aryldiazonium ion at lower pH allowing the grafting
reaction to occur over a longer period before the aryldiazonium ion is consumed in side reactions.
Formation of a brown precipitate was observed during NP grafting in pH 7 solution, however, the
formation process was more gradual than at pH 10.
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Figure 3.5: AFM height images of SU-8 surface pattern edges. Regions X and Y are labelled according
to Scheme 3.1., where X is the region exposed for 1 h in pH 7 buffer solution in the presence (a) and
absence (b) of NBD.
The measured roughness in each region was identical for both the pH 7 NP-modified and blank
samples. It is expected that region Y would be similar on both samples as this area is masked by
photoresist during the treatment process, however, the similar high roughness in region X is
unexpected. Additionally, the roughness in region X is significantly higher after pH 7 treatment
compared to the other pH values studied. The increased film thickness at pH 7 may explain the
increased roughness in region X on the NP-modified sample compared to the pH 10 modified
samples as diffusion of the reactive species to the underlying substrate is impeded more by a thick
film. This results in a disproportionate amount of grafting to the film compared to the substrate and
thus a larger film thickness variation across the surface.13 The high roughness for the pH 7 blank
sample in region X is unexpected and may arise from interaction between the pH 7 buffer
components (e.g. phosphates) and the substrate, however, this increased roughness does not
negatively affect the reproducibility of the step height measurements. In pH 7 solution, the diazoate
mechanism is likely to be less favoured due to the lower pH which may result in a mixture of grafting
mechanisms occurring such as via the diazoanhydride intermediate or aryl cation formation as
discussed in section 3.1.
3.3.3

Time Dependence of Grafting in Aqueous Conditions

The time dependence of the grafting reaction at pH 7 and pH 10 was examined by grafting from 50
mM NBD solution for 15 min, 30 min, 1 h and 8 h. AFM images of the modified surfaces show
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distinct NP film edges at both pH values and all reaction times (Figure 3.6). This suggests that the
grafting of NP groups proceeds rapidly at both pH 10 and pH 7 to give continuous films.
Measurements of film thickness for NP-modified samples at each reaction time and pH are shown in
Figure 3.7. At 15 min reaction time the average film thickness for both pH values is similar (1.1 ± 0.1
nm and 1.3 ± 0.3 nm for pH 10 and 7 respectively), however, at longer reaction times the grafting
behaviour at pH 7 and pH 10 begins to deviate. Film growth ceases or becomes very slow in pH 10
solution within the first hour (film thicknesses were 1.3 ± 0.1 nm and 1.5 ± 0.3 nm at 30 min and 1 h
respectively) although the thickness at 8 h is highly variable. In pH 7 solution, the grafting reaction
continues throughout the 8 h reaction time to give films with higher thickness than in pH 10
solution. The lower film thicknesses measured for some samples at long reaction times at pH 10 is
not understood at present, however, it could arise due to variability in the stability of the
aryldiazonium salt between experiments, due to uncontrolled factors such as temperature. These
results support the hypothesis that the aryldiazonium ion is more stable in pH 7 solution than in pH
10 as in pH 7 solution, grafting continues for 8 h, suggesting that not all the aryldiazonium ions are
consumed within a short reaction time.
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Figure 3.6: AFM images of SU-8 surfaces modified with NP films at pH 7 (a-d) and pH 10 (e-h) at
varying reaction time: 15 min (a and e), 30 min (b and f), 1 h (c and g) and 8 h (d and h). Regions X
and Y are labelled according to Scheme 3.1
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Figure 3.7: AFM film thickness measurements for NP-modified SU-8 surfaces. Each point represents
the average film thickness measured for one sample and the error bars show the standard deviation
for that sample.
The surface roughness of the NP-modified SU-8 surfaces in region X was also measured from AFM
images after each modification time (Figure 3.8). For the pH 7 modified samples, roughness
increases with reaction time and is higher than for the pH 10 samples, likely due to the high degree
of disorder in thicker multilayer films. Films grafted at pH 10 have very little roughness variation
initially but become significantly rougher after 8 h reaction, suggesting gradual multilayer formation
despite the variability in film thickness measurements at 8 h.
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Figure 3.8: Average RMS roughness values across all samples measured in region X from AFM images
for SU-8 modified with NP-groups in pH 7 and pH 10 buffers.
3.3.4

Substituent Effects on Grafting from Aqueous Solutions

The effect of the substituent on the grafting reaction was evaluated by grafting
4-methoxybenzenediazonium ion (MBD) under the same conditions as described above for NBD.
Methoxy groups have the opposite electronic behaviour to nitro groups (electron donating rather
than electron withdrawing) and thus any substituent-dependent grafting mechanisms should result
in a different grafting response.
AFM images of SU-8 surfaces modified with methoxyphenyl (MP) groups in pH 7 and pH 10 solutions
are shown in Figure 3.9. At 15 min reaction time (Figure 3.9a), pH 7 aryldiazonium ion solution
produces minimal modification with only small patches of film visible. After 30 min the pH 7
modified surface has increased coverage but the film is still discontinuous (Figure 3.9b). After 1 h in
pH 7 grafting solution the MP film appears uniform (Figure 3.9 c and d). However, MP-modified
samples prepared at pH 10 show continuous film coverage at all reaction times (Figure 3.9 e-h). This
behaviour is in contrast to modification with NP groups where there was no dependence of film
coverage on the pH of the grafting solution (for pH 7 and 10). Precipitate formation was observed
during grafting of MP groups at pH 10 but the process was more gradual than during NBD grafting.
At pH 7 only minimal precipitate formation was observed after 1 h MBD grafting time.
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Figure 3.9: AFM images of SU-8 surfaces modified with MP films at pH 7 (a-d) and pH 10 (e-h) at
varying reaction time: 15 min (a and e), 30 min (b and f), 1 h (c and g) and 8 h (d and h). Regions X
and Y are labelled according to Scheme 3.1.
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The pH dependence of MP film growth is also apparent in the film thickness data measured from the
AFM images (Figure 3.10). At pH 10, the film growth stops or slows within 30 min whereas in pH 7
solution, film growth continues up to 1 h. It was observed that 8 h reactions sometimes produced
thinner films than the shorter time scales. Films grafted in pH 10 solution are consistently thicker
than those grafted in pH 7 solution. Under all conditions except 15 min grafting in pH 7 solution, the
grafted films are multilayers (the calculated height of a single MP group vertically aligned on a
surface is 0.76 nm).
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Figure 3.10: AFM film thickness measurements for MP-modified SU-8 surfaces. Each point
represents the average film thickness measured for a given sample and the error bars indicate the
standard deviation for that sample. Measurements of films grown for 15 and 30 min at pH 7 are
based on linear-section averages.
Measurements of film roughness for MP films grafted in pH 7 and pH 10 solutions are shown in
Figure 3.11. The sparse films produced at short reaction times at pH 7 result in only a small change in
surface roughness compared to the bare substrate. The roughness increases sharply after 1 h
modification in pH 7 MBD solution. Reaction in pH 10 solution produces films with a high roughness
that does not change with reaction time, consistent with rapid formation of a multilayer.
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Figure 3.11: Average RMS roughness values across all samples measured in region X from AFM
images for SU-8 modified with MP-groups treated in pH 7 and pH 10 buffers.
Comparing the grafting of NP and MP groups reveals that the substituent has a large effect on the
grafting reaction at both pH values. In pH 7 solution, the grafting of MP groups is significantly slower
than NP groups, requiring 1 h reaction time to produce a continuous film compared with 15 min for
NP groups. The resulting MP films are thinner than the NP films. Grafting in pH 10 solution shows the
opposite behaviour where modification with NP groups results in thin films with limited growth at
longer time scales and grafting of MP films results in rapid growth of multilayer films. The high
variability of film thickness for 8 h reaction times makes determination of any differences in the
stability of the aryldiazonium ion/diazoate between conditions or modifiers difficult.
In pH 10 solution, the dominant mechanism is expected to be formation of aryl radicals via the
diazoate (Scheme 1.3) and the rapid formation of continuous films, regardless of substituent,
supports this. In contrast, in pH 7 solutions, the aryl substituent was found to affect the initial
grafting step to the substrate: at short grafting times, NBD modification produced continuous films
whereas MBD-modification resulted in patchy film coverage. This suggests that the dominant
grafting mechanism in pH 7 solution is impeded by the electron-donating substituent and the thick
films produced when grafting NP groups indicate that the electron-donating substituents promote
the reaction. The mechanistic implications of these observations are discussed in 3.3.4.2.
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3.3.4.1 XPS Analysis
Further insight into the grafting mechanism at each pH can be gained by investigating the chemical
composition of the grafted film. As discussed in Chapter 1, different intermediates introduce
different chemical functionalities within the film which can be identified by XPS. The chemical nature
of NP and MP films grafted to SU-8 in pH 7 and pH 10 solutions was investigated by XPS using
samples modified by 1 h reactions. PR was used to mask off SU-8 surfaces without lithographic
patterning to produce samples with 5 mm × 10 mm exposed strips for modification, and for XPS
analysis after PR removal.
Survey spectra of the modified surfaces are shown in Figure 3.12. Atomic concentrations calculated
from survey spectra for the modified SU-8 surfaces are presented in Table 3.2. Also included in the
table are data reported by Simons et al. for unmodified SU-8.13 Comparison of the data for modified
and unmodified samples indicates that all spectra are dominated by C and O from the SU-8 surface.
The measured contributions from N 1s signals in the survey spectra are very low, even for surfaces
modified with NP groups. All surfaces contain Si, likely arising from contamination by the Si substrate
during SU-8 coating.
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Figure 3.12: XPS survey scans of SU-8 surfaces modified with NP and MP groups in aqueous buffers
at pH 7 and pH 10 for 1 h.
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Compared to unmodified SU-8 prepared by the same process,13 the modified surfaces have lower
C/O ratios (3.7-3.9) than bare SU-8 (4.9). This increase in O content could arise from the Ocontaining functionalities (nitro and methoxy) attached during grafting or from introduction of O
from diazoanhydride-derived radicals (Scheme 1.4). Further, both the pH 10 and the pH 7 buffer
used include O-containing groups (carbonate/bicarbonate and phosphate respectively) that may
adsorb to the surface and increase the observed O content.
Table 3.2: Atomic concentrations and ratios for unmodified and 1 h modified SU-8 surfaces.
C (At %)a O (At %)a Si (At %)a N (At %)a C/Oa O1sII/O1sIb
Unmodifiedc
pH 10 NP

d

pH 10 MP
pH 7 NP

d

d

pH 7 MPe
a

82.1

16.6

1.4

0

4.9

-

76.0

19.7

3.9

0.4

3.9

0.50

77.6

19.5

2.6

0.3

4.0

0.75

76.7

20.1

3.0

0.2

3.8

1.05

76.3

20.6

3.0

0

3.7

1.36

Calculated from XPS survey spectra, bcalculated from O 1s spectra: O1sI = peak area at ~533 eV,

O1sII = peak at ~534.5 eV, cdata from 13, dPR-masked substrates without patterning, elithographically
patterned substrates.
High resolution O 1s spectra for the modified surfaces are shown in Figure 3.13. Bare SU-8 surfaces
typically have a single sharp O 1s peak at ~533 eV resulting from C-O-C bonding.22 In addition to this
feature (O1sI), all the surfaces in this work have a second feature at higher binding energy that is
independent of substituent (O1sII). Peaks at this energy have previously been assigned to methoxy
and carboxy groups and C-O-C bonding at carbon surfaces.22-24 Walther et al. observed the
introduction of an O 1s peak at ~534 eV on SU-8 surfaces after treatment with O2 plasma that was
assigned to the introduction of carbonyl and carboxy groups.22 For modification at each pH, the
O1sII:O1sI ratio is highest in the MP-modified samples suggesting some contribution from methoxy
groups (Table 3.2). The O 1s peak for nitro groups occurs at ~533 eV,25 making it difficult to resolve
from the SU-8 C-O-C peak and unlikely to be the origin of peak O1sII for the NP-modified samples.
For both modifiers, the O1sII/O1sI ratio is elevated for samples modified in pH 7 solution, possibly
arising from a grafting mechanism that is more dominant in pH 7 solution.
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Figure 3.13: O1s XPS spectra of 1 h modified SU-8 surfaces: a. pH 10 NP, b. pH 7 NP, c. pH 10 MP, d.
pH 7 MP.
A number of possibilities can be considered to account for the XPS data. Partial oxidation of the SU-8
surface may result in carboxy-type functionalities that would give significant signal at the collection
angle used. However, this does not explain the trends in treatment conditions observed. As
described in Chapter 1, it has been proposed that O-containing radical species from decomposition
of diazoanhydrides formed by the Gomberg-Bachmann reaction of a diazoate with another
aryldiazonium ion in DMF and pure water (Scheme 1.4a).16, 17 Therefore, it is possible that the origin
of peak O1sII is the introduction of C-O-N bonding to the surface or the aryl layer (Scheme 1.4b).
However, as explained below, the low intensity of N 1s signals for samples modified at pH 7 suggests
this mechanism is not occurring. Grafting of aryl radicals to O-containing functionalities naturally
present at the surface of the SU-8 may contribute to peak O1sII in all modified samples. Adsorption
of buffer components can be eliminated as the origin of O1sII and elevated O signals, as phosphate
and carbonate groups are observed at low energy (~530 eV and ~532 eV respectively).26, 27 Another
possible source of O1sII is convolution with peaks from Sb and Sb-oxides from the photoinitiator. 22
Although O1sII is within a few eV of the Sb 3d3/2 peak, there is no evidence for the corresponding
Sb 3d5/2 peak at ~528 eV. Additionally, the survey spectra shows none of the other peaks associated
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with Sb indicating this is unlikely to be the cause of O1sII. In summary, O1sII likely consists of
contributions from species arising from oxidation of the SU-8 surface and C-O functionalities shifted
by modification with the aryl layer.
The C 1s XPS spectra for the modified surfaces (Figure 3.14) all can be deconvoluted into two peaks:
C-C bonding at 284.8 eV and C-O bonding at ~286.5 eV. Neither the pH of the modification solution
or the modifier itself resulted in significant changes in the proportion of these features (1.5:1-2:1).
Both of these features are present in unmodified SU-8 in a similar ratio (1.6:1).22 The lack of new C 1s
features after modification is most likely due to the introduced groups being similar to (e.g. methoxy
C-O) or overlapping with (e.g. nitro C-N) existing functionalities.28
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Figure 3.14: C1s XPS spectra of 1h modified SU-8 surfaces: a. pH 10 NP, b. pH 7 NP, c. pH 10 MP, d.
pH 7 MP.
Narrow scans in the N 1s region for the modified SU-8 surfaces are shown in Figure 3.15. All samples
except MP-modified at pH 7 (pH 7 MP-mod) have low intensity N 1s peaks at ~400 eV. The expected
peak at 406 eV associated with nitro groups is not present in either NP-mod sample, suggesting that
the nitro groups may have been reduced post-grafting – possibly by the X-ray source or charge
neutraliser during XPS analysis.20 The N 1s peak at 400 eV corresponds to reduced N functionalities
45

3. Aryldiazonium ion-based Grafting to Model Non-conducting Surfaces
which, for the modifiers used in this study, most likely arise from azo linkages within the film or to
the surface, in addition to amine groups for the NP-modified samples. According to the mechanism
outlined in Scheme 1.4a, grafting of diazoanhydride-derived radicals is expected to introduce azo
linkages in to the film, as well as direct grafting of the aryldiazonium ion to the film or surface
(Scheme 1.2). For these samples, a combination of these mechanisms may be occurring. The lack of
N-signal in the pH 7 MP-modified sample compared to the relative intensity of O1sII in this sample
suggests that grafting via diazoanhydride-derived radicals may not be the origin of O1sII.
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Figure 3.15: N1s XPS spectra of modified SU-8 surfaces: a. pH 10 NP, b. pH 7 NP, c. pH 10 MP, d. pH 7
MP.
3.3.4.2 Proposed Grafting Mechanisms in Aqueous Solution
To summarise the findings from film thickness and XPS measurements, the grafting in aqueous
solution at pH 10 and pH 7 appears to occur via a combination of mechanisms. The following grafting
mechanisms (presented for convenience in Figure 3.16) are possible under the conditions studied:
grafting of aryl radicals formed via a diazoate or diazohydroxide intermediate (Figure 3.16A), grafting
of radical decomposition products from a diazoanhydride intermediate (Figure 3.16B), grafting after
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heterolytic decomposition of the aryldiazonium ion to aryl cations or by direct attack of the
aryldiazonium ion (Figure 3.16C).16, 20, 21, 29

Figure 3.16: Possible aryldiazonium ion grafting mechanisms at non-conducting substrates at pH ≥ 7:
A. Formation of the diazohydroxide/diazoate by reaction with OH- or water and subsequent
decomposition to form aryl radicals,29 B. Formation of a diazohydroxide by reaction of a diazoate
with an aryldiazonium ion and decomposition to radicals,16 C. Grafting via the aryl cation formed by
heterolytic decomposition of the aryldiazonium ion and direct attack aryldiazonium ion with a
surface.20
In pH 10 solution, the aryl film forms within 15 min irrespective of substituent, which is consistent
with the reported mechanism of rapid conversion to aryl radicals via the diazoate (Figure 3.16A).21
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Additionally, the XPS results show reduced N groups present on both NP- and MP-modified surfaces
prepared at pH 10, eliminating reduction of NP groups in the X-ray beam as the sole origin of these
signals. This suggests either direct attack of the aryldiazonium ion (Figure 3.16C) or the involvement
of diazoanhydride-derived radicals (Figure 3.16B). The observation of unidentified O functionalities
on both surfaces may support the grafting of diazoanhydride-derived radicals.17 The involvement of
aryl cations cannot be directly excluded, however, it can be inferred from the relative stability of the
nitro- and methoxy-substituted aryl cations that this is not a significant route for the grafting process
at pH 10.10 Due to the electron-withdrawing nitro substituent, the nitrophenyl cation is highly
unstable. In contrast, the electron-donating methoxy substituent stabilises both the aryldiazonium
ion and the aryl cation but this effect is stronger for the aryldiazonium ion and thus this is the more
stable species. The observed film thickness differences between MP and NP modification in pH 10
solution suggest the multilayer-formation mechanism is substituent dependent. Although MP films
are more activating towards multilayer formation by cationic mechanisms than NP films, this should
have minimal effect on reactions involving aryl radicals. However, the expected greater stability of
the MBD ion compared to NBD to heterolytic decomposition may improve its lifetime in solution and
thus allow the grafting reaction to extend over a longer period to produce thicker films. This is
supported by the AFM film thickness results which show minimal change in NP film thickness after
15 min at pH 10 whereas the MP film shows significant film thicknesses up to 30 min. Additionally,
the observation of slow precipitate formation during MBD grafting at pH 10 compared to rapid
formation in NBD solution provides further evidence of the stability of MBD at high pH.
In pH 7 solution, NP films formed within 15 min and were thicker than those grafted at pH 10 after
30 min reaction time. However, the MP film only reached uniform coverage after 1 hour reaction
time. This indicates that grafting at pH 7 is favoured with the electron-withdrawing NO2 substituent
compared to the electron-donating OCH3 substituent. No significant substituent dependence was
observed for grafting in pH 10 solution, suggesting a change in mechanism. XPS results for pH 7
modified samples show some reduced N when grafting NP-groups but none when grafting MPgroups. The lack of N signal for MP-modified surfaces suggests the reduced N signal could arise
solely from reduction of NO2 groups in the X-ray beam rather than by direct attack of the
aryldiazonium ion. However, MBD is less electrophilic than NBD and thus less active for formation of
azo linkages, which may explain the observed difference between MP and NP films.10 New O
functionalities were observed by XPS for both MP and NP films at a higher proportion than for pH 10
modified samples. Diazoanhydride formation has been as an intermediate at neutral pH and radicals
formed from its decomposition may explain the observed increase in O functionalities in these
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samples. However, these species should also introduce azo groups into the film (Figure 3.16B) but
this was not observed for MP-modified surfaces, where the introduced O functionalities were most
significant. Formation of diazohydroxides has also been reported at neutral pH in aqueous solutions
via nucleophilic addition of H2O to the aryldiazonium salt and these species have been shown to
homolytically decompose to aryl radicals similarly to diazoates (Figure 3.16A).29 As H2O is less
nucleophilic than OH-, it is expected that it would be more sensitive to the electrophilicty of the
aryldiazonium ion taking part in the addition reaction and thus it would be expected that the
formation of the diazohydroxide would be slower for electron-donating substituents (such as OCH3)
than electron-withdrawing substituents (such as NO2). This aligns with the observed substituent
dependence for grafting in pH 7 solution, suggesting that the primary grafting mechanism at pH 7 is
by aryl radicals formed from a diazohydroxide intermediate. The pH dependence of the grafting
reaction for MP groups is thus explained as arising from the lower nucleophilicity of H2O compared
to OH- inhibiting nucleophilic attack at neutral pH.
3.3.5

Modification in Non-Aqueous Conditions

Modification of SU-8 by aryldiazonium ions in acetonitrile is of interest as a model for developing
conditions to modify materials with low stability in aqueous solution. The ability to modify the
surface by spontaneous reactions in acetonitrile and with ferrocene as an acetonitrile-soluble
reducing agent was compared.
Initial experiments to measure the grafting of NP groups to SU-8 surfaces in acetonitrile were
conducted using the PR masking method described previously (Scheme 3.1). Reaction in the absence
of reducing agent resulted in gradual discoloration of the aryldiazonium ion solution whereas
addition of ferrocene resulted in a rapid colour change of the solution from yellow to dark brown
and vigorous gas evolution. The amount of modification with and without ferrocene for a 1 h
reaction was compared by AFM imaging (Figure 3.17 a and b). The AFM images show that
modification in acetonitrile produced surfaces with large quantities of adsorbed debris. After
modification in the presence of ferrocene, the edges between modified and unmodified regions are
covered in mounds of material 30-50 nm high. Without ferrocene in solution, the surface was
covered randomly in 10-20 nm high debris (Figure 3.17b). This is in contrast with modification in
aqueous conditions where the pattern was reproduced cleanly by the grafted film (Figure 3.2b). The
debris was stable after sonication in acetone, IPA and ethanol indicating it is strongly adsorbed to
the surface.
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In the absence of aryldiazonium salt, SU-8 surfaces that were immersed in acetonitrile have raised
areas ~2 nm high corresponding to the areas exposed to acetonitrile solution (Figure 3.17 c and d),
indicating that acetonitrile causes swelling of the SU-8 substrate. However, the lack of debris
observed on these surfaces suggests that the debris on the modified surfaces does not arise solely
from interactions between acetonitrile and the photoresist. These results imply that the debris
observed after immersion in acetonitrile solution containing aryldiazonium ion is due to a reaction
between the aryldiazonium ion and AZ1518 PR that has dissolved into the acetonitrile solution. This
reaction may lead to polymeric material grafted to, or deposited on, the surface. It is not surprising
that if radicals are generated from aryldiazonium ions, they would react with solubilised AZ1518 and
it is also possible that aryldiazonium ions themselves may react with solubilised AZ1518 directly. The
larger size and increased coverage of debris after grafting in the presence of ferrocene suggests that
the reduction of aryldiazonium ions to aryl radicals promotes reaction with the AZ1518. These side
reactions with AZ1518 preclude the use of this masking agent.
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Figure 3.17: AFM images of SU-8 surfaces modified in acetonitrile for 1 h with NP groups with (a) and
without (b) ferrocene reducing agent and an acetonitrile blank sample prepared without ferrocene
(c and d).
An alternative method for masking substrates for film growth studies is masking using polyimide
tape.30 Polyimide is solvent-resistant and can be prepared with low-residue adhesives; both
properties are essential for the present application. The utility of this masking method was tested by
modifying a surface with AP groups in aqueous acid conditions as this produces thick, easily
identifiable films. A SU-8 surface was masked with polyimide tape to leave a 5 mm x 10 mm strip of
exposed substrate for the modification. After 1 h modification, the tape was removed and the
surface cleaned by sonication in acetone, IPA and ethanol. As can be seen from the AFM image of
this surface in Figure 3.8, there is a clear edge between the grafted film and the unmodified surface
– albeit less regular than the PR-masked samples. This may be caused by removal of part of the film
when the tape is peeled from the grafted surface or due to spreading of the adhesive on application
of the tape. The roughness of the masked areas of the substrate (0.40 ± 0.04 nm) was comparable to
the bare areas (0.35 ± 0.02 nm) and thus the masking method is suitable for AFM studies of grafted
films.
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Figure 3.18: AFM image of an SU-8 surface modified with AP groups for 1 h in HCl while masked by
polyimide tape.
Polyimide masking was used to prepare SU-8 surfaces modified with NBD and MBD groups in
acetonitrile in the presence and absence of ferrocene. After 1 h modification time, the tape was
removed and the surfaces were imaged by AFM.
For surfaces modified with NBD in the presence and absence of ferrocene, no clear edge could be
observed between the area exposed to the aryldiazonium ion in solution and the area that had been
masked with tape. AFM images of areas within the treated and masked areas of NBD-modified
samples with and without ferrocene are shown in Figure 3.19. For both modified regions (Figure 3.19
a and b), there was no evidence of a continuous film, however, the sample modified in the presence
of ferrocene has a large amount of material scattered on the surface. The scattered nature of the
modification prevents the use of film thickness measurements by step height across film edges;
instead, feature height was characterised using peak height measurements from linear sections
across the image. Average peak height and RMS roughness measurements for modified SU-8
surfaces are presented in Table 3.3 .
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Figure 3.19: AFM images of SU-8 surfaces treated with NBD in acetonitrile for 1 h with (a and b) and
without (c and d) ferrocene, NBD-treated areas (a and c) and areas under polyimide tape (b and d).
In the absence of ferrocene, there are a small number of high features, however, similarly sized
features were observed on the masked areas and blank samples. The lack of peak height differences
suggests that there is no significant modification occurring in the absence of reducing agent,
presumably due to the high stability of the aryldiazonium ion in acetonitrile preventing
decomposition to reactive species.31 There were no changes in surface roughness observed in the
absence of ferrocene compared to the masked areas or blank samples. In the presence of ferrocene,
the surface becomes modified with dispersed material that is polymeric according to the measured
feature height and there is an accompanying increase in surface roughness. This patchy modification
of the surface likely arises due to rapid reaction with ferrocene forming a large quantity of radicals in
solution that are consumed by side reactions (e.g. with ferrocene, solvent or other aryl radicals) and
only react sparsely with the surface. Rapid creation and consumption of aryl radicals is consistent
with the observed solution colour changes and gas evolution immediately upon addition of
ferrocene.
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Table 3.3: Peak height and RMS surface roughness measurements for SU-8 surfaces modified in
acetonitrile with NP and MP groups or blank samples with or without ferrocene.
Peak Feature Height (nm)

NP-Mod

MP-Mod

Blankb

a

RMS Roughness (nm)

Treated

Barea

Treated

Barea

With Ferrocene

6±1

1.3 ± 0.1

1.2 ± 0.5

0.43 ± 0.01

Without Ferrocene

1.31 ± 0.08

0.67 ± 0.09

0.36 ± 0.01

0.35 ± 0.01

With Ferrocene

5±3

1.32 ± 0.03

0.61 ± 0.01

0.43 ± 0.02

Without Ferrocene

1.1 ± 0.3

1.0 ± 0.2

0.35 ± 0.01

0.37 ± 0.02

With Ferrocene

1.0 ± 0.3

0.88 ± 0.08

0.416 ± 0.002

0.46 ± 0.01

Without Ferrocene

1.0 ± 0.3

0.8 ± 0.3

0.37 ± 0.01

0.37 ± 0.02

Bare data were obtained from areas that were masked during modification. bBlank samples were

prepared by treatment in acetonitrile with or without ferrocene in the absence of aryldiazonium salt.
Modification with MP groups was conducted under the same conditions and imaged by AFM (Figure
3.20). Addition of ferrocene to methoxybenzenediazonium (MBD) solution resulted in a gradual
colour change from red to brown over a few minutes and less gas evolution compared to the
reaction with NBD solution. No edge was observed between the area exposed to the aryldiazonium
ion solution and the area masked by polyimide tape. AFM imaging of the modified area of the
ferrocene treated sample (Figure 3.20a) shows sparse coverage of features a few nm in height (Table
3.3). This coverage is much less than for the NP-modified sample but higher than for either the
masked areas or the surfaces prepared without ferrocene. As shown by the data in Table 3.3, the
surface roughness is consistent with these observations as it is increased compared to the blank and
masked SU-8 surfaces but lower than for the NP-modified sample. In the absence of ferrocene there
are no significant features observed by AFM (Figure 3.20b) or changes in roughness after reaction in
MBD. These results indicate MBD can be grafted to SU-8 but only in the presence of ferrocene,
however, the coverage was much lower than after NBD modification - most likely due to the more
negative reduction potential of MBD.20
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Figure 3.20: AFM images of SU-8 surfaces treated with MBD in acetonitrile for 1 h with (a and b) and
without (c and d) ferrocene, areas exposed to MBD solution (a and c) and areas under polyimide
tape (b and d).
Based on the results from polyimide masking studies, the facile modification of insulating substrates
in acetonitrile requires a reducing agent. The high stability of aryldiazonium ions in acetonitrile
makes decomposition to reactive species, and thus the spontaneous grafting reaction, slow.19
However, it may be possible to achieve significant grafting at long reaction times either by gradual
decomposition to reactive species or direct attack of the aryldiazonium ion. In the presence of
reducing agent, rapid formation of radicals allows grafting to occur, however, grafting to the surface
is uncontrolled and results in sporadic coverage. Tuning the reaction conditions is necessary to
achieve practical coverage. For example, gradual introduction of the reducing agent over the
reaction time may limit the opportunities for side reactions between radicals in solution, allowing
more time for radicals to diffuse to the surface.
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3.4 Conclusions
Grafting of aryldiazonium ions to a non-conducting substrate was investigated in aqueous solution at
both pH 7 and pH 10. Both films with electron-donating (MP) and electron-withdrawing (NP)
substituents were grafted successfully at pH 7 and pH 10. The effects of pH and substituent were
investigated at a range of reaction times by AFM film thickness measurements. Grafting at pH 7 was
found to be substituent-dependent, with MP films grafting more slowly than NP films whereas
grafting at pH 10 showed no dependence on substituent. It is proposed that grafting occurs by aryl
radicals produced from decomposition of diazoates and diazohydroxides at pH 10 and pH 7
respectively. As shown by these results, this method allows grafting aryldiazonium ions under mild
conditions to non-conducting or semiconducting materials within a wide pH window.
Spontaneous grafting and grafting in the presence of a reducing agent in non-aqueous solution to
non-conducting substrates were compared in acetonitrile. Spontaneous grafting of MBD and NBD to
SU-8 does not appear to occur or is very slow in non-aqueous conditions. In the presence of
ferrocene, grafting of scattered polymeric species to SU-8 was observed after reaction with NBD
and, to a lesser extent, MBD. This suggests that the rapid reduction of the aryldiazonium ions in
solution results in uncontrolled grafting, primarily between radicals in solution to form polymeric
species. These results indicate that grafting to non-conducting substrates in non-aqueous conditions
requires a reducing agent and careful control of the reaction conditions to produce uniform surfaces.
The extension of these modification conditions to prepare aryldiazonium-modified metal oxide
materials is described in the subsequent chapters. Modification of MnO2 in aqueous solution at
neutral and basic pH and non-aqueous solution in the absence of a reducing agent is described
Chapters 4 and 5. Modification of ZnO in non-aqueous solution in the absence of reducing agent and
basic aqueous solutions is described in Chapter 6.
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4 Modification of MnO2 Nanoparticles with Aryldiazonium Ions
4.1 Introduction
MnO2, especially in nanostructured forms, is a material with promising applications in energy
storage, sensing and catalysis. This promise arises from MnO2 being an inexpensive, easilysynthesised and environmentally friendly alternative to existing materials such as RuO2.1-3
4.1.1

Structure of MnO2

MnO2 is more specifically a class of Mn oxides that are typically nonstoichiometric, have mixed
valency, incorporated cations and structural vacancies.4 MnO2 also exists in a number of structural
polymorphs constructed by different combinations of edge and face sharing between MnO6
octahedra. These polymorphs typically have tunnel (one- and two-dimensional) or cavity
(3-dimensional) structures that can be occupied by foreign cations (Figure 4.1). These incorporated
cations can act to balance the charge at Mn (III) sites present in mixed valence oxides or produced
during electrochemical reactions (see section 4.1.3.1). This structural diversity enables the MnO2
polymorph to be selected such that it matches the desired application for example by maximising
ionic conductivity in electrochemical energy storage materials. MnO2 is a semiconductor with the
band gap of the material depending on the crystal structure and morphology of the material.5, 6

Figure 4.1: MnO2 crystal structures: a. cryptomelane-type α-MnO2 with incorporated cations, b.
pyrolusite-type β-MnO2 and c. pyrolusite-type γ-MnO2 Adapted from reference 7.
4.1.2

Synthesis of MnO2

MnO2

nanoparticles

are

typically

prepared

by

a

coprecipitation

method

using

the

comproportionation reaction between Mn2+ and MnO4- in aqueous solution (Equation 4.1).4 The
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properties of the resulting material such as crystal structure and morphology can be tuned by
controlling the reaction conditions. A wide range of MnO2 materials have been prepared by varying
the pH, reactant ratios and temperature of the precipitation reaction.8,9
Equation 4.1
Alternatively, a single source of Mn can be reacted with an oxidant or reductant (for Mn2+ and MnO4respectively) to produce MnO2 by a range of reactions at ambient temperature9 or
hydrothermally.10,11,12
When preparing composite electrodes of MnO2 with carbon materials, it is possible to prepare the
MnO2 in situ on the substrate surface by redox deposition between carbon and MnO4- ions
(Equation 4.2).13 This process results in a self-terminating thin layer of MnO2 coating the carbon
substrate. The growth process typically initiates at defect sites on the carbon substrates and requires
harsher reaction conditions (lower solution pH, microwave irradiation or reflux) at carbon substrates
with a low defect density.14 This approach is desirable for electrochemical applications due to the
increased contact between the MnO2 and the substrate favouring stability and electrical
conductivity.15
Equation 4.2
In addition to preparation by solution phase redox reactions, MnO2 is also commonly produced by
electrochemical deposition from Mn solutions under anodic or cathodic conditions. Anodically
prepared MnO2 is also known as electrolytic manganese dioxide and has been used extensively in
battery electrodes. Anodic deposition is typically conducted in acidic or neutral conditions and
occurs with the overall reaction outlined in Equation 4.3 but the actual reaction pathway followed
depends on the pH of the solution.16
Equation 4.3
Cathodic deposition is less commonly employed, however, it has the possible advantages of allowing
co-deposition of metals and preventing damaging oxidation to metallic substrates during the
deposition process.17 Cathodic electrodeposition is carried out in neutral aqueous conditions
according to Equation 4.4.18
Equation 4.4
The properties of the resulting electrodeposited MnO2 can be varied by changing the deposition
parameters such as pH, Mn concentration, deposition potential, current density and temperature.
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Careful manipulation of the deposition and growth kinetics through these parameters has been used
to prepare electrodeposited MnO2 films with controlled morphology and crystallinity.18, 19
4.1.3

Applications of MnO2

The work on MnO2 described in this thesis focuses on its application as an electrode material in
energy storage devices, especially pseudocapacitors, so this will be described in detail along with
some other common applications of MnO2.
4.1.3.1 Electrochemical Energy Storage
4.1.3.1.1 Battery Electrodes
The most important historical application of MnO2 is as a cathode material in batteries such as the
Leclanché cell and zinc-carbon dry cells.4 In addition to these primary batteries, MnO2 has been
studied extensively as a material for rechargeable Li-ion batteries in aqueous and non-aqueous
media.1 Compared to Fe-, Co- and Ni- based electrodes, MnO2 is of interest due to its lower toxicity,
cost and improved operating voltage and capacity.20 Charge storage in MnO2 electrodes in Li-ion
batteries occurs according to the ‘conversion’ mechanism (Equation 4.5) where Li is incorporated
into the electrode through reversible redox reactions.1
Equation 4.5
However, in many systems, capacity loss occurs on cycling due to the large structural
rearrangements of the electrode that occur on Li intercalation and the efficiency of the charge and
discharge process is reduced by the poor conductivity of MnO2.20 Performance and stability
improvements for MnO2 battery electrodes have been achieved by using porous nanostructures to
facilitate the Li-ion diffusion process and composite electrodes with conducting nanomaterials such
as graphene or carbon nanotubes to improve conductivity and provide mechanical support in the
electrode.21-23
4.1.3.1.2 Pseudocapacitor Electrodes
In addition to energy storage via battery electrodes, an emerging application is the use of MnO 2 in
pseudocapacitor electrodes. Pseudocapacitors store charge through Faradaic processes where the
active electrode material undergoes rapid reversible redox reactions that store and release
electrons. This Faradaic component distinguishes pseudocapacitance from conventional and doublelayer capacitance where there is no charge transfer across the electrode interface and thus
pseudocapacitance is not a true capacitive behaviour (hence ‘pseudo’). The capacitor-like response
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of the electrode arises due to these processes displaying similar linear dependence of charge storage
on the width of the potential window.24 This behaviour is distinct from the Faradaic reactions at
battery electrodes which display non-linear charge storage dependence and are typically irreversible
due to phase changes and high overpotentials.25 Li-ion intercalation electrodes display an
intermediate behaviour between batteries and pseudocapacitors due to their highly linear discharge
curves.26 This is referred to as ‘extrinsic’ pseudocapacitance as the capacitor-like behaviour arises
from the short diffusion pathways associated with nanostructured electrodes rather than the
material itself.24, 27 Combinations of redox processes can lead to a capacitive response (linear charge
storage dependence) overlaid with peaks at fixed potentials from other Faradaic processes.28, 29
Early research on Faradaic pseudocapacitance was centred on electrosorption of monolayers of
protons and metals on noble metal electrodes and metal oxide monolayers.26, 30, 31 Subsequently,
transition metal oxides, conducting polymers and chemically modified carbon materials have all
been investigated as pseudocapacitor electrodes.32 An ideal pseudocapacitance material is RuO2 due
to its combination of high theoretical capacitance (~2000 Fg-1), wide potential window, chemical
stability and high conductivity.33 The charge storage mechanism of RuO2 in acidic solution relies on
reversible electrochemical protonation (Equation 4.6 where

= 1 or 2)34 which can proceed rapidly

due to the high diffusion rate of protons.35 However, despite its favourable electrochemical
properties, the high cost and toxicity of RuO2 limits its application to small-scale devices and has
resulted in a search for alternative materials that are more readily available.32
Equation 4.6

Initially reported by Lee et al.,35,

36

MnO2 is a promising pseudocapacitance material due to its

comparable performance to RuO2 (theoretical capacitance of MnO2 >1000 F g-1)37 but lower cost and
toxicity. Pseudocapacitance behaviour in MnO2 involves reversible conversion between the Mn (IV)
and Mn (III) oxidation states (Equation 4.7). This change in charge of the electrode material is
balanced by electrolyte ions (A+) which either adsorb onto the electrode surface or diffuse into the
electrode material depending on whether the conversion reaction takes place at the surface or in
the material bulk.38 These diffusion processes are typically rate limiting in pseudocapacitors and are
responsible for the lower charge/discharge rate compared to double layer capacitors.32 MnO2-based
pseudocapacitors are currently held back by two main issues: poor electrical conductivity and limited
cycling stability.
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Equation 4.7
MnO2 has an intrinsically low conductivity (~10-6 S cm-1), especially when compared to higher
performing, but more expensive, alternatives such as RuO2 (~103 S cm-1).39 This low conductivity
makes the production of high capacitance MnO2 electrodes difficult as increasing the active mass of
the electrode results in the electrode becoming more resistive. The low conductivity of MnO2 can be
offset by the addition of conducting additive materials, however, these increase the bulk of the
electrode with a lower energy-density material, requiring larger devices to achieve the same energy
storage.40 Additionally, the junctions between additives and the electrode material in a composite
electrode raise the contact resistance of the electrode, reducing energy storage performance.41
Other methods to improve the conductivity of the MnO2 include: doping with conducting
elements,42, 43 or through the use of novel electrode architectures.44, 45
The poor stability of MnO2 electrodes arises from a combination of physical and chemical breakdown
processes that occur as the electrode is cycled.43 As shown in Equation 4.7, the Faradaic process
responsible for charge storage in MnO2 results in incorporation of charge balancing cations into the
electrode structure. As these ions move into the electrode, the electrode swells to accommodate
them and correspondingly contracts as the ions flow out on discharge. Due to the brittle nature of
MnO2, this motion results in gradual cracking and flaking off of the electrode material, resulting in a
decline in capacitance.46 Strategies to improve the physical stability of MnO2 electrodes include
incorporation of conducting polymers to improve electrode flexibility47-49 or other metal oxides such
as cobalt and nickel that have more favourable structural parameters.50, 51
Chemical breakdown of the electrode material occurs due to the irreversible conversion of Mn
oxides to soluble Mn2+, causing the MnO2 electrode to dissolve. This process is particularly dominant
in acidic media where the Mn2+ oxidation state is favoured. This effectively limits the useful voltage
window and pH in aqueous electrolytes. Non-aqueous electrolytes can increase the voltage window
of a capacitor system by removing the limitation resulting from water oxidation allowing higher
positive potentials to compensate for the voltage window being limited to above 0 V (vs. SCE).52
Organic electrolytes53-55 and ionic liquids56-58 have been explored as alternatives to aqueous
electrolytes and were successfully used to extend the voltage window of MnO2 capacitors. However,
large ion sizes, poor ionic conductivity and high viscosity limit the capacitance and rate capability of
these devices.53,
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The limited voltage window of MnO2 can also be circumvented by using an

asymmetric device with a MnO2 cathode and an anode that is more stable at negative potential such
as activated carbon.59, 60
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4.1.3.2 Other Applications
MnO2 has been widely studied as a material for catalysis due to its low environmental impact,
structural versatility and range of stable oxidation states.61 Although cheaper than the noble metal
catalysts currently employed, the activity of MnO2 is generally lower.62 Approaches to improve the
activity of MnO2 usually involve controlling the structure and morphology of the MnO2 materials.
Fine synthetic control over MnO2 materials has been used to produce nanostructured and mixed
valence catalysts with activity towards amine oxidation for the synthesis of imines63 and oxidative
decomposition of ozone61 and a range organic contaminants.64-67 The viability of MnO2 materials for
electrocatalysis is limited by high overpotentials arising due to its poor conductivity. Synthesis of
controlled nanostructures, mixed valence materials and doping with conducting elements has been
found to lower the overpotential of MnO2 for water oxidation3,

68, 69

and oxygen reduction.70,

71

Preparing MnO2 defect structures with oxygen vacancies is another approach for improving the
surface activity of MnO2 catalysts,72 this was found to enhance the activity of MnO2 towards oxygen
reduction.62, 73
The electrochemical properties of MnO2 that are utilised for electrocatalysis and energy storage can
also be exploited to prepare electrochemical sensors. These sensors typically operate using
potentiometric or amperometric signals generated by electrocatalytic conversion of the analyte by
the MnO2 electrode. Sensors based on MnO2 have been used for detection of hydrazine,74,

75

formaldehyde,76 phenolic compounds,77, 78 ascorbic acid,79 nitrate, 80 biomolecules2, 81 and H2O2.79, 80,
82

H2O2 can also be used as a signal amplifier in enzymatic biosensors,83 further extending the sensing

applications of MnO2. MnO2 sensor electrodes are typically prepared as composites with conducting
carbon nanomaterials to improve the electrode surface area and counteract the poor conductivity of
MnO2.80, 81
4.1.4

Surface Modification of MnO2

As both the energy storage and electrode breakdown processes occur at the electrode surface,
surface modification of MnO2 may result in electrodes with enhanced performance and stability.
Electrode architectures that reduce the conduction path between the MnO2 and the current
collector should limit the influence of the low MnO2 conductivity on the electrode performance.
At the time of this work, there have been few reports of surface modification of MnO2. Wang et al.
used the dye pyrocatechol violet to improve the dispersibility of MnO2 nanoparticles for composite
electrodes.84 It was suggested that the dye bound through the catechol group as these have been
demonstrated to bind to metal oxides.85-87 Another method used to modify MnO2 was the deposition
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of conducting polymers onto MnO2 surfaces either electrochemically or spontaneously.88-90 Rather
than tuning the properties of the MnO2 material, the conducting polymers were used to prepare
composites with improved conductivity and stability. The mechanism of attachment of the
conducting polymer to the MnO2 surface was not explored.
One possible electrode architecture is a nanoparticle array immobilised on a conducting support
through molecular tethers (Figure 4.2). This enables a 3D electrode structure for higher active mass
while shortening the conduction path between the MnO2 and the conducting additive. Tethered
assemblies should also allow superior electrolyte access to the MnO2 surface due to their open
structure. As nanostructured materials have an increased surface-area-to-volume ratio,
nanomaterial-based electrodes have the additional benefit of improved volumetric performance.

Figure 4.2: Proposed method for preparation of tethered covalent assemblies of MnO2
nanoparticles.
At the time this work was completed, modification of MnO2 with aryldiazonium salts had not been
reported, requiring modification conditions to be developed. As discussed in Chapter 1, the most
commonly employed grafting conditions for aryldiazonium salts are aqueous acid conditions which
are unsuitable for MnO2 modification due to its solubility in acid. Therefore grafting at elevated pH
via the diazoate will be used in aqueous media. Modification by this approach has been reported
previously on other metal oxides including: indium tin oxide91, LiV3O892, SiO293, SnO294, Fe3O495,TiO296,
Al2O3 (alumina)97, Gd2O397 and the native oxides on copper98 and chromium 99 surfaces. In addition to
aqueous modification, aryldiazonium ion grafting has also been demonstrated in acetonitrile which
should be compatible with MnO2 modification. Subsequent work in this area has been conducted by
Belanger et al.100 and this will be discussed below in context of this thesis work.
This chapter describes the preparation and characterisation of MnO2 nanoparticles, the subsequent
modification of these particles with aryldiazonium salts and investigations of the properties of the
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modified materials. Also, attempts to produce tethered MnO2 nanoparticle assemblies with carbon
materials through aryldiazonium ion-based grafting will be discussed.
Portions of this work have been published in reference 101.

4.2 Experimental Methods
4.2.1

MnO2 Nanoparticle Preparation

MnO2 nanoparticles were prepared by a method adapted from Portehault et al.8 20 mmol of KMnO4
and 30 mmol of MnSO4 were dissolved in 1 M H2SO4 (75 mL and 150 mL respectively) and purged
with N2. The KMnO4 solution was then added to the MnSO4 solution with vigorous stirring under N2.
The volume of the resulting solution was adjusted to 250 mL and aged in a 60 °C oven for a week.
The nanoparticles were then washed by 5 cycles of sonication and centrifugation in ultrapure water.
The washed nanoparticle suspension was then dried to a powder under vacuum and stored under
atmosphere.
4.2.2

Nanoparticle Electrochemistry

Nanoparticle samples were prepared for electrochemistry by suspending in water and drop coating
onto the end of a GC rod. Suspensions of up to 2 mg mL-1 were prepared by sonication in ultrapure
water. Drop coating was conducted by transferring 5 µL by micropipette onto the surface of a
polished GC electrode mounted in an upright position. The coated electrode was dried in an oven at
~60 °C for 15 minutes before cooling at ambient temperature. The nanoparticle-coated electrode
was then used as the working electrode in a 3-electrode cell
Alternatively, nanoparticle electrodes were prepared by mixing in varying ratios with conductive
carbon powders and a binder to produce paste electrodes. TIMREX KS6 Primary Synthetic Graphite
(TIMCAL) with ~2 µm particle size was used as the conducting additive and bound using PTFE powder
(1 µm). These components were mixed and dispersed in absolute ethanol which was allowed to dry.
The mixtures were then packed into an insulating sheath with back-contact made by a brass rod to
give an electrode area of 0.05 cm2. The packed electrode was then smoothed on clean paper.
4.2.3

SEM, XPS & FT-IR Characterisation

Nanoparticle samples were mounted for SEM imaging by drop casting using similar suspensions as
for electrochemical measurement. These suspensions were drop-cast onto GC plates.
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XPS data were collected as described in chapter 2 with MnO2 powder samples mounted by pressing
them into indium.
FT-IR spectra for MnO2 nanoparticle samples were collected by pressing the nanoparticle powder
directly onto the diamond ATR prism
4.2.4

Nanoparticle Modification

Modification by aryldiazonium salt grafting was conducted using spontaneous grafting conditions in
aqueous base or acetonitrile.
4.2.4.1 Basic Conditions
MnO2 nanoparticles and a solid sample of the aryldiazonium tetrafluoroborate salt were mixed in
ultrapure water before adding 1 M NaOH solution, resulting in a reaction solution containing:
2 mg mL-1 suspended nanoparticles, 50 mM aryldiazonium salt and 0.1 M NaOH in a typical volume
of 200 mL. This solution was reacted for 1 hour under stirring or sonication. Alternatively, pH 10
NaOH/NaHCO3 buffer was used in place of 0.1 M NaOH. After modification, the particles were
washed by 5 cycles of sonication/centrifugation in ultrapure water and ethanol sequentially. The
resulting suspension was then dried under vacuum and stored under atmosphere.
4.2.4.2 Non-aqueous Conditions
50 mM of the required aniline derivative was added to sufficient MnO2 nanoparticles to produce a 2
mg mL-1 suspension in acetonitrile in a typical volume of 200 mL. After dissolution of the aniline
derivative and suspension of the nanoparticles, the aryldiazonium salt was formed in-situ via the
addition of 50 mM of tert-butylnitrite (TBN). The reaction was left to proceed under stirring for 1
hour. Once modification was complete, the particles were filtered over a Millipore PVDF filter (0.22
µm pore size) with acetonitrile. The retentate was then collected and washed and dried using the
same procedure as for aqueous-modified samples.
4.2.5

Average Oxidation State (AOS) Determination

AOS of MnO2 nanoparticles before and after modification was determined through a combination of
potentiometric titrations and XPS.
4.2.5.1 Potentiometric Titration
Following the method described by Dose and Donne;102 0.1 g MnO2 sample was dissolved in 25 mL of
0.25 M (NH4)2Fe(SO4)2/0.1 M H2SO4 solution (Equation 4.8) .
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Equation 4.8
Equation 4.9
Equation 4.10

This solution was then titrated against standardised (oxalate method)103 0.2 M KMnO4 solution
(Equation 4.9) with the volume of permanganate for this titration denoted V1. An excess of sodium
pyrophosphate (~15 g) was then added to stabilise the complex formed in the subsequent titration
(Equation 4.10) and after dissolution the pH was adjusted by the addition of sulphuric acid to 6-7. A
second titration with permanganate was then conducted to give volume V2. A blank titration of the
iron ammonium sulphate solution without any dissolved MnO2 was also conducted to quantify the
effect of air oxidation of the iron ammonium sulphate solution (V0). These volumes were then used
to calculate the average oxidation state by:
Equation 4.11

4.2.5.2 XPS Method
The AOS of the manganese ions in MnO2 were calculated using the splitting of the peaks in the Mn
3s XPS spectrum. The splitting values of MnO2 samples with known oxidation states from titrations
(this work) and literature values104 were used to derive a calibration curve. The equation for this
curve was then used to calculate unknown average oxidation states from measured Mn 3s splitting
values.
4.2.6

Nanoparticle Tethering

4.2.6.1 Tethering to Planar Carbon
4.2.6.1.1 Grafting modified MnO2 to bare carbon
NP-modified MnO2 (NP-MnO2) was drop-coated on a GC disk electrode. NP groups were
electrochemically reduced in 0.1 M KCl in 1:9 ethanol:water mixture to give a mixed aryl layer
containing AP groups. Alternatively AP-modified MnO2 (AP-MnO2) was prepared directly by the nonaqueous modification method described above and drop-coated onto a GC disk electrode. The dried
AP-MnO2 electrode was then converted into a diazonium-terminated film by immersion in 5 mL 50
mM TBN in acetonitrile for one hour with stirring. These diazonium-terminated nanoparticles were
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then electrografted to the underlying GC disk electrode in 0.1 M KCl 1:9 ethanol:ultrapure water by
cycling potential between 0.8 and -1.5 V at a scan rate of 50 mV s-1.
4.2.6.1.2 Grafting bare MnO2 to modified carbon
AP films were electrografted to GC plate electrodes from aminobenzenediazonium ions prepared in
situ in 0.5 M HCl from 5 mM p-phenylene diamine. These AP-modified GC surfaces were then
converted to diazonium-terminated surfaces through reaction with 50 mM TBN in 5 mL acetonitrile
in 2 mg/ml MnO2 nanoparticle suspension for 1 hour with stirring in order to graft the nanoparticles
spontaneously.
4.2.6.2 Tethering to Carbon Powder

Scheme 4.1: Preparation of tethered assemblies of MnO2 and carbon materials: A. tethering bare
carbon to modified MnO2 and B. tethering bare MnO2 to modified carbon.
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Carbon-tethered MnO2 nanoparticle materials were prepared by either reacting AP-modified MnO2
nanoparticles with unmodified carbon powder (Scheme 4.1A), or unmodified MnO2 with APmodified carbon powder (Scheme 4.1B). Tethered assemblies were prepared using either the ~2 µm
TIMREX KS6 carbon powder described above or ~40 nm carbon black, acetylene 99.9+%, 50%
compressed (Alfa Aesar) in MnO2:C ratios of 9:1 and 1:1, respectively. Tethering reactions were
undertaken by converting the AP-terminated films on the modified material to diazoniumterminated films using 50 mM TBN in the presence of the unmodified material suspended in
acetonitrile. Reactions were typically carried out in 200 mL volume with continuous stirring for one
hour with 2 mg/mL MnO2 suspension and the amount of carbon powder selected to give the
appropriate MnO2:C ratio. The resulting solid material was then separated by filtration over a
Millipore PVDF filter (0.22 µm pore size) and washed by 5 centrifugation and re-suspension cycles
sequentially in ethanol and ultrapure water. Blank samples were prepared using identical reaction
conditions to the modification experiments but in the absence of TBN so that tethering could not
occur. These materials were characterised by cyclic voltammetry and SEM.

4.3 Results and Discussion
4.3.1

Characterisation of As-prepared Nanoparticles

4.3.1.1 Morphology & Structure
The morphology and electrochemical properties of the nanoparticles were measured to ensure that
they were suitable for use in modification experiments.

Figure 4.3: SEM image of drop-cast as-prepared MnO2 nanoparticles.
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SEM imaging of particle suspensions drop-coated onto conductive surfaces confirmed the particles
were nanoscale rods with length of ~150 nm and diameter of ~25 nm (Figure 4.3). The crystal
structure of the MnO2 nanoparticles was determined by powder XRD. Comparison with literature
patterns shows that the nanoparticles have the cryptomelane (α-MnO2) structure (Figure 4.4) that
was expected from the preparation procedure used.8 This structure consists of 2 by 2 tunnels made
from MnO6 octahedra, frequently with cations trapped within the tunnels (Figure 4.1a).

Figure 4.4: XRD patterns of MnO2. A. This work, B. cryptomelane sample, figure adapted from
reference 8.
4.3.1.2 Electrochemical Behaviour of MnO2
The electrochemical properties of MnO2 were measured by cyclic voltammetry (scan rate =
50 mV s-1) on surfaces prepared on glassy carbon rods by drop coating. Over a limited potential
range (0 V to 0.8 V), the MnO2 particles showed a quasi-rectangular voltammetric response typical of
a pseudocapacitor (Figure 4.5 a and b).24 In 0.5 M KCl, a broad reversible peak at 0.6 V is present. In
0.5 M Na2SO4, there are peaks at a similar potential that decrease rapidly on repeat scans. Shifts in
peak potentials during cycling of MnO2 electrodes are usually assigned to structural changes
affecting the intercalation/de-intercalation mechanism.105 These changes may be observable in
Na2SO4 due to the acidity of the electrolyte (pH ~6) promoting dissolution/redeposition reactions via
conversion to Mn2+.106 The sloping baseline, particularly obvious when scanning in Na2SO4 is also
typical of pseudocapacitors due to the dependence of the pseudocapacitor reaction on the extent of
charge of the material.107 At potentials below 0 V, large reduction peaks occur in both electrolytes,
leading to the appearance of new features at higher potentials. In KCl solution there is a sharp
feature around -0.3 V with a shoulder at more negative potential, leading to the appearance of a
sharp peak at 0.3 V. In Na2SO4 solution, both the reduction and associated oxidation features are
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broader and there is also an accompanying increase in the background capacitance of the material.
Although the details of these processes were not investigated further, other researchers do not
usually apply potentials more negative than 0 V vs. SCE, due to irreversible reduction processes.108,
109
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Figure 4.5: CV curves (scans 1-5) of drop-coated as-prepared MnO2 on GC at 50 mV s-1 in 0.5 M KCl (A
and C) and 0.5 M Na2SO4 (B and D).
The irreversible reduction in both electrolytes could be due to elimination of hydroxyls and protons
incorporated during synthesis from the surface which allows for further intercalation of metal
cations. This process was described by Kanoh et al.29 in birnessite MnO2 where hydroxyl groups were
electrochemically incorporated into the MnO2 structure and metal cations and protons incorporated
through non-electrochemical ion exchange processes (Figure 4.6). However, the reverse process
they describe where hydroxyls are re-incorporated is impossible under the conditions used here, as
the potential limits are too low for water oxidation. The differences in behaviour in the two
electrolytes are likely due to the differing abilities of the cations to adsorb onto surface sites and
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intercalate into the electrode structure. The smaller hydrated ion size of K+ is assumed to give easier
access to the surface.

Figure 4.6: Schematic diagram of the electrochemical intercalation/de-intercalation reactions of K+ in
birnessite MnO2. Adapted from reference 29.
The capacitance of the nanoparticle films was calculated by integrating the voltammograms over the
scan window to calculate the charge transferred. Capacitance is calculated from CV curves by:
Equation 4.12

Where C (in F) is the capacitance of the material, i is the measured current (in A), E is the applied
potential (in V), E1 and E2 are the lower and upper potential limits respectively (in V) and ν is the scan
rate (Vs-1). Typically, the capacitance value for a 5 µL drop of 2 mg/mL MnO2 suspension is
approximately 0.4 mF under the conditions examined, however, there is a large amount of betweensample variation.
The effects of electrolyte and scan rate on the electrochemical behaviour of the MnO2 nanoparticles
were examined in 0.5 M KCl and 0.5M Na2SO4 from 0 V to 0.8 at scan rates of 5, 50 and 500 mVs-1
(Figure 4.7). Scans conducted in KCl show an additional feature at 0.25 V at 5 mVs-1 scan rate (Figure
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4.7A) which increases in intensity with cycling. At increasing scan rate this feature is suppressed,
suggesting it is diffusion dependent.
It would be expected that the switching between charge and discharge processes would show scan
rate dependence due to the process relying on the movement of counter-ions at or into the
electrode surface. This switching-rate dependence typically appears as deviation at the switching
potentials from the rectangular CV of an ideal capacitor (i.e. there is curvature at the switching
potentials). This curvature should increase at higher scan rate as the diffusion processes are unable
to keep up with the switching rate. Some curvature is present in all the voltammograms in Figure 4.7
and is more marked at higher scan rates as can be seen when comparing data collected at 50 and
500 mV s-1 (Figure 4.7 C-F). However, in KCl, scans at 5 mVs-1 show the highest degree of curvature
(Figure 4.7A). This suggests that there are slow processes that are contributing significantly to the
capacitance of the electrode and masking the faster processes that dominate at higher scan rates.
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Figure 4.7: CV curves (scans 1-5) of drop-coated as-prepared MnO2 on GC in 0.5 M KCl (A, C and E)
and 0.5 M Na2SO4 (B, D and F) at 5 mV s-1 (A and B), 50 mV s-1 (C and D, reproduced from Figure 4.5)
and 500 mV s-1 (E and F).
Capacitance measurements from the integrated voltammograms (Table 4.1) show decreasing
capacitance as scan rate increases and increased capacitance in KCl compared to Na2SO4. The scan
rate dependence is likely due to either porosity of the MnO2 nanoparticles themselves or their
packing on the GC electrode causing porosity resulting in difficult to access areas of the electrode
that are not active at fast scan rates. This difference is likely due to the smaller hydrated-ion size and
higher ionic conductivity of K+ compared to Na+ making the diffusional components of the
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pseudocapacitance process easier.59 Compared to reported values (180-220 F g-1 for MnO2-C
composites at 5 mV s-1), the capacitance values of the material in this work are significantly lower –
most likely due to the limited accessible surface area of the drop-cast MnO2 nanoparticles on the GC
surface.100, 110, 111
Table 4.1: Capacitance data from CV scan 5 at various scan rates of MnO2 nanoparticles drop cast on
GC (0.01 mg nanoparticle loading) in 0.5 M KCl or 0.5 M Na2SO4.

Scan Rate (mV s-1)
5
50
500
a

4.3.2

KCla
C (F g-1)
60 ± 20
60 ± 10
46 ± 6

Na2SO4a
C (F g-1)
63 ± 3
40 ± 20
29 ± 2

n=3

Modification of MnO2 Nanoparticles

4.3.2.1 Aqueous Base Modification
As explained in Chapter 1, when a aryldiazonium ion is added to aqueous base, it is converted into a
diazoate that spontaneously decays to form the radical and forms a bond with the surface.112 This is
a promising approach for the modification of MnO2 materials due to their stability in basic
conditions. It was observed in experiments described in Chapter 3 that grafting aryldiazonium ions at
high pH was successful on non-conducting SU-8 surfaces and thus this method is likely to be
successful at conducting substrates like MnO2. As a proof-of-concept system, MnO2 nanoparticles
were modified with NP groups as these can be detected electrochemically. This modified material is
termed ‘NP-Mod’ MnO2. The modification was carried out by dissolving nitrobenzenediazonium
tetrafluoroborate in an aqueous suspension of MnO2 nanoparticles, followed by the addition of
sodium hydroxide. Alternatively, aqueous pH 10 buffer was used in place of sodium hydroxide
solution. Reaction conditions were selected to promote the reaction between the aryl radicals and
the MnO2 rather than solely with other radicals by ensuring the nanoparticles were well suspended
during the reaction and that the aryldiazonium ion had sufficient time to soak into any pores on the
nanoparticle surface before base was added as the aryldiazonium ion is more stable in ultrapure
water (pH ≈ 6). To determine the effect of base treatment on MnO2, blank samples were produced
by treatment of MnO2 nanoparticles under identical basic conditions in the absence of aryldiazonium
salt. These samples are referred to as ‘NaOH blank’ nanoparticles.
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4.3.2.2 Non-aqueous Modification
Non-aqueous modification of MnO2 was conducted by reacting suspensions of MnO2 nanoparticles
with 50 mM p-phenylenediamine in acetonitrile with the addition of equimolar tert-butyl nitrite as a
diazotisation agent. The resulting material is referred to as ‘AP-Mod’ MnO2. These reactions were
conducted in the absence of a reducing agent. Although it was observed in experiments described in
Chapter 3 that NP and MP groups would not graft to non-conducting SU-8 surfaces in acetonitrile in
the absence of a reducing agent, spontaneous reduction of the aryldiazonium ion by the MnO2
nanoparticles may be possible. Additionally, the modification of SU-8 in acid conditions with AP
groups in the absence of reducing agent has been demonstrated by Simons et al., possibly via a
mechanism unique to this modifier.113 Blank samples were prepared by treatment of nanoparticles
with tert-butyl nitrite in acetonitrile in the absence of aryl amine (referred to as ‘ACN blank’
nanoparticles).
4.3.2.3 Characterisation of Aryl Layers
To establish successful modification of the MnO2 nanoparticles, a number of methods were used to
detect the modifying layer and characterise its attachment to the MnO2 surface.
4.3.2.3.1 Electrochemistry
Successful NP-modification was initially confirmed by electrochemical reduction of the NP groups.
This was conducted in 1:9 ethanol:water with 0.1 M KCl rather than acid in order to prevent the
MnO2 from dissolving. In this electrolyte, NaOH blank nanoparticles (Figure 4.8a) show identical
electrochemical behaviour to the as-prepared nanoparticles observed previously (Figure 4.5c). Upon
modification with NP-groups (Figure 4.8b), another irreversible reduction appears at -0.9 V assigned
to the reduction of NP groups. This corresponds to the reduction peak at a NP-modified GC rod
(Figure 4.8c) and is absent from the NaOH blank. Based on the processes outlined in Chapter 2, the
area of the NP reduction peaks and resulting reversible oxidation peaks can be used to determine
the coverage of NP groups on the MnO2 material.
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Figure 4.8: CV curves (scan 1) of: a. NaOH Blank MnO2, b. NP-mod MnO2 and c. NP-mod GC in 0.1 M
KCl, 1:9 ethanol:water, 50 mV s-1.
This approach gives NP coverage of 6.7 ± 0.8 × 10-9 mol cm-2 (n = 5) based on the geometric area of
the underlying GC rod substrate. Alternatively, using the measured specific surface area for
nanoparticles prepared under similar conditions8 (90 m2 g-1) gives a coverage of 5.3 ± 0.6 × 10-11
mol cm-2 (n = 5). Monolayer coverage by aryldiazonium ion-derived aryl layers are typically on the
order of ~2 × 10-10 mol cm-2 which is intermediate between these values.114 These values are
consistent with either sub-monolayer coverage across the entire surface or multilayer coverage on
the electrochemically accessible areas of the nanoparticle surface. As there are no steps taken
during this modification process to limit multilayer formation, it is likely that the surface is partially
covered by a multilayer film.
4.3.2.3.2 TGA
TGA was conducted on NP- and AP- modified MnO2 nanoparticles and the corresponding blanks at a
rate of 2 °C min-1 up to 800 °C under N2 atmosphere (Figure 4.9). All samples show a series of gradual
mass losses typical of MnO2: loss of surface and structural water up to ~550 °C and a sharp mass loss
after this associated with the conversion of MnO2 to Mn2O3.67, 102 The modified samples show these
mass losses and additional losses starting from ~200 °C. In the case of NP-MnO2 (Figure 4.9A), the
mass-loss between 200 and 330 °C is assigned to the loss of NP groups. Studies on NP-modified
carbon black by Toupin and Bélanger using mass spectrometry coupled with TGA showed mass
losses associated with the NP-groups from 150-600 °C.115 Catalytic decomposition of the NP-groups
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by the MnO2 surface is a possible explanation for the NP-groups being completely lost at a lower
temperature on MnO2 than on carbon. Catalytic decomposition of aromatic hydrocarbons has been
observed at MnO2 surfaces by Suib et al. in an Ar atmosphere between 200-400 °C, supporting this
suggestion.66 The additional mass loss in AP-MnO2 (Figure 4.9B) occurs gradually between ~200-500
°C; Bélanger et al. reported the same behaviour on AP-modified carbon powder.116 The larger mass
loss in the AP-MnO2 sample compared to NP-MnO2 may suggest the presence of a disordered
multilayer or polymeric species attached to the nanoparticle surfaces as similar TGA curves were
observed by Ni et al. for MnO2-polyaniline composites.117
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Figure 4.9: TGA curves of A: NaOH Blank (1 and 2) and NP-Mod (3 and 4) MnO2 nanoparticles; B: ACN
Blank (1and 2) and AP-mod (3 and 4) MnO2 nanoparticles. Duplicate samples were prepared by
separate modification processes using the same batch of MnO2 nanoparticles.
4.3.2.3.3 FT-IR Spectroscopy
Fourier-transform infrared spectroscopy (FT-IR) was used to characterise the modified nanoparticles.
Spectra were collected in ATR mode as powders pressed against the prism using air as a background.
Baseline-corrected mid-IR spectra for as-prepared, modified and blank nanoparticle samples are
shown in Figure 4.10. The spectra for all MnO2 samples show broad features around 3500-3000 cm-1
and 1700-800 cm-1 assigned to O-H stretching and bending modes respectively due to hydroxylation
of the surface and adsorbed water. The shape and intensity of these features varies between
samples but it appears not to be related to the treatment conditions and most likely arises from
variation in adsorbed water content. The features present around 2400 cm-1 and between
2300-1900 cm-1 arise from the experimental setup and are caused by CO2 and the vibrations of the
diamond ATR prism rather than the MnO2 materials. This variety of features native to the material
makes it difficult to identify contributions from the aryl layers. This is especially true for AP-MnO2
due to the generally weak absorptions associated with amine groups. In the case of NP-MnO2, there
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are two strong absorbances characteristic of NO2 groups that can be clearly seen at 1518 cm-1 and
1345 cm-1 assigned to the asymmetric and symmetric N=O stretches respectively, providing further
evidence for NP-modification. Neither modified sample has clear evidence of the N≡N stretching
mode (band at 2280 cm-1) associated with the aryldiazonium ion, suggesting that there is no
unreacted aryldiazonium salt trapped within the MnO2.95 Both the NP- and AP-modified samples
show features between 3000-2750 cm-1 which could be due to C-H stretching. These are at relatively
low wavenumbers compared to where aromatic C-H stretches are expected (~3000 for aryl C-H
stretches), possibly due to the effect of the substituents on the aryl ring. The intensity of these
vibrations appears increased in the AP-modified sample compared to NP-modified MnO2 which is
consistent with the TGA results indicating the aryl layer is thicker or has higher coverage on the APmodified samples. There appears to be very weak bands in a similar wavenumber range for the
NaOH blank sample, possibly due to C-H stretching from organic contaminants within the sample.
The ACN-treated blank sample shows no evidence of C-H or C≡N stretching from trapped solvent.
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Figure 4.10: FT-IR ATR spectra of MnO2 nanoparticles as-prepared, treated in aqueous 0.1 M NaOH
with (NP-Mod) and without (NaOH Blank) NBD, and treated in acetonitrile with (AP-Mod) and
without (ACN Blank) in situ-prepared ABD. Spectra were normalised to the O-H bending band at
1600 cm-1.
4.3.2.3.4 Survey XPS
The effect of modification with aryl groups on the elemental composition of MnO2 materials was
investigated by XPS. The values given in Table 4.2 were calculated from XPS survey scans of the as
prepared MnO2, modified samples and their corresponding blanks (Figure 4.11). The composition of
the as prepared MnO2 nanoparticles appears anomalous as it exhibits a much higher O to Mn ratio
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than would be expected (3:1 compared with 2:1 based on the chemical formula) and an unusually
high N content. As these composition differences are not present in the blank MnO2 samples, it is
likely the result of contaminants that are removed on subsequent solvent-based processing.
Table 4.2: XPS survey scan atomic percent data for MnO2 nanoparticles
At%
MnO2 Sample

Mn

O

C

N

K

Na

As Prepared

18.2

62.3

13.9

3.5

2.2

-

NaOH Blank

21.3

53.2

17.2

-

3.2

5.1

NP-MnO2

17.3

47.9

23.7

3.1

2.6

5.3

ACN Blank

24.4

55.6

16.8

-

3.2

-

AP-MnO2

21.6

56.1

18.1

1.5

2.8

-

Both modified samples show significant N signals that are absent from the blanks and an increase in
C content. This provides further evidence for there being aryl groups on the surface contributing to
both the elevated C and N content. The C present in the blank nanoparticles is assumed to be
adventitious C deposited during the XPS measurements.
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Figure 4.11: XPS survey spectra of MnO2 nanoparticles as-prepared, treated in aqueous 0.1 M NaOH
with (NP-Mod) and without (NaOH Blank) NBD, and treated in acetonitrile with (AP-Mod) and
without (ACN Blank) in situ-prepared ABD.
4.3.3

Investigation of Bonding Mode

The idealised reaction for aryldiazonium ion grafting involves attachment of the aryl layer via
covalent bonding to the surface. This is the desirable outcome from a stability standpoint. However,
physisorption of the aryl layer to the surface is also common and despite the number of reports of
aryldiazonium ion modification of oxide materials, covalent bonding had only been demonstrated
prior to the commencement of this work on the native oxides on Cu and Al.98, 118 Later reports have
demonstrated covalent bonding to MnO2 and Fe2O3.100,

118

The electrochemistry, TGA and IR
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characterisations of the modified materials described in the previous sections only demonstrate that
aryl groups are associated with the material. They do not indicate that the groups are attached to
the surface. In order to investigate the nature of the interaction between the aryl layer and the
MnO2 surface, XPS was used to characterise the modified material.
4.3.3.1 X-Ray Photoelectron Spectroscopy
In addition to confirming the presence of aryl layers via the increased C and N content from the
survey spectra discussed previously, high resolution XPS spectra can be used to detect chemical shift
changes for the modified MnO2 materials caused by the new bonding to the aryl layer. XPS spectra
were collected for the Mn 2p, O 1s, C 1s and N 1s core levels.
4.3.3.1.1 Mn 2p Core Spectra
Detection of the formation of Mn-C bonds after the aryldiazonium grafting reaction should be
possible by fitting the Mn 2p XPS spectra. A shift in Mn binding energy is expected if Mn is bound to
the aryl layer. This analysis is complicated by the high degree of multiplet splitting exhibited by Mn
(III) and Mn (IV) compounds arising from coupling between the unpaired electron generated upon
ejection of the photoelectron and an unpaired electron in the outer shell.119 This electrostatic
coupling causes a number of final states resulting in a number of multiplet peaks instead of a single
core electron peak. Figure 4.12 shows the Mn 2p XPS spectra for as prepared, modified and blank
nanoparticles fitted using parameters calculated by Nesbitt and Banerjee119 using Hartree-Fock
calculations from Gupta and Sen.120, 121 It can be seen from these spectra that the number of peaks
necessary to account for the splitting makes it difficult to isolate any differences between the
spectra that are significant above the variation between samples and in the fitting results. Therefore
no additional information about the nature of the bonding between the modifying layer and the
MnO2 surfaces can be gained from these spectra.
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Figure 4.12: Mn 2p XPS spectra of MnO2 nanoparticles as-prepared, treated in aqueous 0.1 M NaOH
with (NP-Mod) and without (NaOH Blank) NBD, and treated in acetonitrile with (AP-Mod) and
without (ACN Blank) in situ-prepared ABD.
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4.3.3.1.2 O 1s Core Spectra
The other likely candidate for bonding between the aryl layers and the MnO2 surface (other than
Mn-C bonding) is Mn-O-C bonding through surface O functionalities. The presence of this bonding
mode would be expected to cause chemical shifts resulting in new components in the O 1s and C 1s
spectra. The O 1s spectrum of the unmodified material (Figure 4.13) contains three components:
oxide (O2-) O (529.5 eV), hydroxyl (OH-) O (531 eV) and adsorbed water (532.5 eV).119 Subsequent
modification with NP and AP groups results in an additional peak at high binding energy (533 eV)
that is absent from blank samples treated with the modification conditions without aryldiazonium
salt. This new peak is assigned to Mn-O-C bonding through to the aryl layer. There is a possibility
that this peak could be due to N-O bonding in the NP group (typically observed at 532.7 eV)122 in NPMnO2, however, as this peak occurs at the same binding energy in AP-MnO2 which doesn’t contain
this functionality, Mn-O-C bonding is the most likely assignment. Additionally, literature reports on
the modification of other oxide materials with aryldiazonium ions report metal-O-C bonding at
similar binding energies.98 These results provide strong evidence that these layers are attached
covalently to the surface rather than physisorbed. The existence of metal-O-C bonding to metal
oxides has also been observed by 57Fe Mössbauer spectroscopy on aryldiazonium ion-modified Fe2O3
nanoparticles.118
It would be expected that formation of Mn-O-C linkages would be accompanied by a decrease in the
surface hydroxyl concentration as H is replaced by the aryl layer. Comparison of the peak areas of
the hydroxyl peaks in blank and modified samples shows that a decrease is observed in the APmodified sample. No decrease is seen for the NP-modified sample, however, the corresponding
blank sample (NaOH blank) has a particularly small amount of hydroxyl O. The reason for this
difference is unknown. In comparison with the as-prepared MnO2 sample, all modified samples and
blanks show decreased hydroxyl content. This suggests that treatment under a range of conditions
can cause changes in hydroxyl content which may be masking the effect of modification.
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Figure 4.13: O 1s XPS spectra of MnO2 nanoparticles as-prepared, treated in aqueous 0.1 M NaOH
with (NP-Mod) and without (NaOH Blank) NBD, and treated in acetonitrile with (AP-Mod) and
without (ACN Blank) in situ-prepared ABD.
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4.3.3.1.3 C 1s Core Spectra
Examination of the chemical states of C in the aryl-modified MnO2 materials might appear to be an
ideal method to investigate how these organic layers are attached to the surface as C signals should
only arise from the modifier. However, without stringent control over air exposure or extreme
cleaning (e.g. Ar sputtering), samples will accumulate a layer of ‘adventitious’ C consisting of
hydrocarbon species containing a range of O functionalities.123 This can be seen in the C 1s spectra
for as-prepared MnO2 (Figure 4.14A) where several peaks are present. The main peak at 284.8 eV is
assigned to C-H and C-C bonding and the fitted peak at 286.5 eV is likely to contain contributions
from aromatic C-C, C-OH, C-O and C=O bonding, with the assignment of these different regions
frequently overlapping between different studies.122, 124, 125 All blank and modified samples also show
an additional peak at 289 eV that is associated with –COOH functionalities in adventitious carbon.
After modification with AP and NP groups, features associated with C-N and C-O-Mn bonding would
be expected to be introduced into the C 1s spectrum. Previous studies on NBD grafting have
assigned peaks in the 286.3-285.9 eV range to C-N bonding in grafted NP groups.124 As mentioned
above, C-O bonding also gives a C 1s signal in this range and changes in this region could be due to
any combination of these features.125,

126

Comparison between the modified and blank samples

reveals only a very slight shift in the binding energy in the second component from 286.3 eV to 285.9
eV which could be associated with an increase in C-O or C-N bonding but the significance of this is
difficult to determine.
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Figure 4.14: C 1s XPS spectra of MnO2 nanoparticles as-prepared, treated in aqueous 0.1 M NaOH
with (NP-Mod) and without (NaOH Blank) NBD, and treated in acetonitrile with (AP-Mod) and
without (ACN Blank) in situ-prepared ABD.
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4.3.3.1.4 N 1s Core Spectra
As both aryldiazonium ions used in this study produce nitrogen-containing aryl layers, the number
and location of peaks in the N 1s spectra provide information about the chemical nature of the
grafted film. The N 1s spectra of the as-prepared MnO2 and blank samples show a single peak at
400 eV, typically associated with reduced N functionalities. As the preparation of these samples
should not result in N functionalities on the surface, the origin of these N 1s signals is unknown.
Nitrogen-containing groups in adventitious C contamination are a possible source, or trapped
acetonitrile in the case of the ACN blank sample. The NP-modified sample N 1s spectrum contains
two peaks: an intense peak at 406 eV and a weaker peak at 400 eV. The high energy peak is due to
N-O present in the nitro group, indicating that these groups are mostly stable on the surface.127 The
peak at 400 eV is again due to reduced N, however, in this sample it could arise from reduction of NP
groups in the X-ray beam, azo-linkages in the film from direct attack of the aryldiazonium ion (as
discussed in Chapter 1) or contamination.127 The AP-modified sample spectrum only has a peak at
400 eV associated with N in the AP groups and probable contributions by azo-linkages and
contamination. As neither characteristic N 1s peak for aryldiazonium ions (403.8 and 405.1 eV) was
observed, no unreacted aryldiazonium ion is present at the surface.128 From these results, it cannot
be conclusively determined if the aryl layer is attached to the MnO2 surface by azo linkages as there
are other plausible origins of reduced N species and azo linkages to the surface cannot be
distinguished from azo linkages present within the aryl film.
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Figure 4.15: N 1s XPS spectra of MnO2 nanoparticles as-prepared, treated in aqueous 0.1 M NaOH
with (NP-Mod) and without (NaOH Blank) NBD, and treated in acetonitrile with (AP-Mod) and
without (ACN Blank) in situ-prepared ABD.
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4.3.4

Properties of Modified MnO2 Nanoparticles

4.3.4.1 Elemental Composition
As MnO2 is a conducting material, it is possible that the MnO2 material itself can spontaneously
reduce the aryldiazonium ion (Scheme 1.1). This reaction would result in changes in the Mn
oxidation state and the concentration of charge-balancing counter-ions present in the material.
The concentration of charge-balancing cations (Na+ and K+) in the MnO2 materials was calculated
from the XPS survey scans shown in Figure 4.11. This is represented in Table 4.3 by the C+:Mn ratio,
where C+ is the combined Na+ and K+ content. For the AP-Mod and ACN blank samples, the C+:Mn
ratio of 0.13 is close to the expected value for cryptomelane (chemical composition C+Mn8O16).
However, after treatment in basic conditions, both NP-Mod and NaOH blank samples have increased
C+:Mn ratios due to an increase in Na+ content. This could be due to either a decrease in the average
oxidation state of the MnO2 after exposure to basic conditions or simply a replacement of chargebalancing H+ incorporated into the structure during synthesis with Na+ during base treatment.
Table 4.3: Cation content and average oxidation state of MnO2 nanoparticles as-prepared, treated in
aqueous 0.1 M NaOH with (NP-Mod) and without (NaOH Blank) NBD, and treated in acetonitrile with
(AP-Mod) and without (ACN Blank) in situ-prepared ABD.
MnO2 Sample

C+/Mna

AOS

AOS Error

As-Prepared

0.12

3.91b

0.02d

NaOH Blank

0.39

3.992b

0.005d

NP-Mod

0.46

3.97c

0.07e

ACN Blank

0.13

3.86b

0.04d

AP-Mod

0.13

3.65c

0.07e

a +

C is concentration of charge-balancing cations (Na+ and K+) measured from survey XPS spectra;

b

AOS measurement from potentiometric titration; cAOS measurement from XPS splitting data;

d

standard error of mean (3 samples); estandard error of the regression.

The possibility of oxidation state changes on base treatment was investigated by determining the
average oxidation state (AOS) of the blank and modified samples. AOS was initially measured by
potentiometric titration where the MnO2 sample was reacted with (NH4)2Fe(SO4)2 and titrated with
KMnO4 as described in Section 4.2.5.1. This method was investigated to determine the AOS of as
prepared, NP-Mod, AP-Mod, NaOH blank and ACN blank MnO2 nanoparticles. For as-prepared and
blank MnO2 samples, AOS values determined by this method are shown in Table 4.3. However, this
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method was found to be unsuitable for modified materials as they did not dissolve in the acidified
(NH4)2Fe(SO4)2 solution. These samples were also found to be insoluble in KI and conc. HCl after both
soaking overnight and sonication. This increased resistance to dissolution may have applications for
improving the stability of MnO2 materials in sensors and pseudocapacitor electrodes.
To determine the AOS of NP- and AP-modified MnO2 nanoparticles, the Mn 3s XPS signal was
analysed. The splitting of this signal (Figure 4.16A) varies linearly based on the Mn oxidation state,
allowing the AOS of the sample to be determined from a linear correlation with splitting data from
known samples.108, 104 The correlation curve for these values using data from samples in this work
and data reported in the literature is shown in Figure 4.16B.

Figure 4.16: A. Example Mn 3s XPS spectrum showing the calculation of the peak splitting value. B.
Correlation curve between Mn 3s splitting and AOS, Red – this work, Blue – literature data from 104.
The equation for this linear regression is shown in Equation 4.13 where Esp is the peak splitting value
in eV determined from the Mn 3s XPS spectrum.
Equation 4.13
The AOS values determined by this method for NP- and AP-modified MnO2 are shown in Table 4.3.
The data in Table 4.3 shows that the as-prepared, NP-modified and NaOH blank MnO2 samples have
AOS values very close to the value of pure MnO2 (AOS = 4.0). From this it is apparent that treatment
and modification in NaOH solution does not significantly change the AOS of MnO2 and that the
increase in cation ratio observed by XPS is most likely due to replacement of H+ with Na+ rather than
an oxidation state change. Both acetonitrile-treated samples show a decrease in AOS, however, this
change was only significant for the AP-modified sample compared to other MnO2 samples. A
possible explanation for the decrease MnO2 AOS is reduction by AP groups. Oxidation of AP groups
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has been observed electrochemically, however, the oxidation product is unknown, but is commonly
assumed to be a phenol derivative.129 Oxidation of AP groups may also explain the lower observed N
content in the AP-modified sample.
As was described in Chapter 3, grafting at pH 10 occurred without a reduction source (either from
the substrate or added in solution), whereas grafting in acetonitrile required addition of a reducing
agent. As the AOS of the MnO2 materials was found to remain the same or decrease after
modification in NaOH and acetonitrile, spontaneous reduction of the aryldiazonium salt by the MnO2
nanoparticles seems unlikely, as this would require a concomitant oxidation of the MnO2 surface and
thus an increase in AOS. Therefore the grafting of AP groups to MnO2 must occur by a spontaneous
mechanism specific to ABD as was observed by Simons et al. on SU-8 surfaces.113
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4.3.4.2 Morphology and Crystallinity
SEM imaging was used to evaluate the effect of modification on MnO2 nanoparticle morphology.
Figure 4.17 shows that the basic morphology is unchanged after modification with the particles
being distinctly rod-shaped. However, it is possible that the dimensions of the nanoparticles could
have changed due to a dissolution process during the modification reaction.

Figure 4.17: SEM images of MnO2 nanoparticles: A. As-prepared, B. NP-modified and C. AP-modified.
The dimensions of as-prepared and treated MnO2 nanoparticles were measured from SEM images.
Nanoparticle diameter was consistently ~23 nm with no significant differences observed between
the samples, however very small changes would not be detectable given the resolution limit for the
SEM instrument. Histograms of length measurements of as prepared, modified and blank
nanoparticles are shown in Figure 4.18, average nanoparticle length and standard deviation for each
sample are presented in Table 4.4. As-prepared MnO2 nanoparticles had average lengths of
140 ± 20 nm and this was unchanged after base treatment in the absence of aryldiazonium ion
(130 ± 20 nm for the NaOH blank sample). However, modification in NaOH with NP groups resulted

95

4. Modification of MnO2 Nanoparticles with Aryldiazonium Ions
in an increase in average length to 160 nm ± 20 nm. Both ACN-treated samples appear to be shorter
on average (120 nm ± 20 nm for AP-mod and ACN blank).
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Figure 4.18: Histograms of length measurements for MnO2 nanoparticles as-prepared, treated in
aqueous 0.1 M NaOH with (NP-Mod) and without (NaOH Blank) NBD, and treated in acetonitrile with
(AP-Mod) and without (ACN Blank) in situ-prepared ABD.
The significance of these changes in length was investigated by an independent-samples t-test to
compare nanoparticle length for modified and blank samples with the as-prepared material. The
parameters and test statistics for this analysis are presented in Table 4.4. From these results it is
apparent that the changes in average length for the NP-modified, AP-modified and ACN blank
samples are significant (p-values of 0.004, 0.001 and 0.01 respectively). The apparent increase in
length for NP-modified samples could arise from a dissolution-redeposition process occurring
preferentially at the ends of the nanoparticles, however, there is no sign of pitting on the
nanoparticles from dissolution. An alternative explanation for the apparent length change is that the
modification with NP-groups improves the dispersibility of the nanoparticles such that larger
nanoparticles are able to stay in suspension. This would increase the population of longer
nanoparticles in the drop-cast sample and thus the average nanoparticle length. It was observed
that the NP-modified samples were able to disperse more readily and produced more stable
suspensions, supporting this hypothesis. The decrease in length observed in the acetonitrile-treated
samples was also significant and suggests that a dissolution process is occurring. However, the
mechanism of this process is unknown.
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Table 4.4: Length data measured from SEM and independent-samples t-test parameters for MnO2
nanoparticles as-prepared, treated in aqueous 0.1 M NaOH with (NP-Mod) and without (NaOH
Blank) NBD, and treated in acetonitrile with (AP-Mod) and without (ACN Blank) in situ-prepared ABD.
Average Length (nm)
sa
tb
pb
dfb
As-Prepared
140
20
NP-Mod
160
20
3.1
0.004
37
NaOH Blank
130
20
1.4
0.2
22
AP-Mod
120
20
3.4
0.001
47
ACN Blank
120
20
2.8
0.01
27
a
Sample standard deviation, bParameters from independent-samples t-test: test statistic (t), p-value
(p) and degrees of freedom (df).
The effect of modification and treatment on the crystal structure of the MnO2 nanoparticles was
investigated by XRD. From the XRD patterns for these samples (Figure 4.19) it is apparent that no
changes in the crystal structure or crystallinity of the samples occur after modification or treatment
in either aqueous NaOH solution or acetonitrile. This provides further evidence that dissolutionredeposition mechanisms do not occur to a significant degree during modification.
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Figure 4.19: XRD data MnO2 nanoparticles for A. As-prepared, B. NP-MnO2, C. NaOH Blank, D.
AP-mod and E. ACN Blank MnO2 nanoparticles.
4.3.5

Electrochemical Properties of Modified MnO2 nanoparticles

4.3.5.1 Drop-cast MnO2 Nanoparticle Electrodes
The electrochemical behaviour of modified and blank nanoparticles was investigated by dropcoating treated nanoparticles onto GC disc electrodes. The CV response over a wide potential range
was examined in both 0.5 M KCl and 0.5 M Na2SO4 (Figure 4.20). The CV curves for all the treated
samples have similar features in both media: two reduction peaks at -0.25 and -0.5 V (sometimes
appearing as one broad peak) and multiple oxidation peaks. The peak height and width of these
oxidation peaks varies between samples and media in the curves shown, however, these differences
do not appear to vary systematically with either aqueous NaOH or acetonitrile treatment.
Comparison with CV curves of as-prepared nanoparticles (Figure 4.5 C and D) reveals no systemic
trends in the CV curves which could be attributed to the effects of modification or the modification
conditions and it appears that modification with aryl layers does not add additional electrochemical
processes.
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Figure 4.20: CV curves (scans 1-5) of MnO2 nanoparticles in 0.5 M KCl (A-D) or 0.5 M Na2SO4 (E-H) at
50 mV s-1: NP-modified (A and E), NaOH blank (B and F), AP-modified (C and G) and ACN blank
(D and H).
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The effect of modification on the capacitance of the nanoparticles was measured by CV (Figure 4.21Figure 4.24) over the stable potential window (0-0.8 V vs. SCE) in 0.5 M KCl and 0.5 M Na2SO4.
Capacitance values were measured at 5 mV s-1, 50 mV s-1 and 500 mV s-1 scan rates for NP-MnO2, APMnO2 and their corresponding blanks. Comparison of the voltammograms over this region with
those for as-prepared MnO2 in Figure 4.7 shows that all samples have similar quasi-rectangular
responses. Capacitance values calculated by integrating the voltammograms are listed in Table 4.5.
For convenience, data for as-prepared samples, calculated from Figure 4.7, are also included. The
capacitance values are comparable between treatments and, in general, show the trends observed
in the as-prepared data of decreasing capacitance with increasing scan rate and between KCl and
Na2SO4. All of the capacitance values for the treated samples appear to be lower than the asprepared samples, however, these differences may not be significant. CV of 5 NP-MnO2 samples in
Na2SO4 gives average capacitance values of 50 ± 20 F g-1, 30 ± 10 F g-1 and 22 ± 8 F g-1 at 5, 50 and
500 mVs-1 respectively, which has the expected trend of decreasing average capacitance with scan
rate but the magnitude of this difference is less than the between-sample variation. Similarly,
comparison of the capacitance of NP-MnO2 at 50 mV s-1 in Na2SO4 (30 ± 10 F g-1) with the average asprepared MnO2 capacitance (40 ± 20 F g-1) indicates that any capacitance variation due to
modification is masked by the between-sample variation in both sample types.
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Figure 4.21: CV curves (scans 1-5) of NP-modified MnO2 nanoparticles in 0.5 M KCl (A-C) or 0.5 M
Na2SO4 (D-F). Scans were carried out at 5 mV s-1 (A and B), 50 mV s-1 (C and D) and 500 mV s-1 (E and
F).
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Figure 4.22: CV curves (scans 1-5) of NaOH blank MnO2 nanoparticles in 0.5 M KCl (A-C) or 0.5 M
Na2SO4 (D-F). Scans were carried out at 5 mV s-1 (A and B), 50 mV s-1 (C and D) and 500 mV s-1 (E and
F).
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Figure 4.23: CV curves (scans 1-5) of AP-modified MnO2 nanoparticles in 0.5 M KCl (A-C) or 0.5 M
Na2SO4 (D-F). Scans were carried out at 5 mV s-1 (A and B), 50 mV s-1 (C and D) and 500 mV s-1 (E and
F).
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Figure 4.24: CV curves (scans 1-5) of NaOH blank MnO2 nanoparticles in 0.5 M KCl (A-C) or 0.5 M
Na2SO4 (D-F). Scans were carried out at 5 mV s-1 (A and B), 50 mV s-1 (C and D) and 500 mV s-1 (E and
F).
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Table 4.5: Capacitance data from CV scan 5 at various scan rates of as-prepared, NP-modified, NaOH
blank, AP-modified and ACN blank MnO2 nanoparticles drop cast on GC in 0.5 M KCl and 0.5 M
Na2SO4.
KCl
Na2SO4
-1
Sample
Scan Rate (mV s )
C (F g )
C (F g-1)
a
As-Prepared
5
60
63
50
60
40
500
46
29
b
NP-Mod
5
33
33
50
29
22
500
20
12
NaOH Blankb
5
23
33
50
26
26
500
22
15
b
AP-Mod
5
22
33
50
26
25
500
23
17
b
ACN Blank
5
27
24
50
21
17
500
18
14
a
Average capacitance data (n = 3) reproduced from Table 4.1, bData from single samples
-1

This high degree of capacitance variation between samples even persists within the same batch of
MnO2 material and is likely due to the random nature of the drop-coated nanoparticle films. The
electrochemically-accessible surface area of the nanoparticle film is determined by the packing of
the nanoparticles on the GC electrode surface. This will result in variable exposed areas between
samples and thus varying capacitance. In an attempt to prepare reproducible surfaces, carbon paste
electrodes incorporating MnO2 nanorods were investigated (see below). For these electrodes, small
variations in nanoparticle packing are likely to average out over the bulk of the material. In an
alternative strategy, nanostructured MnO2 films prepared by electrodeposition were used; this work
is described in Chapter 5.
4.3.5.2 MnO2/Carbon Powder Composite Electrodes
An alternative electrode setup for testing MnO2 materials is to form a paste with the MnO2 material,
a conducting additive (usually carbon powder) and a binder (such as PTFE). This paste is then
compressed onto an electrical contact to form an electrode. The mechanical and electrochemical
properties of these electrodes can be adjusted by varying the composition of the paste. When
preparing MnO2 paste electrodes, the low conductivity of MnO2 limits the amount of MnO2 that can
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be added without increasing electrode resistance. With a small proportion of MnO2 it is difficult to
evaluate the properties of the MnO2 compared to the conducting additive. This can be somewhat
mitigated by using an electrode with a large contact area between the electrical contact and
electrode material to offset the high resistance by shortening the conduction path.
Initially, test electrodes containing only carbon powder (KS6 synthetic graphite) and PTFE binder
were prepared by this method. The electrochemical suitability of these test electrodes was
examined by cycling in hydroxymethylferrocene solution which showed a typical reversible response
(Figure 4.25).
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Figure 4.25: CV curves (scan 1 and 2) for KS6 carbon powder paste electrode at 50 mV s-1 in 1 mM
hydroxymethylferrocene, 0.1 M KCl solution.
PTFE bound MnO2 electrodes were prepared by mixing MnO2 and carbon powder in 1:1, 4:1 and 8:1
ratios with 10 wt% (based on total electrode mass) PTFE binder.37 Increasing the proportion of MnO2
nanoparticles in the electrode paste resulted in brittle electrodes that would not polish effectively,
however, lowering the MnO2 content made it difficult to determine the effect of modification on the
MnO2 electrochemistry. The 4:1 MnO2:C ratio produced electrodes that could be polished while
retaining a higher proportion of MnO2. The electrochemical behaviour of these electrodes was
measured by cyclic voltammetry at a range of scan rates in 0.5 M KCl and Na 2SO4 solutions (Figure
4.26). At low scan rates, the electrodes show a typical quasi-rectangular response with greater
capacitance in Na2SO4. As the scan rate increases, the response becomes less rectangular and more
resistive, particularly in KCl, with a corresponding decrease in capacitance. This scan rate
dependence suggests that large proportions of the electrode area are difficult to access and at
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higher scan rates, the charge balancing cations are unable to diffuse into the electrode surface which
limits the available capacitance. The sharper decrease in capacitance with increase in scan rate in
the presence of K+ is in contrast with the drop-cast nanoparticle films examined on GC (Figure 4.5 A
and B). It was expected that the smaller hydrated size of K+ than Na+ would result in a relatively
lower diffusion barrier for K+ at faster scan rates however the opposite is observed. It has been
reported that on activated carbon electrodes double-layer capacitance increased with increasing
hydrated ion size and decreasing ion mobility.130 It was suggested that the more mobile ions diffuse
further out into the electrolyte bulk during charging and discharging of the double layer, causing
them to take longer to readsorb to the electrode and thus lowering the capacitance at higher scan
rates. This indicates that these composite paste electrodes have a significant contribution from
double-layer capacitance compared to the drop-cast nanoparticles. Over extended cycling, the
electrolyte seeps into the electrode paste, causing the electrode material to break apart into the
solution. This makes these electrodes unsuitable for studies of the effects of surface modification of
MnO2 nanorods. This work was not pursued further.
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Figure 4.26: CV curves of 4:1 MnO2:Carbon KS6 carbon powder paste electrodes in 0.5 M KCl (A-C) or
0.5 M Na2SO4 (D-F). Scans were carried out at 5 mV s-1 (A and B, Scans 1 and 2), 50 mV s-1 (C and D,
Scans 1-5) and 500 mV s-1 (E and F, Scans 1-5).
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4.3.6

Preparation of Tethered Nanoparticle Assemblies

Tethering of MnO2 nanoparticles to carbon materials may offer a method to produce MnO2
electrodes with an open, flexible structure. Such a structure should overcome stability and
conductivity problems by allowing the electrode material to expand and contract while improving
electrolyte access. Preparation of tethered nanoparticle assemblies was attempted by using the
MnO2 modification conditions previously discussed to achieve tethering through aryldiazonium salt
grafting chemistry. Both planar carbon and carbon powders were used as tethering substrates and
several tethering routes were investigated, as shown in Scheme 4.1 (reproduced here for
convenience). After completion of this work, Ramirez-Castro et al. reported preparation of grafted
assemblies of MnO2 on carbon powder using aryldiazonium ion-based grafting.100 Their findings will
be discussed in the context of this work below.
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Scheme 4.1: Preparation of tethered assemblies of MnO2 and carbon materials: A. tethering bare
carbon to modified MnO2 and B. tethering unmodified MnO2 to modified carbon. TBN – tert-butyl
nitrite, ACN – acetonitrile.
4.3.6.1 Preparation of Tethered Assemblies of MnO2 Nanoparticles and Planar Carbon
4.3.6.1.1 Grafting reduced NP-MnO2 to GC (Route A, Scheme 4.1)
Building on previous success with grafting NP groups to MnO2 nanoparticles, this modified material
was used as a starting point for producing tethered assemblies. By electrochemically reducing the
NP groups on the surface of the nanoparticles, a mixed layer of amine and hydroxylamine groups is
formed enabling the preparation of a diazonium-terminated surface for further grafting. Figure
4.27A shows the reduction of NP-MnO2 on a glassy carbon surface; this reduced-NP film was then
converted into a diazonium-terminated film by immersion in tert-butyl nitrite in acetonitrile.
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Figure 4.27: CV curves (scans 1-5) of MnO2 nanoparticles at GC in 0.1 M KCl, 1:9 ethanol:H2O
solution: A. NP-MnO2 reduction, B. Reduction of N2+-MnO2 produced from reduced NP-MnO2 to the
GC electrode.
Initially the diazonium-terminated nanoparticles (N2+-MnO2) were electrografted to the GC electrode
in aqueous conditions however no grafting peak could be detected in the presence of the MnO2
response (Figure 4.27B). Sonication (5 min in ultrapure water) of the surface was attempted to see if
grafting had improved the adhesion of the nanoparticles to the surface. CV curves of the sonicated
surface showed only a very small response (Figure 4.28A). A surface drop-coated with NP-modified
nanoparticles (without subsequent grafting procedures) and treated with the same sonication
procedure showed very similar CV response (Figure 4.28B), suggesting no enhancement in adhesion
from the grafting process.
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Figure 4.28: CV curves (scans 1-5) in 0.5 M Na2SO4 at 50 mV s-1 of A. reduced N2+-MnO2 and B. NPmodified MnO2 on GC after 5 min sonication in ultrapure water.
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4.3.6.1.2 Grafting AP-MnO2 to GC (Route A, Scheme 4.1)
To avoid the ill-defined nature of the reduced NP films, AP-modified MnO2 was used instead to
tether to carbon. AP-MnO2 (prepared by the method described in Section 4.2.4.2) was drop-coated
onto glassy carbon and then converted in situ to N2+-MnO2 and grafted spontaneously to the GC
surface. Control surfaces with AP-MnO2 deposited without any grafting reaction were also prepared
for comparison. The grafted surfaces were then sonicated and imaged by SEM to determine if the
grafting reaction increased the stability of the MnO2 nanoparticles on the surface. However, SEM
imaging of these samples showed that neither the grafted sample nor the blank shows a significant
density of nanoparticles, suggesting that grafting was unsuccessful or that sonication was too
intense and ruptured the bonds to the surface.
4.3.6.1.3 Grafting Unmodified MnO2 to AP-GC (Scheme 4.1, Route B)
In an alternative strategy to attach nanoparticles to carbon surfaces, an AP film is grafted to the
carbon surface and then converted in situ to a diazonium-terminated film in the presence of
unmodified MnO2 nanoparticles. Again, these samples were sonicated and then examined by SEM.
As shown in Figure 4.29, the grafted sample showed MnO2 across the entire surface but with a
higher density within the modified area (Figure 4.29B). However, the significance of this difference is
difficult to determine. The tendency of MnO2 to non-specifically adsorb onto the surface of the
carbon substrate makes it difficult to determine if the tethering reactions are successful as
treatments such as sonication are expected to be able to remove even grafted nanoparticles from
the carbon surface.

Figure 4.29: SEM images of MnO2 nanorods after spontaneous reaction on unmodified (A) and
diazonium-terminated (B) regions of a GC electrode.
Considering the problems outlined above, carbon powders were examined as the tethering
substrate in subsequent experiments.
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4.3.6.2 Preparation of Tethered Assemblies of MnO2 Nanoparticles and Carbon Powder
4.3.6.2.1 Tethering Process
Attachment of MnO2 to carbon powder can be undertaken by either of two routes: tethering APmodified MnO2 nanoparticles to unmodified carbon powder or vice versa (Routes A and B in Scheme
4.1 respectively). Due to the uncontrolled nature of the aryldiazonium grafting reaction that will
produce multi-layer films and connect indiscriminately between reactants, it is likely these two
routes would produce materials with different arrangements of MnO2 and carbon.
AP-modified MnO2 nanoparticles and carbon powders were prepared as described in Section 4.2.4.2.
These materials were mixed with unmodified carbon powder or MnO2 nanorods respectively, in
acetonitrile in the presence of tert-butyl nitrite to convert the AP-film to a diazonium-terminated
film. Two different MnO2:C ratios (1:1 and 9:1) were used with two sizes of carbon powder (40 nm
acetylene black and 2 µm KS6). The larger carbon powder was used with the higher MnO2:C ratio to
provide sufficient coverage of the large carbon particles. As the acetylene black was similarly-sized
to the nanoparticles, a 1:1 ratio was used. Physical mixtures of AP-MnO2 and AP-carbon with bare
carbon/MnO2 without the tethering reaction were prepared as blanks to test the effect of tethering
the components.
The morphology and electrochemical behaviour of these assemblies were compared with physical
mixtures by SEM and cyclic voltammetry respectively.
4.3.6.2.2 Morphology of Tethered Assemblies
One of the expected advantages of the tethered assembly electrode architecture is that it allows for
better contact between the electrode materials than discrete mixtures as the two materials are held
together by covalent bonding. Representative SEM images showing the distribution of the MnO2 and
carbon components in tethered assemblies and physical mixtures are presented in Figure 4.30. From
these images, the differences in relative size between the two carbon particle types used and the
MnO2 nanoparticles is apparent where the larger KS6 carbon results in composites with individual
carbon particles coated in nanoparticles whereas the acetylene black particles are sized such that
they mix more evenly with the MnO2. The distribution of the components in the assemblies and
mixtures was investigated by drop-casting suspensions onto carbon substrates and imaging at
different points across the dried materials. In the acetylene black materials, both the assembly
(Figure 4.30A) and mixture (Figure 4.30B) had similar structures where the two materials were
mostly well-incorporated but had regions where the nanoparticles and carbon powder had formed
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separate aggregates. In the KS6 carbon-containing materials (Figure 4.30 C and D), the large size of
the carbon powder precluded the formation of aggregates and the surfaces of the carbon particles
were coated in nanoparticles in both cases. However, there were still a number of nanoparticle
aggregates within the sample. The similarity between the tethered assemblies and physical mixtures
appears to stem from the tendency of these materials to physisorb strongly to surfaces. This causes
the mixtures to display similar behaviour to the assemblies by forming physisorbed clusters as well
as resulting in aggregates of un-bonded material in the assemblies.

Figure 4.30: SEM images of MnO2-carbon powder composites drop-cast onto GC: A. 1:1 tethered
assembly of MnO2 nanoparticles and acetylene black, B. 1:1 physical mixture of AP-modified MnO2
and acetylene black, C. 9:1 tethered assembly of MnO2 and KS6 synthetic graphite and D. 9:1
physical mixture of MnO2 and AP-modified KS6.
4.3.6.2.3 Electrochemical Behaviour of Tethered Assemblies
CV was used to compare the electrochemical behaviour of the nanoparticle assemblies with physical
mixtures by drop-coating the materials onto GC electrodes. Comparison between the MnO2
containing materials and the isolated carbon powders (Figure 4.31) show that the carbon powders
have much lower capacitance without the MnO2 materials and have relatively featureless
114

4. Modification of MnO2 Nanoparticles with Aryldiazonium Ions
electrochemistry (apart from an adsorption peak on the KS6 material). Both the tethered-assemblies
(Figure 4.31 B and E) and physical mixtures (Figure 4.31 C and F) have similar electrochemical
response which is dominated by the MnO2 electrochemistry. There are differences in peak intensity,
shape and position between the different samples, however, this is likely due to between-sample
variation rather than changes due to structural differences.
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Figure 4.31: CV curves (scans 1-5) at 50 mV s-1 in 0.5 M KCl of GC electrodes drop-coated with
acetylene black (A-C) and KS6 (D-F) carbon powder unmodified (A and D), and in tetheredassemblies (B and E) or physical mixtures (C and F) with MnO2 nanoparticles.
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In order to improve separation of the unreacted material from assemblies, further separation steps
were used. These experiments were carried out using the [KS6-Ph]-MnO2 assemblies as the larger
size carbon powder compared to the MnO2 material should allow for more effective separation.
Centrifugation was used to separate the assemblies from the unreacted material using a slow rotor
speed to favour the settling of the larger assemblies over the smaller unreacted nanoparticles. The
precipitates from tethered assemblies and physical mixtures prepared via this method were then
analysed by CV (Figure 4.32) and SEM (Figure 4.33).
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Figure 4.32: CV curves (scans 1-5) at 50 mV s-1 in 0.5 M KCl of the precipitate produced from
centrifugation of 9:1 MnO2:KS6 composites drop cast onto GC: A. Tethered assembly of MnO2
nanoparticles and KS6 and B. physical mixture of MnO2 nanoparticles and AP-modified KS6.
Comparison of the electrochemical response for the precipitates shows nearly identical response for
the assembly and the physical mixtures. The features associated with the MnO2 nanoparticles have
decreased significantly compared to the initially-prepared assemblies, indicating that the separation
process is at least partially effective at removing unreacted nanoparticles from the sample. SEM
imaging also shows that the assemblies have similar structure to the physical mixtures and that
despite the additional separation there is still a significant amount of loose MnO2 and MnO2
aggregates in both samples. These results indicate that in addition to requiring further separation,
different solution or solvent conditions are needed to properly suspend these aggregates.

116

4. Modification of MnO2 Nanoparticles with Aryldiazonium Ions

Figure 4.33: SEM images of the precipitate produced from centrifugation of 9:1 MnO2:KS6
composites drop-cast onto GC: A. 9:1 tethered assembly of MnO2 and KS6 synthetic graphite and B.
9:1 physical mixture of MnO2 and AP-modified KS6.
Recently, Ramirez-Castro et al. reported preparation and electrochemical characterisation of
carbon/MnO2 composites bridged by a similar aryldiazonium ion-grafting strategy.100 In their work,
carbon black was modified with AP groups by overnight spontaneous reaction in aqueous acid and
was bridged to amorphous MnO2 particles by in situ diazotisation and spontaneous grafting in
acetonitrile/tert-butyl nitrite solution for 4 hours (Scheme 4.2). This tethered assembly was
contrasted with a physical mixture of amorphous MnO2 and carbon powder by TEM, SEM, XPS and
CV.

Scheme 4.2: Preparation of MnO2-C tethered assemblies. Step 1 corresponds to the formation of
AP-modified carbon powder and step 2 to the diazotisation and in situ grafting of the modified
carbon powder to the MnO2 particles. Reproduced from reference 100.
TEM and SEM images showed that the tethered assembly had more uniform distribution of the
MnO2 particles across the carbon powder which tended to form aggregates in the physical mixture.
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XPS analysis showed an O 1s bonding feature present only in the tethered assembly at similar energy
to those described in this thesis work for Mn-O-C bonding in the modified MnO2 samples in this
work.

CV of these materials showed the tethered assembly had enhanced capacitance and

maintained capacitance better at high scan rates compared to the physical mixture. The
improvements in electrochemical behaviour of the tethered assemblies were attributed to the tight
coupling between the carbon and MnO2 particles improving electron transfer and the improved
dispersion of the particles increasing the amount of MnO2 that is electrochemically active.
The observation of improved dispersion of tethered assemblies by Ramirez-Castro et al. is in contrast
to the samples described in this chapter where both MnO2 aggregates and a high coverage of MnO2
adsorbed non-specifically to the carbon surfaces was observed regardless of covalent attachment.
The differences in material distribution between studies could arise due to the additional sonication
steps used in the cleaning process in this thesis work improving the dispersion of the materials
compared to just rinsing. Additionally, the differences between the physical mixtures in this work
and the work by Ramirez-Castro et al. could arise due to the physical mixtures in their work being of
unmodified material rather than the appropriate AP-modified starting material. It was observed
above that the dispersibility of MnO2 was improved after aryldiazonium ion modification and thus
physical mixtures involving modified materials may disperse more easily. The reported XPS analysis
suggests that coupling between the MnO2 and carbon powder is successful due to the introduction
of a feature at ~534 eV assigned to Mn-O-C bonding which could only arise from the phenyl linker
molecule. However, carboxyl features have also been observed by XPS at the same energy on carbon
powder surfaces and were found to be enhanced after the modification process.131
The improvements in the properties of the tethered assemblies over physical mixtures observed by
Ramirez-Castro et al that were not found in this work could be explained by their use of a longer
reaction time (4 h compared to 1 h in this work). The increased bonding between the MnO2 and
carbon materials would improve the contact between the particles and thus their electrochemical
performance. Although it was found in this thesis work that modification of MnO2 with AP-groups
occurred within 1 h reaction time, the conversion of the grafted AP film to an aryldiazoniumterminated film and subsequent grafting reaction between the MnO2 and carbon particles may be
slower than the initial grafting step. Alternatively, the differences Ramirez-Castro et al. observed
between their tethered assembly and physical mixture may be due to the poor dispersion of the
physical mixture compared to the mixture used in this thesis work. In both covalently bound and
physically mixed systems in this work, the MnO2 and carbon powders were well mixed as evidenced
by SEM imaging, suggesting uniform distribution of material is possible without covalent bonding.
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Regardless of the origin of this effect, the work by Ramirez-Castro et al. provides evidence that welldispersed composite materials have enhanced properties and thus the tethered assembly approach
is viable for producing effective pseudocapacitor electrodes.

4.4 Conclusions
Conditions were developed to modify MnO2 nanoparticles with aryl layers using aryldiazonium salts
in aqueous and non-aqueous conditions. The layers were found to be covalently bound through O to
the MnO2 surface. Characterisation of the effect of modification on the electrochemical and physical
properties was complicated by the difficulty in preparing reproducible MnO2 nanoparticle
electrodes. Any change in capacitance or stability after modification must be small compared to the
sample-to-sample variation. To attempt to address this difficulty, electrodeposited MnO2 films were
prepared; this work is discussed in Chapter 5.
Aryldiazonium salt-based grafting was used to attach tether molecules to MnO2 and carbon particles
to prepare tethered MnO2-Ph-C assemblies. However, any effects of this on electrode properties
could not be established due to the large amount of non-specific adsorption and unreacted
aggregated material within the modified samples. Further development of separation and
characterisation methods are needed to fully explore the possibilities of surface modification to
control the properties of MnO2 and produce new electrode architectures.
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5 Electrochemical Investigations of Electrodeposited MnO2 Films
Modified with Aryldiazonium Ions
5.1 Introduction
As described previously in Chapter 4, one of the primary applications of MnO2 is as an
electrochemical energy storage material due to its pseudocapacitance properties.1 As the goal of
surface modification of MnO2 is to enhance the performance and stability of the electrode, the
effect of modification on the electrochemical behaviour of MnO2 must be determined. Although the
successful modification of MnO2 nanoparticles by aryldiazonium ions was demonstrated previously
in Chapter 4, the effect of modification on the electrochemical properties of MnO2 could not be
determined due to the difficulty of preparing reproducible nanoparticle electrodes. To overcome
this, the effect of modification on MnO2 was investigated using electrochemically-deposited MnO2
films on GC electrodes. As no further preparation steps were required before the use of the surfaces
as electrodes, this enables direct comparison of the electrochemical performance of the same MnO 2
layers before and after modification with aryldiazonium ions.
In this chapter, the preparation and characterisation of electrochemically-deposited MnO2 on GC
disc electrodes, and subsequent modification in aqueous solutions with aryldiazonium ions is
described. The effect of pH and modifier on capacitance and stability of the electrode surface is
examined by CV experiments. Electrochemical impedance spectroscopy (EIS) was used to study the
effect of modification on the frequency response of MnO2 electrodes. The origin of these effects is
investigated by the development of equivalent circuit models for the modified electrodes.

5.2 Experimental Methods
5.2.1

Electrodeposition

Electrodeposited MnO2 films were prepared on carbon substrates potentiostatically or
galvanostatically according to the overall process described in Equation 4.3:
Equation 5.1
5.2.1.1 Potentiostatic deposition
Potentiostatic electrodeposition was carried out based on conditions developed by Cross et al.2 at
1.1 V for 12 s in 0.1 M MnSO4/0.1 M H2SO4 solution onto polished GC electrodes (plates and discs) in
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a three electrode cell setup (SCE reference electrode, Pt mesh counter electrode). The solution was
sparged with O2(g) before deposition and maintained under O2(g) atmosphere during the deposition
reaction. After deposition, the electrodes were rinsed with ultrapure water and dried under N2 gas.
The mass of the MnO2 deposit was estimated by integrating the i vs. t curve to determine the charge
passed, assuming all charge transfer results in MnO2 deposition.2 The transferred charge was then
converted into the mass of MnO2 (mMnO2) by Equation 5.2 where q is the charge transferred in
Coulombs, MMnO2 is the molar mass of MnO2 (86.94 g mol-1) and F is the Faraday constant.
Equation 5.2

5.2.1.2 Galvanostatic Deposition
The cell setup and electrolyte for galvanostatic electrodeposition of MnO2 films were the same as for
potentiostatic deposition but the deposition procedure was carried out galvanostatically at 0.2 mA
with the deposition time adjusted to replicate the charge density from the potentiostatic
experiments (33.9 mC cm-2). The mass of MnO2 deposited was determined as above using the value
of charge transferred.
5.2.2

SEM

SEM of electrodeposited films was conducted on samples electrodeposited onto the top face of GC
plate substrates with the conducting path to the SEM stage through the thickness of the sample.
5.2.3

Electrochemical Analysis

For electrochemical analysis, the electrodeposited MnO2 films were used still attached to the GC
electrodes used in the deposition process as the working electrode. General electrochemical
experiments were conducted using the standard methods and equipment described in Chapter 2,
however, extended stability studies were conducted using a Princeton Applied Research Model 362
Scanning Potentiostat connected to an ADInstruments Powerlab 4SP analogue-to-digital converter
controlled by eDAQ EChem version 2.1.5 software.
EIS experiments were conducted using the same cell setup and instrumentation as for general CV
experiments. EIS measurements were carried out potentiostatically at 0.4 V in 0.5 M Na2SO4 with a
10 mV amplitude and 100 kHz - 0.1 Hz frequency range. Analysis of EIS data was conducted in
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Autolab NOVA versions 1.9-1.11. Equivalent circuits were fitted to the experimental data with the
built-in Fit and Simulation tool.
5.2.4

Profilometry

Profilometry experiments were conducted by scratching away areas of the MnO2 film with a scalpel
and line profiling across the scratched areas at multiple points with a Dektak 150 Surface
Profilometer. The resulting line profiles were then analysed using Gwyddion image analysis software
to determine the step height from the MnO2 film to the substrate.
5.2.5

XRD

Samples for powder XRD were prepared by potentiostatically depositing MnO2 onto a Pt sheet
working electrode (geometric area = 2.5 cm2). The electrode was rinsed in ultrapure water and dried
with N2 gas before the deposited material was removed with a scalpel blade to give a dry powder.
5.2.6

Modification of MnO2 Films by Aryldiazonium Ions

MnO2-coated carbon substrates were modified by immersion in 50 mM aryldiazonium salt solutions
in 0.1 M buffer (pH 8 and pH 10) for a range of reaction times (15 min, 30 min and 1 hour) with
stirring. The modified MnO2 surfaces were rinsed with ultrapure water and acetone before use in
further experiments.

5.3 Results & Discussion
5.3.1

Potentiostatic Electrodeposition

MnO2 films were initially prepared on GC electrodes by potentiostatic electrodeposition from
0.1 M MnSO4/0.1M H2SO4 solutions for 12 s at 1.1 V. This process was monitored by
chronoamperometry and a typical deposition curve is shown in Figure 5.1. The sharp rise in the
current followed by a steady decline arises due to the Mn2+ ions at the surface of the electrode being
rapidly consumed before being replenished by diffusion processes.3 A short deposition time was
chosen in order to minimise the thickness of the deposited film and thus maximise the surface area
to volume ratio of the MnO2 layer to better detect changes after modification with aryldiazonium
ions. It was found that sparging the deposition solution with O2(g) and maintaining an O2(g)
atmosphere above the solution during deposition improved the uniformity of the MnO2 films. The
mass of MnO2 deposited was estimated by integrating the i vs. t curve and potentiostatic deposition
was found to give deposits with an average mass of 1.3 ± 0.2 μg (n = 20) on a 3 mm diameter GC disk
electrode. As this method assumes all the charge transferred during the deposition process is
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associated with the deposition reaction itself, it most likely overestimates the mass of the MnO2
deposit as side reactions (such as oxidation of the GC electrode) may occur during deposition.
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Figure 5.1: Chronoamperometric curve of MnO2 electrodeposition on a GC disc electrode in 0.1 M
MnSO4/H2SO4 at 1.1 V.
5.3.1.1 Characterisation
The morphology and film thickness were examined by SEM imaging and profilometry respectively.
SEM imaging of MnO2 films deposited on GC plates (Figure 5.2A) shows that these surfaces have a
porous structure comprised of randomly-oriented interconnected ~20 nm thick flakes. This type of
structure has been observed previously for electrodeposited MnO2.4, 5 Coverage of the deposited
area was uniform with only ~50 nm pinholes visible, apart from at the extreme edges where
deposition most likely occurs by leakage under the edge of the o-ring and thus under constrained
diffusion. The thickness of the MnO2 layer was measured by scratching away areas of the film with a
scalpel and line profiling across the scratch with a profilometer (an example profile is shown in
Figure 5.2B). The average film thickness for potentiostatically deposited MnO2 was 47 ± 8 nm (n = 7)
indicating that the deposition process gives thin films with variability in thickness comparable to the
variation in the charge transferred during the deposition process (± 17% c.f. ± 15% respectively). The
crystal structure of potentiostatically electrodeposited MnO2 was investigated by XRD using a
powder sample collected from a Pt electrode after deposition. As can be seen from Figure 5.2C, the
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XRD pattern for this material is very noisy and has few visible peaks, indicating that the material is
primarily amorphous.
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Figure 5.2: A. SEM image of potentiostatically deposited MnO2 on GC. B. Example line profile across
potentiostatically deposited MnO2 with fitted step height measurement (red line). C. XRD pattern of
potentiostatically electrodeposited MnO2
The electrochemical behaviour of the electrodeposited MnO2 surfaces on GC was investigated by CV
in 0.5 M Na2SO4 at various scan rates (Figure 5.3) between 0 and 0.8 V (a commonly-used potential
window for MnO2 electrodes).2, 6 At 5 mV s-1 (Figure 5.3a), the voltammogram deviates significantly
from the symmetric quasi-rectangular response that is expected for a pseudocapacitor. The
electrochemical response is dominated by an oxidation process starting at ~0.7 V that is stable over
5 scans with no apparent corresponding reduction process involving similar charge transfer. This
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peak has previously been assigned to water oxidation and oxygen evolution.7 There is also the start
of a small reduction peak at ~0.15 V that may be due to the onset of Mn 2+ formation, however, as
this peak is stable over a number of scans, any dissolved Mn2+ may be re-deposited on cycling.8 At 50
mV s-1, the oxidation and reduction processes at the potential limits are more symmetrical and the
CV curve has a more rectangular shape. When the scan rate is increased to 500 mV s-1, the CV is
almost perfectly rectangular, indicative of an ideal capacitor. The increasingly-ideal response at
higher scan rates is most likely due to double-layer capacitance becoming dominant over
pseudocapacitance mechanisms. At high scan rates, pseudocapacitance mechanisms are limited by
counter-ion diffusion whereas double-layer charge storage has no such limitation. Compared to the
nanoparticle electrodes prepared in Chapter 4, the electrodeposited MnO2 electrode behaviour is
more typical of an ideal capacitor, with a more level baseline and highly rectangular responses at
high scan rates. These differences in response most likely arise from the shorter conduction
pathways in the electrodeposited MnO2 layer due to it being thin and highly porous lowering
electrical resistance and favouring cation diffusion.
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Figure 5.3: CV curves (scans 1-5) of potentiostatically deposited (1.1 V, 12 s) MnO2 on GC in 0.5 M
Na2SO4 at various scan rates. A. 5 mV s-1, B. 50 mV s-1 and C. 500 mV s-1.
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The capacitance of the electrodeposited MnO2 film was calculated by the method outlined in
Chapter 4 at each scan rate. Specific capacitance values were found to be 200 ± 20 F g-1,
170 ± 10 F g-1 and 237 ± 7 F g-1 at 5, 50 and 500 mV s-1 respectively (n = 12). These capacitance values
are comparable to literature reports for other electrodeposited MnO2 systems which range from
130-230 F g-1 depending on preparation conditions and scan rate.4, 9, 10 There have also been reports
of anomalously high specific capacitance values (>2000 F g-1 compared to the theoretical maximum
capacitance of 1386 F g-1)2 for thin electrodeposited MnO2 films, however, this behaviour was not
observed in this work. The lower capacitance at low scan rates is anomalous compared to what is
understood about the charge storage mechanism in MnO2 and literature observations on similar
systems.11, 12 As described previously, the pseudocapacitance processes in MnO2 are limited at high
rate due to their reliance on diffusion of counter-ions and thus capacitance should decrease at high
scan rates. Additionally, the capacitance arising from double-layer mechanisms is typically lower
than the pseudocapacitance.13 At this time the reason for this scan rate response is unknown,
however, some possibilities can be ruled out. Firstly, the oxidation peak at > 0.6 V vs. SCE is largest at
5 mV s-1 and almost completely absent at 500 mV s-1 suggesting this process may be responsible for
loss of capacitance at low scan rates, for example through decomposition of the electrode. However,
the measured capacitance did not vary between experiments when the order of CV scan rates was
changed. This suggests a degradation process cannot be involved as the capacitance of the electrode
recovers between experiments and thus a transient process is required to explain the observed
behaviour. As explained earlier, the peak at high potentials is most likely the onset of O2(g) evolution
and it is possible that the formation of gas bubbles could block areas of the electrode and thus lower
its electroactive area. If these bubbles were regenerated on continued cycling at low scan rate but
lost in between experiments and unable to form at high scan rates, it would explain the transient
nature of the capacitance loss. Although no bubbles were observed in the solution during cycling,
the nanometre-scale pores on the surface could be blocked by bubbles too small to see.
5.3.1.2 Modification of Electrodeposited MnO2 films with Aryldiazonium Ions
In initial experiments, electrodeposited MnO2 films were modified by immersion in stirred 50 mM
NBD solution in pH 10 buffer for 1 h. After modification, the surface was rinsed in acetone and
ultrapure water. The MnO2 electrode was then cycled in 1:9 ethanol:water mixture to determine if
NP-groups were present (Figure 5.4A). On the first reduction scan, there is a peak at -0.89 V that was
previously observed to correspond to NP-reduction on modified MnO2 nanoparticles (Chapter 4).
The NP-reduction peak was integrated to estimate the coverage of NP-groups at the surface, giving
an average value of 3.8 ± 0.8 × 10-9 mol cm-2 (n = 4), based on the geometric area of the electrode.
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This is larger than the typical monolayer concentration of ~2 × 10-10 mol cm-2, which may suggest the
presence of a multilayer.14 However, the geometric area is much lower than the actual surface area
as seen in SEM imaging of the surface (Figure 5.2) and thus using the geometric area will
overestimate the true coverage. To compare the effect of grafting with non-specific adsorption,
freshly prepared MnO2 electrodes were soaked in 4-nitroaniline in pH 10 buffer solution for one
hour. The NP-reduction responses for these electrodes were investigated (Figure 5.4B) and the
average surface coverage was calculated to be 1.9 ± 0.8 × 10-9 mol cm-2 (n = 4). Compared to the
modified sample, the average surface coverage for the adsorption sample is significantly lower,
indicating modification with NBD improves the retention of NP groups at the surface. However, it is
assumed there is also a high proportion of material trapped within the layer for NBD-modified
surfaces due to the inability to sonicate these surfaces without damaging them, making the surface
coverage difficult to estimate.
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Figure 5.4: CV curves (scans 1-5) for potentiostatically deposited MnO2 at 50 mV s-1 in 1:9
ethanol:water 0.1 M KCl for: A. 1 h pH 10 NP-modifed MnO2 and B. 1 h pH 10 4-nitroaniline treated
MnO2.
The effect of modification with NP-groups on the electrochemical behaviour of electrodeposited
MnO2 was investigated at various scan rates and contrasted with blank MnO2 surfaces treated in pH
10 buffer in the absence of aryldiazonium salt. Each surface was examined by CV at 5, 50 and
500 mV s-1 before and after treatment or modification (Figure 5.5). At all scan rates, treatment with
pH 10 buffer causes only minor changes in the CV curves compared to the as-prepared material,
confirming that the MnO2 surfaces are stable in the modification buffer (Figure 5.5A, C and E). In
contrast, NP-modification results in significant changes in the CV response of the modified surfaces.
At 5 and 50 mV s-1, the CV curves for the surface before and after modification are shaped identically
but the area within the CV curve (scan area) increases, suggesting that the capacitance of the
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electrode increases after modification (Figure 5.5B and D). However at 500 mV s-1, the CV response
after NP-modification deviates from ideal capacitive behaviour as there is significant curvature at the
edges of the scan window (Figure 5.5F). The deviation from ideality at high scan rates indicates that
the modification of the electrode is impeding the ability of the electrode to rapidly respond to
changes in potential, possible due to the aryl layer impeding diffusion into the electrode by blocking
access to pores.
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Figure 5.5: CV curves (5th scan, S5) of potentiostatically deposited MnO2 films in 0.5 M Na2SO4 before
(black) and after (red): 1 h pH 10 buffer treatment (A, C and E) and 1 h NP-modification (B, D and F).
Scans were carried out at 5 mV s-1 (A and B), 50 mV s-1 (C and D) and 500 mV s-1 (E and F).
The effect of modification on capacitance was determined by integrating the 5th scan CV curves at
each scan rate before and after treatment (Table 5.1). In agreement with the CV curves shown in
Figure 5.5, treatment with pH 10 buffer results in only minor changes in capacitance at high scan
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rates. Modification with NP-groups in pH 10 buffer results in an increase in capacitance at lower scan
rates, however, the change at 5 mV s-1 may not be significant. As observed in the CV data (Figure
5.5D), the capacitance increase is associated with an overall increase in the charge storage across
the entire scan window rather than the introduction of discrete redox processes (e.g. through
reactions of the NP groups). At 500 mV s-1, the capacitance decreased significantly after
modification, which aligns with the observed loss of rate capability in the CV data (Figure 5.5F).
Additionally, modification with NP groups resulted in an increase in the variability of the capacitance
data. This variability likely arises due to the presence of competing effects arising from modification
(i.e. restriction of diffusion due to film growth competes against the process that increases
capacitance) and the relative influence of these effects varies between samples due to variations in
the morphology of the grafted film.
Table 5.1: Capacitance data calculated from CV scans (scan 5) at various scan rates between 0 and
0.8 V in 0.5 M Na2SO4 on potentiostatically deposited MnO2 before (CBare) and after (CTreat) treatment
in pH 10 buffer or NP-modification for 1 h.
Sample
Scan Rate (mV s-1)
pH 10 treata
5
50
500
NP-Modb
5
50
500
a
n = 4, b n = 8

CBare (F g-1)
159 ± 9
180 ± 10
237.8 ± 0.9
200 ± 20
160 ± 10
228 ± 8

CTreat (F g-1)
170 ±20
170 ±10
221 ±3
240 ±40
220 ±20
190 ±20

CTreat/CBare
1.03 ± 0.05
0.93 ± 0.03
0.93 ± 0.01
1.2 ± 0.2
1.3 ± 0.2
0.8 ± 0.1

The cause of the observed increase in capacitance was not readily apparent and thus the effect of
modification conditions and modifier was investigated. For these experiments, MnO2 films were
prepared by galvanostatic electrodeposition (Figure 5.6A) as this method more reliably produced
stable films. The parameters (deposition current and time) were selected to give the same total
charge transfer as the potentiostatic method (33.9 mC cm-2). Galvanostatically prepared MnO2 had
identical CV response to the poteniostatic films (Figure 5.6B) and gave comparable film thickness
values measured by profilometry (45 ± 3 nm and 47 ± 8 nm for galvanostatic and potentiostatic
deposition respectively).
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Figure 5.6: A. Galvanostatic MnO2 electrodeposition curve on GC in 0.1 M MnSO4/H2SO4 at 0.2 mA. B.
CV curves (scans 1-5) of galvanostatically deposited MnO2 on GC in 0.5 M Na2SO4 at 50 mV s-1.
The effect of modification time on the electrochemical behaviour of galvanostatically deposited
MnO2 films was investigated by modifying surfaces in NBD pH 10 buffer solution for 15 min and 1 h.
CV curves of the MnO2 surfaces before and after modification are shown in Figure 5.7. Both
modification times resulted in an increase in scan area after modification and minimal apparent
change in the ability of the electrode to cycle at 50 mV s-1. This indicates that the capacitance
enhancement effect relies on a process that occurs rapidly in these reaction conditions. At
500 mV s-1, modification results in a decrease in scan area and switching ability regardless of reaction
time, however, this is particularly magnified for the 1 h modification reaction. Becoming more
pronounced at longer reaction times (where aryl film thickness would be expected to be highest)
confirms that the decline in performance at high scan rates is most likely due to the aryl film
impeding diffusion to areas of the surface.
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Figure 5.7: CV curves (5th scan, S5) of galvanostatically deposited MnO2 films in 0.5 M Na2SO4 before
(black) and after (red) NP modification in pH 10 buffer for 15 min (A and C) and 1 h (B and D). Scans
were carried out at 50 mV s-1 (A and B) and 500 mV s-1 (C and D).
The average capacitance of MnO2 films before and after modification with NP-groups for 15 min and
1 h at 50 and 500 mV s-1 are shown in Table 5.2. At 50 mV s-1, the average capacitance increased with
increasing reaction time, however, the significance of this is unclear due to the high variability in
these measurements. At high scan rates, the capacitance decreased significantly after modification
for both 15 min and 1 h, with 1 h modification resulting in significantly lower capacitance than 15
min modification. Thus the CV scans obtained at 500 mV s-1 reveal that increasing reaction time
negatively impacts the response rate of the capacitor. This variation in capacitance retention after
modification between reaction times at 500 mV s-1 suggests the films grafted at 1 h reaction time
restrict diffusion more than those grafted at 15 min and thus are thicker. However, the increase in
capacitance at 50 mV s-1 after modification does not appear to differ significantly between reaction
times despite this apparent change in film thickness. Thus, it can be assumed that the mechanism for
capacitance enhancement does not arise completely from reactions within the film itself as these
would be expected to scale with film thickness. This indicates that the interaction between the layer
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and the surface may be the source of this enhancement as this will vary only based on the coverage
at each time scale rather than film thickness. This is supported by the AFM studies on NP-films
grafted to SU-8 surfaces in pH 10 buffer solution described in Chapter 3 where film coverage did not
vary between 15 min and 1 h reaction times.
Table 5.2: Capacitance data from CV scans between 0 and 0.8 V (scan 5, S5) at 50 mV s-1 or
500 mV s-1 in 0.5 M Na2SO4 on galvanostatically deposited MnO2 before (CBare) and after (CMod)
modification with NP-groups for 15 min or 1h in pH 10 buffer.
Reaction Time
15 mina
a

1h

a

Scan Rate (mV s-1)

CBare (F g-1)

CTreat (F g-1)

50

223 ± 6

260 ± 10

1.16 ± 0.08

500

260 ± 10

200 ± 30

0.76 ± 0.08

50

180 ± 40

240 ± 20

1.4 ± 0.2

500

190 ± 60

90 ± 40

0.44 ± 0.09

CTreat/CBare

n=3

As observed in Chapter 3, the pH of the grafting reaction can have a significant effect on the
morphology of the grafted aryl layer. The effect of pH on the modification of galvanostatically
deposited MnO2 was investigated by grafting NP-groups in pH 7 buffer for 15 min and 1 h. CV curves
of these surfaces are shown in Figure 5.8 along with surfaces treated in pH 7 buffer in the absence of
aryldiazonium salt. As found for modification at pH 10 (Figure 5.7 A and B), the response after
modification in pH 7 solution for both 15 min and 1 h modification gives an increase in capacitance
and no change in the capacitor switching behaviour (Figure 5.8 A and B). In the absence of
aryldiazonium salt, treatment with pH 7 buffer has a minor effect on the CV response at 15 min
(Figure 5.8C) whereas 1 h treatment time (Figure 5.8D) causes significant changes in the response.
After 1 h treatment, the voltammogram has a large degree of curvature at the switching potential,
indicating deviation from ideal capacitance switching behaviour. There is also an increase in the scan
area between 0.2 to 0.7 V indicating that additional charge storage is occurring within this region.
This behaviour is not observed in the presence of the modifier or with treatment at pH 10. This
change in the CV curve could arise from either the lower pH affecting the material (e.g. etching to
increase the surface area) or the components in the pH 7 buffer (e.g. phosphates) interacting with
the surface, however, the exact mechanism is currently unknown. The absence of this effect on
surfaces prepared in the presence of aryldiazonium ions may be due to the growing film protecting
the surface from corrosion or from unfavourable interactions of buffer components with the surface.
It was noted in Chapter 4 that the grafted film could inhibit dissolution of MnO2 nanorods in acidic
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conditions and it is possible that grafting NP groups is providing similar protection in pH 7 buffer.
Alternatively, components from the pH 7 buffer solution may be binding to the surface and inhibiting
the capacitance processes. The binding of phosphates to MnO2 has been reported as a method to
purify water.15-17 However, the stability of phosphates on the surface under the cycling conditions
used in this work is unknown.
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Figure 5.8: CV curves (5th scan, S5) of galvanostatically deposited MnO2 films in 0.5 M Na2SO4 at
50 mV s-1 before (black) and after (red): NP modification for 15 min (A) and 1 h (B) in pH 7 buffer and
pH 7 buffer treatment in the absence of modifier for 15 min (C) and 1 h (D).
The capacitance data determined by integration of the CV curves before and after NP modification
at pH 7 is shown in Table 5.3. Modification resulted in a significant increase in capacitance whereas
treatment in buffer without aryldiazonium salt resulted in only a minor decrease. As with
modification at pH 10, the average capacitance after 1 h modification at pH 7 is greater than after 15
min modification but not significantly so. However, the fact that this behaviour was observed at both
pH values may indicate that it is significant, despite the variability in the data. Comparison between
modification in pH 7 and pH 10 shows that the effect on the capacitance of the system is identical
after modification at both pH values. The amount of NP-film on the surface after modification in pH
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7 solution was estimated by reduction of NP-groups as described above. For a 1 h reaction, the
coverage (based on geometric electrode area) was calculated to be 6.0 ± 1 × 10 -9 mol cm-2 (n = 3).
This value is higher than the coverage after modification at pH 10 (3.8 ± 0.8 × 10-9 mol cm-2)
suggesting more complete coverage or thicker multilayer formation. These results align with the
relatively higher film thicknesses of NP films grafted to SU-8 surfaces at pH 7 compared to at pH 10
described in Chapter 3.
Despite the clear differences in the CV curves of the MnO2 sample before and after treatment in pH
7 buffer without aryldiazonium salt (Figure 5.8D), the capacitance of the surface (measured between
0 and 0.8 V) does not significantly change after treatment. This suggests that the changes in the CV
curve shape may be due to inhibition of the pseudocapacitance reactions, causing them to be shifted
to a higher potential, rather than the introduction of new processes or damage to the surface which
would be expected to more drastically change the overall capacitance after treatment.
Table 5.3: Capacitance data from CV scans between 0 V and 0.8 V (scan 5, S5) at 50 mV s -1 in 0.5 M
Na2SO4 on galvanostatically deposited MnO2 before (CBare) and after (CTreat) NP-modification, MPmodification or base treatment at pH 7 or pH 10 for 15 min or 1h. pH 10 NP-modified data is
replicated from Table 5.2 for convenience.
Modifier
NP-mod

pH 10

pH7

MP-mod

CBare (F g-1)

CTreat (F g-1)

CTreat/CBare

15 mina

223 ± 6

260 ± 10

1.2 ± 0.1

1 ha

180 ± 40

240 ± 20

1.4 ± 0.2

15 mina

218 ± 4

260 ± 30

1.2 ± 0.1

1 ha

166 ± 8

240 ± 10

1.5 ± 0.2

15 mina

212 ± 3

262 ± 3

1.23 ± 0.03

180 ± 20

260 ± 10

1.5 ± 0.1

Conditions

pH 10

a

1h
pH7

Blank

pH 10

pH7

a

15 min

a

209 ± 7

200 ± 14

0.95 ± 0.04

a

1h

190 ± 20

208 ± 6

1.1 ± 0.1

15 mina

210 ± 10

210 ± 20

1.01 ± 0.01

1 ha

210 ± 40

200 ± 40

0.95 ± 0.02

15 mina

222 ± 6

200 ± 3

0.90 ± 0.01

1 ha

190 ± 10

194 ± 4

1.00 ± 0.04

n=3

In addition to controlling the structure of the aryl layer through manipulation of the grafting
conditions, the chemical nature of the film may also be used to tune the properties of the modified
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substrate. This possibility was investigated by modifying electrodeposited MnO2 films with MP
groups at pH 7 and pH 10 for 15 min and 1 h. Methoxy groups were chosen as the aryl substituent as
they have opposite electronic character to nitro substituents (electron donating vs. electron
withdrawing respectively). CV curves obtained at 50 mV s-1 scan rate for MnO2 films modified under
various conditions with MP-groups are shown in Figure 5.9. At pH 10 (Figure 5.9 A and B), the area of
the CV curve increases after modification with MP groups for both reaction times. Capacitance
values determined from the CV curves (Table 5.3) reveal that the average capacitance after 1 h
modification is significantly higher than at 15 min. This difference in reaction time dependence to
that observed for NP-modification may be due to the different growth rates for the two modifiers.
As observed in Chapter 3, MP films were found to grow more slowly than NP films and would be
expected to require a longer modification time to attain similar coverage (and thus similar
capacitance increase). This may be the main factor accounting for the difference in MP- and NPmodification, rather than the influence of the electronic properties of the aryl substituent. This lack
of aryl-substituent dependence may arise due to the multilayer nature of the film causing the
electronic effect of the substituent to be dominated by the effect of the network of aryl rings within
the multilayer.
At pH 7 however, the CV response after treatment in MBD solution (Figure 5.9 C and D) appears
identical to the behaviour observed for the pH 7 blank sample (Figure 5.8 C and D), suggesting that
grafting of MP-groups may be minimal at pH 7. Capacitance values for these surfaces (Table 5.3) are
also identical to the pH 7 blank material. In experiments described in Chapter 3, it was observed that
the grafting of MP-groups to SU-8 was much slower in pH 7 solution than pH 10. This may explain
the observed differences between NP-modification and MP-modification at pH 7 as if the film is
providing a protective effect in the former case, the slower film growth for MP-groups will result in
behaviour more like the pH 7 blank MnO2 towards the modification solution.
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Figure 5.9: CV curves (5th scan, S5) at 50 mV s-1 scan rate of galvanostatically deposited MnO2 films in
0.5 M Na2SO4 before (black) and after (red) MP modification for 15 min (A and C) and 1 h (B and D) in
pH 10 (A and B) and pH 7 (C and D) buffers.
The effect of modification on the stability of MnO2 films galvanostatically electrodeposited onto GC
plates was investigated by cycling the electrode between 0 and 0.8 V for 10000 cycles. Figure 5.10 (A
and B) shows example CV data from cycling experiments with as-prepared and NP-modified MnO2
respectively. Both surfaces behave identically throughout the cycling experiment: initially the curve
area drops between scans 1 and 50 before stabilising around scan 2000. By scan 5000, the CV
response is more similar to bare GC electrode than MnO2 and only minor further changes are
observed at scan 10000. The effect of cycling on the capacitance of as prepared and modified MnO2
was quantified by integrating the CV curve every 25 scans (Figure 5.10C). The capacitance trends are
similar under all the conditions studied (as-prepared, pH 10 NP- and MP- modification, and pH 7 NPmodification) where the capacitance gradually declines throughout the experiment. There is a slight
step observed in some of the data at ~2500 scans which signifies the onset of the changes in CV
response observed in Figure 5.10 A and B between 2-5000 scans. The most likely cause of the decline
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in capacitance is gradual decomposition of the MnO2 film – either by mechanical breakdown or
dissolution. The step observed in the capacitance curve may correspond to the film structure
breaking down to the point where the film becomes unstable, hastening the film degradation. It is
expected that the capacitance will eventually stabilise to the value of the bare GC electrode after all
of the MnO2 is lost on sufficient cycling. From these results it is apparent that modification has no
effect on the cycling stability of these electrodes. It is possible that the failure mode in this electrode
architecture is lifting of the film off the GC substrate, in which case the modification of the outer
surface will provide little protection. However, surface modification may improve the stability of 3dimensional array electrode architectures where the integrity of the MnO2 material itself is more
important than the adhesion to a substrate.
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Figure 5.10: CV stability studies of galvanostatically deposited MnO2 on GC plates in 0.5 M Na2SO4 at
50 mV s-1: CV curves of as-prepared (A) and NP-modified (B) MnO2. C: Plot of capacitance (measured
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every 25 scans) normalised to the 25th scan vs. scan rate for as-prepared and pH 10 NP, pH 7 NP and
pH 10 MP modified MnO2.
5.3.2

Electrochemical Impedance Spectroscopy

EIS has been used previously with metal oxide pseudocapacitors to determine the effect of material
composition and morphology on capacitor characteristics.9, 18-21 For the modified electrodes in this
work, it was expected that EIS analysis might provide information about the effect of modification
on the cycling response of the MnO2, changes to the electrode structure or introduction of new
redox processes after modification. EIS data was collected at 0.4 V in 0.5 M Na2SO4 for as-prepared
MnO2 and, modified (NP and MP) and blank MnO2 surfaces treated at pH 7 and pH 10.
Complex plane impedance (Z) plots (Nyquist) for as-prepared MnO2 and pH 10 blank and modified
surfaces are shown in Figure 5.11A. The Nyquist plot for as-prepared MnO2 shows a small arc at high
frequency and a steep portion at low frequencies. The high frequency impedance arc is associated
with the double-layer processes as these are more rapid than the Faradaic charge storage
processes.21 The near-vertical increase in imaginary impedance at low frequency is typical of
capacitor characteristics, however, the slight curvature and deviation from a 90° slope angle in this
region indicates that the capacitor response in non-ideal. This deviation from ideality is thought to
arise due to the diffusional aspects of the charge storage mechanism in metal oxide
pseudocapacitors.9, 23 The pH 10 blank sample has an identical response to the as prepared sample
which supports the observation from the CV data that the pH 10 buffer has no effect on the MnO2
surface. Modification with NP and MP groups causes significant changes in the impedance
behaviour. For both modifiers, the arc at high frequency is extended along the real axis (Z’),
indicating an increase in the resistance of the double layer process. NP-modification results in the
largest broadening of the high frequency arc and also introduces a second arc at lower frequencies
as can be seen in the inset of Figure 5.11A. This suggests that NP modification introduces an
additional time constant into the system. There is no clear evidence of this new feature in the
Nyquist plot for the MP-modified sample. However, as the high frequency arc is smaller than after
NP modification, the new feature may also be proportionately smaller (and thus hard to identify) if
these processes are related.
The lower limit of the high frequency region can be determined from the knee frequency in the
admittance (Y = 1/Z) plot (Figure 5.11B). The knee frequency denotes the highest frequency at which
purely capacitive behaviour is dominant and thus gives some indication of the electrochemical
response rate of the MnO2.23, 24 For as-prepared and pH 10 blank MnO2, the knee frequency was
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found to be 1.5 kHz whereas NP- and MP-modified samples have knee frequencies at 470 and 700
Hz respectively. The drop in knee frequency after modification corresponds to a decline in the rate
capability of the MnO2 electrode.
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Figure 5.11: EIS data at 0.4 V in 0.5 M Na2SO4 for galvanostatically deposited MnO2 on GC: as
prepared and blank, NP and MP-modified for 1 h in pH 10 buffer. A. Complex plane impedance plots,
inset is a magnification of the high frequency region. B. Complex plane admittance plots. C. Phase
frequency-dependency plots. D. Capacitance frequency-dependency plots. Plotted points represent
measured data, solid lines represent data fitted from the equivalent circuit model described below.
Further information about the frequency dependence of the MnO2 electrode can be obtained from
the phase vs. frequency and capacitance vs. frequency Bode plots (Figure 5.11 C and D). In the high
frequency region of the Bode plots for as-prepared, pH 10 blank and MP-modified samples, the
phase angle and capacitance are near 0, indicating purely resistor-like behaviour at these
frequencies.25 Modification with NP groups results in a peak at ~10 kHz. A peak at this frequency has
previously been assigned to the introduction of a diffusive resistance in reduced graphene oxide
supercapacitors.26 This peak appears to be present in the MP-modified sample but at a lower
intensity than for the NP-modified sample. The frequency where the phase angle (φ) is -45°
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corresponds to the frequency where ideal capacitive behaviour occurs (the capacitor response
frequency).23 For as-prepared and pH 10 blank MnO2, the capacitor response frequency is 16 Hz,
giving a response time for the electrode of 6 ms. After modification, the response frequencies are
reduced to 5 Hz and 10 Hz for NP- and MP-modified samples respectively. This results in response
times of 200 ms (NP-mod) and 100 ms (MP-mod), providing more evidence of the modification
process negatively affecting the rate capability of the MnO2 electrode. This is also apparent from the
capacitance-frequency plots where the onset of capacitive behaviour is shifted to lower frequencies
for the modified samples. At low frequencies, the capacitance of the electrode becomes much less
frequency dependent, however, a slight increase is still observed at the lowest frequencies for all
samples. The capacitance increase at low frequency arises from the diffusion-dependent
pseudocapacitance mechanism where electrolyte access to the surface, and thus capacitance,
increases as the cycle rate decreases. Additionally, at the lowest frequencies, the differences
between the capacitance of the modified and blank samples is negligible, indicating that the
modification process only negatively affects the rate capability of the electrode rather than its total
capacitance.
Impedance data for pH 7 blank and modified samples are shown in Figure 5.12 along with the data
for as-prepared MnO2 reproduced from Figure 5.11. Treatment with pH 7 buffer in the absence of
aryldiazonium salt causes the high frequency impedance arc to extend to higher impedance along
the real axis (Figure 5.12A) and the high frequency limit is shifted down to 470 Hz (Figure 5.12B).
Additionally the low frequency region for the pH 7 blank sample further deviates from 90°, indicating
less ideal capacitor behaviour than the as-prepared samples. As was observed by CV (Figure 5.8D),
pH 7 buffer treatment without NBD negatively affects the performance of the MnO2 electrode and
the EIS data supports this. The lowered performance of the pH 7 blank electrode is not readily
apparent in the Bode phase plot (Figure 5.12C) as the ideal capacitor frequency is 15 Hz giving a
similar capacitor response time to the as-prepared sample. However, the capacitance-frequency
Bode plot (Figure 5.12D) shows that the onset of capacitance is delayed and very low frequencies
are required to achieve peak capacitance from the electrode.
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Figure 5.12: EIS data at 0.4 V in 0.5 M Na2SO4 for galvanostatically deposited MnO2 on GC: as
prepared (reproduced from Figure 5.11) and blank, NP and MP-modified for 1 h in pH 7 buffer. A.
Complex plane impedance plots. B. Complex plane admittance plots, inset is a magnification of the
high frequency region. C. Phase frequency-dependency plots. D. Capacitance frequency-dependency
plots. Plotted points represent measured data, solid lines represent data fitted from the equivalent
circuit model described below.
Modification in pH 7 solution produces differing impedance responses depending on whether NBD
or MBD ions are grafted. Modification with MBD ions results in impedance responses that are similar
to the pH 7 blank in the Nyquist impedance and Bode plots (Figure 5.12 A, C and D). However, the
Nyquist admittance plot (Figure 5.12B) is most similar to the as-prepared sample with a knee
frequency of 1.1 kHz. These results suggest that the presence of MBD in the grafting solution has
little effect on the MnO2 surface at pH 7 and that the behaviour after this reaction is dominated by
the interactions of the buffer with the surface.
At pH 7, modification with NP-groups results in impedance behaviour more similar to the pH 10
modified samples than to the MP-modified sample at pH 7. The high frequency impedance arc
(Figure 5.12A) is extended to higher impedance values than for the MP-modified sample and there is
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a clear second arc before the near-vertical portion of the curve. The near-vertical portion of the
curve is closer to 90° than the MP-modified or blank samples and thus indicates a more ideal
capacitor response after NP-modification. The admittance Nyquist plot (Figure 5.12B) shows that the
frequency response is negatively impacted by NP-modification as the knee frequency is shifted to
830 Hz. This is supported by the capacitor response frequency from the Bode phase plot (Figure
5.12C) shifting to 2.5 Hz. There is also an additional knee point in the admittance plot at 6.8 Hz
suggesting that the modification process introduces an additional frequency regime into the
electrochemical response of the material. This is apparent in the Bode phase plot for the pH 7 NPmodified sample where two plateaus in phase angle are apparent at low frequency (~40 Hz and ~0.2
Hz) in addition to the phase shift peak at high frequency that was also observed for the pH 10 NPmodified sample. Similarly, there are three distinct slopes in the capacitance-frequency Bode plot
(Figure 5.12D) indicating that modification with NP groups in pH 7 solution significantly changes the
frequency dependence of the charge storage processes in the electrode. These features may also be
present in the pH 10 NP-modified sample but are too small to resolve. As these changes in frequency
dependence occur within two different frequency ranges, it suggests that there are two time
constants involved in the process restricting the capacitance at higher frequencies. A possible
explanation for this is that the formation of an aryl multilayer produces a hierarchically porous
structure. Gaps in the film may allow some access to the MnO2 surface at intermediate frequencies
while cations may be able to penetrate through the film itself at slow enough cycle rates.
In the CV studies of modified MnO2 surfaces described earlier, modification at pH 10 with NP and MP
groups and at pH 7 with NP groups resulted in increased capacitance of the MnO2 film at 50 mV s-1,
however, there appears to be no corresponding change in the EIS data at low frequencies. As the
capacitance-frequency plots are not normalised to the initial capacitance before treatment,
capacitance changes are difficult to identify. As this effect was only observed at some scan rates, the
lack of a direct comparison between AC frequency and CV scan rate further complicates this
identification. From the increased effect on frequency response in the EIS data, it also appears that
the NP film is thicker than the MP film whereas the capacitance data was similar for both modifiers
at pH 10. This is in contrast to the film thickness measurements on modified SU-8 surfaces described
in Chapter 3 where the MP-modified surface at pH 10 was thicker than NP films grafted at both pH 7
and pH 10. This variation between modifiers suggests that the diffusion restriction may include
contributions from film morphology beyond just thickness (e.g. porosity). Alternatively, the
substituent-dependence of the grafting reaction at MnO2 may be different than to that at SU-8
which could result in thicker NP films than MP films at MnO2.
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To gain further insight into the effect of modification on MnO2 electrodes, the EIS data was fitted
with an equivalent circuit model. Literature models fitted to pseudocapacitor electrodes are
generally based on the Randles circuit (Figure 5.13A) which models the solution resistance between
the electrodes in the cell (RS), capacitance due to the electrochemical double layer (Cdl), charge
transfer resistance due to the Faradaic pseudocapacitance reaction (RCT) and a Warburg element (W)
to account for the diffusion of counter-ions within the electrode. In prior studies, the standard
Randles circuit has been modified to suit metal oxide pseudocapacitors through the addition of a
capacitor element to account for the low frequency capacitance (CP) arising from the
pseudocapacitance reaction (Figure 5.13B).27

Figure 5.13: Equivalent circuit models for fitting EIS data for pseudocapacitor electrodes: A. Randles
circuit, B. equivalent circuit describing MnO2-graphene composite electrodes from reference 27, C.
equivalent circuit describing electrodeposited MnO2 thin films from reference

19

, D. equivalent

circuit describing RuO2 thin films from reference 21, E. Equivalent circuit for unmodified MnO2 films
used in this work.
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For real systems, capacitor elements are usually replaced with constant-phase elements (CPE) to
account for heterogeneous electrode behaviour due to roughness or porosity (Figure 5.13C).19 The
expression for a CPE is shown in Equation 5.3 where Q0 and n are fitting parameters, j is the complex
number and ω is the angular frequency. Q0 is an admittance parameter that effectively represents
the capacitance of the CPE, whereas n (0 ≤ n ≤ 1) represents the deviation from an ideal capacitor for
which n = 1. The CPE also equates to a Warburg element for the case of semi-infinite planar diffusion
when n = 0.5.28
Equation 5.3

Initially, the fit of various literature models (Figure 5.13 B-D) was tested against the experimental
data for as-prepared MnO2 as this represents the simplest system studied in this work.9,

18-21, 27

However, none of these literature models provided satisfactory fit for the experimental data
because the fitting procedure failed to converge or gave an unacceptable goodness-of-fit χ2 statistic
(values > 0.1). This required development of a new model to account for the EIS data.
The simple model used in this work for the MnO2 electrode in the absence of an aryl layer (Figure
5.13E) consists of a solution resistance (Rs) in series with two parallel R-CPE components. The first RCPE component consists of the contact resistance (RC) within the MnO2 material and between the
MnO2 and the GC electrode and a CPE (CPEdl) representing the double-layer capacitance at a
heterogeneous electrode. The second R-CPE component represents the pseudocapacitance charge
storage mechanism by the resistance of the Faradaic process (RCT) and the diffusion processes within
the electrode at low frequencies (CPEP). CPEs were used rather than pure capacitors or Warburg
elements in this model due to the roughness and porosity of the surface. The equivalent circuit
parameters and fitting statistic (χ2) for fitting the as-prepared MnO2 data are shown in Table 5.4. The
low χ2 value and sensible fitting parameters suggest that this model is a good fit for the experimental
data. It is apparent from the values for n for CPEdl (0.98) and CPEP (0.42) that these elements are
close to an ideal capacitor and Warburg element respectively. This aligns with the expected
behaviour of the system where the surface double-layer should be ideally polarisable (high n) but
the pseudocapacitance reaction will be diffusion-controlled (n ≈ 0.5).
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Table 5.4: Equivalent circuit modelling parameters for EIS data fitted by the circuit shown in Figure
5.13E for as-prepared MnO2, pH 10 solution-treated blank, and MnO2 samples treated in pH 7 buffer
solution in the presence (pH 7 MP) and absence (pH 7 blank) of MBD.

Sample
As Prep MnO2

Rs
CPEdl
(Ω)
(µΩ-1)
33
235

ndl

Rc
(kΩ)

CPEP
(µΩ-1)

np

Rct
(Ω)

χ2

0.98

97

144

0.42

20

0.001

pH 10 Blank

12

263

0.98

98.5

15.4

0.47

39

0.0006

pH 7 Blank

32

218

0.93

53.1

64.3

0.61

27

0.01

pH 7 MP

37

218

0.91

88.6

37.8

0.66

14

0.01

The fit of the model to the pH 10 blank is also very good (low χ2) and the majority of the parameters
are similar to the as-prepared MnO2 sample (Table 5.4), providing further evidence for the model’s
suitability to this system. However, there is a factor of 10 decrease in the value of CPEP for the pH 10
blank and as-prepared sample while the value of n is approximately similar. This may arise from the
charge balancing cations in as-prepared MnO2 being protons from the acidic deposition conditions,
whereas in the pH 10 buffer solution they have been exchanged with Na+ ions (as found by XPS as
described in Chapter 4). The differing diffusion characteristics of protons and Na+ ions could thus
influence the impedance response of the mass-transport dependent components in the system. The
variation in the solution resistance is due to differences in the positioning of electrodes between
experiments. In comparison, the model is a relatively poor fit for the pH 7 blank data. Despite the
differences observed in the experimental data for the pH 7 and pH 10 blanks, the fitting process gave
similar parameters for both apart from the values of nP. The difference in this parameter suggests
different diffusive behaviour for the two samples. Application of this model to modified surfaces
resulted in convergence for only the pH 7 MP-modified sample which gives similar parameters to the
pH 7 blank sample with a similarly poor fitting statistic. This supports the hypothesis that minimal
modification with MP groups occurs at the MnO2 electrode under these conditions.
The fit of the model to the other modified samples was not satisfactory as it failed to account for the
additional impedance arc present in these samples. This indicates that the changes observed in the
EIS data do not arise simply due to changes in the diffusion behaviour as this would manifest as
variation in the diffusive element CPEP. Instead, the presence of an aryl layer on these samples
seems to add an additional time constant to the electrochemical response of the system. A third
parallel CPE-R (CPEAryl and RAryl) circuit was added in series between the solution resistance and the
double-layer to account for diffusion through the aryl film to the MnO2 electrode surface. This
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arrangement of elements is commonly used to model the solid electrolyte interface that passivates
Li-ion battery electrodes.29-31 This is a porous interface that provides resistance to diffusion of
cations into the electrode structure which is analogous to the expected role of the aryl layer at a
modified MnO2 electrode. The final proposed equivalent circuit model for the modified MnO2
samples, along with the physical processes represented by the components, is shown in Figure 5.14.

Figure 5.14: Proposed equivalent circuit model for modified MnO2 electrodes with a schematic
diagram of the corresponding physical processes involved during charge storage. In the absence of
an aryl layer, the circuit elements in the dashed square were excluded.
The fitting parameters for the pH 10 MP and NP modified samples and the pH 7 NP modified sample
using the extended equivalent circuit are shown in Table 5.5. In all cases, the equivalent circuit
model fits the data well (low χ2) however there is some variation between duplicate samples
modified under the same conditions and compared to the blank samples. The nature of this variation
was investigated by adjusting the fitting procedure for the equivalent circuit. One possibility that
was examined was that all the variation in the EIS response observed after modification is due to the
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aryl film, and the intrinsic double-layer and pseudocapacitance behaviour of the MnO2 surface is
preserved during modification. This hypothesis was tested by fixing these parameters to be identical
to the values for unmodified surfaces (either as-prepared or the appropriate blank). Using this
approach, the model was unable to fit the experimental data for the modified surfaces, indicating
that modification with the aryl layer influences the behaviour of the double-layer and/or
pseudocapacitance mechanisms.
Table 5.5: Equivalent circuit modelling parameters for EIS data fitted by the extended circuit shown
in Figure 5.14 for MnO2 samples modified in pH 10 solution with NP and MP groups and samples
modified in pH 7 solution with NP groups. S1 and S2 refer to duplicate samples prepared under
identical conditions.

Sample

Rs

CPEaryl
-1

naryl

Raryl

CPEdl

(Ω)

-1

(µΩ )

(Ω)

(µΩ )

pH 10 NP S1

37

395

0.77

57.9

246

pH 10 NP S2

36

96.1

1.00

14.3

pH 10 MP S1

40

548

1

pH 10 MP S2

32

3.90

pH 7 NP S 1

25

pH 7 NP S2

25

ndl

RC

CPEP
-1

np

Rct

χ2

(kΩ)

(µΩ )

(Ω)

0.95

175

16.0

0.64

63.4

0.009

159

0.88

40

15.3

0.62

68.7

0.007

2.9

241

0.98

111

85.3

0.52

28

0.0007

1.00

1.80

255

0.97

112

119

0.45

25

0.002

151

0.75

331

225

0.96

148

2.24

0.78

81.7

0.008

147

0.75

579

176

0.87

119

2.50

0.76

87.80

0.008

Of the six samples studied, the double-layer parameters (CPEdl, ndl and Rc) were similar to the blank
and as-prepared samples for four of them, suggesting the aryl layer has limited influence on the
double-layer processes. The other two samples (pH 10 NP S2 and pH 7 NP S2) have lower
double-layer capacitance and less ideal capacitor response (lower CPEdl and ndl) than the
corresponding blanks. The double-layer parameters are related to the structure of the MnO2
electrode and these changes may arise due to variability in the MnO2 deposition process.
Alternatively variation in film growth and coverage under similar conditions may lead to occlusion of
the surface to varying extents and thus lowering of the double-layer capacitance. As the doublelayer capacitance of the MnO2 surfaces is largely unaffected by modification, this indicates that the
capacitance increases observed in the CV data at 50 mV s-1 after modification are not due to etching
of the surface increasing the surface area (and thus capacitance due to surface area-dependent
mechanisms) as this would significantly affect the double-layer capacitance of the MnO2 surface.
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The mass-transport limited pseudocapacitance elements of the circuit (CPEP, nP and RCT) also vary
after modification and between modifiers. This suggests that the aryl layer has a large influence on
the pseudocapacitance storage mechanism. This is not an unexpected result as the influence of the
aryl layer is modelled as a partial impediment to diffusion through to the electrode surface and thus
would influence the mass transport-controlled pseudocapacitance mechanism. This means that
these elements overlap in frequency-dependence, making the deconvolution of the effect of
modification on the pseudocapacitance mechanism difficult without independent experimental
measurement of some of the parameters to fix them in the modelling procedure. However, it is
apparent that the parameters associated with the aryl layer itself are highly variable even between
duplicate samples. This may arise from the disordered nature of the multilayer aryl film on the
surface.

5.4 Conclusions
The effect of modification by aryldiazonium grafting on the electrochemical behaviour of MnO2 was
investigated by CV and EIS on MnO2 films prepared by electrodeposition. Modification of MnO2
electrodes prepared on GC allowed for direct comparison of the properties of the MnO2 film before
and after modification.
To summarise the results of CV experiments on NP- and MP-modified MnO2 surfaces, modification
caused differing effects on the electrochemical behaviour depending on the modification conditions
used. In pH 10 solution, modification with NP and MP groups was found to enhance the capacitance
of the electrode at low scan rates but lowers it at high scan rates. Both the enhancement of
capacitance at low scan rates and decrease at high scan rates were amplified at longer grafting
times. In pH 7 solution, the performance of the electrode was degraded by treatment in the absence
of aryldiazonium salt. This behaviour is also observed in the presence of MBD, suggesting limited
grafting of MP-groups as was expected based on the findings described in Chapter 3. Modification
with NBD at pH 7 resulted in similar behaviour to modification at pH 10 which indicates that
successful grafting limits the damaging effects of the pH 7 buffer solution.
The frequency response of electrodeposited MnO2 surfaces after modification and buffer treatment
at pH 10 and pH 7 was investigated by EIS. The rate characteristics of the modified surfaces were
significantly worse after modification and new features at medium to low frequencies were
apparent in the EIS response of modified surfaces. The origin of these features was investigated by
equivalent circuit modelling and it was determined that they did not arise solely due to changes in
the existing double-layer and pseudocapacitance processes in the MnO2 material. It is proposed that
156

5. Electrochemical Investigations of Electrodeposited MnO2 Films Modified with Aryldiazonium Ions
the aryl film acts as a porous layer that impedes diffusion to the surface analogous to a solid
electrolyte interface in Li-ion batteries. The equivalent circuit model incorporating these elements
fits the experimental data well but due to convolution with the mass transport processes involved in
the pseudocapacitance mechanism, the effect of modification on the model parameters cannot be
accurately determined. However, it is apparent from these results that a multilayer film negatively
impacts the rate capability of modified MnO2 electrodes beyond any enhancement effects apparent
at lower scan rates. Thus controlling the thickness of the grafted layer to a monolayer appears
necessary to produce modified electrodes with desirable rate characteristics.
Although it cannot be definitively determined from these results, some conclusions can be drawn
about the origin of the capacitance enhancement observed at 50 mV s-1 scan rate after modification.
One possible mechanism by which the capacitance of the MnO2 surface could be enhanced is by
etching of the surface to increase surface area and thus charge storage. However, none of the
expected changes in the double-layer parameters in the EIS data that would occur if the surface area
of the electrode had increased were observed. The increase of capacitance could also arise from the
aryl layer introducing new redox processes and thus enhancing the pseudocapacitance of the
electrode. This explanation seems unlikely as there was no sign of new redox peaks in the CV curves
of the surfaces after modification and the increase in charge storage was uniform throughout the
potential window. Furthermore, the changes in the EIS data observed for the modified samples are
due to the aryl layer impeding diffusion and there was no sign of new electrochemical processes at
low frequencies where the capacitance enhancement was observed by CV. This suggests that the
increase in charge storage observed after modification arises due to an enhancement of the MnO2
charge storage process. It has been proposed that the charge storage mechanism in MnO2 occurs
due to charge-switching states in the MnO2 band gap induced by cations incorporated into the MnO2
structure.32 It is possible that modification of the MnO2 surface with aryl layers introduces surface
states into the band gap that act as additional charge-switching states and enhance the charge
storage of the electrode. The introduction of gap states after surface modification has been
demonstrated previously with aryldiazonium-modified carbon nanotubes,33 and ZnO and TiO2
surfaces modified with self-assembled monolayers.34, 35
The effect of modification on the stability of MnO2 films was investigated by monitoring the
capacitance of the film over repeat cycling up to 10000 scans, however, no change in stability was
observed in the modified surface. The lack of change after modification may be due to the failure
mode in this electrode architecture being due to the attachment between the MnO2 and the GC
electrode failing which would not be affected by modifying the outer surface of the MnO2. It is
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possible that stability enhancements may be observed in 3-dimensional electrodes where all of the
MnO2 surfaces are involved in electrode breakdown.
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6 Modification of ZnO Surfaces with Aryldiazonium Ions
6.1 Introduction
ZnO is a transparent semiconductor with a wide direct band gap in the UV region (3.37 eV) with a
high free exciton binding energy (60 meV).1 These properties, along with its abundance compared to
commonly-used materials like ITO,2 make it an attractive material for use in a range of electronic,
optoelectronic, electrochemical and electromechanical applications.3
6.1.1

Structure

ZnO typically adopts the wurtzite crystal structure (Figure 6.1) composed of alternating planes of
tetrahedrally coordinated O2- and Zn2+ ions stacked along the c-axis. By varying the growth
conditions, rocksalt and zincblende structures can also be obtained.4 As all three structures lack
inversion symmetry, ZnO forms polar crystals where one face terminates in Zn ions (Zn-polar, 0001)
and the other terminates in O ions (O-polar, 0001).5 The bonding character in ZnO is intermediate
between ionic and covalent,4 resulting in these polar surfaces being charged (positively charged Znpolar and negatively charged O-polar). The mechanism that stabilises these charged surfaces is
disputed but is thought to be a combination of structural reconstructions and termination by
atmospheric adatoms.6-8 ZnO also exhibits non-polar faces such as the m-plane (1010 surface (Figure
6.1) which are composed of Zn-O dimers, giving mixed Zn and O termination.
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Figure 6.1: Crystal structure of wurtzite ZnO. Reproduced from reference 9.
6.1.2

Synthesis

6.1.2.1 Bulk Crystals
ZnO is particularly attractive for applications as a semiconductor because, unlike a number of other
materials, it is possible to prepare large single crystals.1 Bulk ZnO can be grown using hydrothermal,
melt, vapour-phase and solution growth techniques.10 As the bulk single-crystal ZnO material used in
this work was grown hydrothermally, this growth method will be discussed in greater detail.
Hydrothermal growth takes place at elevated temperature and pressure (300-400 °C and ~100 MPa)
in a Pt-lined autoclave using ZnO dissolved in a KOH/LiOH solution.1, 10 The growth reaction proceeds
according to Equation 6.1 (Zn-polar surface) and Equation 6.2 (O-polar surface) where
supersaturation of ZnO22- causes nucleation of ZnO at the surface of a seed crystal.11
Equation 6.1
Equation 6.2
This approach has been used to give large crystals of high quality at lower processing temperatures
than other methods. However, crystal growth is relatively slow and the mineralising KOH and LiOH
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result in Li+ and K+ contamination of the resulting crystal. Contamination by group 1 elements has
been found to introduce donor and acceptor states into ZnO, making it difficult to control the
electronic behaviour of the crystal.12
6.1.2.2 Thin Films
ZnO thin films can be prepared by a range of processes including magnetron sputtering, pulsed laser
deposition, chemical vapour deposition, molecular beam epitaxy (MBE),1,

5, 13

atomic layer

deposition,14 electrodeposition15 and sol-gel.16 These methods produce films with a range of
morphologies and degrees of crystallinity from amorphous to single crystals.1 The substrate for film
growth is critical to producing films with few defects, requiring a substrate material with a near
lattice-match to reduce strain and dislocations.5 One of the applications of large single-crystal ZnO is
as substrates for homoepitaxial growth of ZnO thin films.1 Buffer layers of other materials or even
ZnO itself have been used to pre-coat substrates such as sapphire to reduce the influence of lattice
mismatch.17 In this work, ZnO thin films prepared by magnetron sputtering and MBE were studied
and these methods will be described briefly.
Magnetron sputtering has been used extensively as a growth technique for ZnO films due to its low
cost, simplicity and low deposition temperature. ZnO films are deposited onto the substrate by
ablation of a zinc target by an argon/oxygen plasma prepared by radio-frequency power.13 As the
impact of the sputtered particles on the target is essentially uncontrolled, uniform film growth is
difficult to achieve and the resulting material is typically polycrystalline with a high defect density.1
Molecular beam epitaxy uses solid sources in effusion cells that are heated under high vacuum such
that a beam of gaseous materials sublimes towards the substrate. The atoms condense on the
substrate and the film will grow epitaxially from the surface. The composition of the film is varied by
using additional effusion sources or other sources such as plasma. Film growth can be monitored
throughout the process by reflection high-energy electron diffraction.18 In the case of ZnO, growth
typically occurs using a Zn effusion cell and an oxygen plasma source.19 MBE growth of ZnO with high
crystal quality on materials such as sapphire has been reported extensively.20
6.1.2.3 Nanostructures
ZnO nanostructures, especially one-dimensional structures such as nanorods and nanowires, have
been extensively researched for a number of applications including solar cells, nanogenerators,
biosensors, LEDs and transistors.3, 4, 21-23 ZnO nanostructures have been grown by vapour deposition
methods,22, 23 wet chemical synthesis3 and electrodeposition.21
162

6. Modification of ZnO Surfaces with Aryldiazonium Ions
Vapour deposition methods such as chemical vapour deposition and physical vapour deposition
utilise a vapour phase of either ZnO itself (physical vapour deposition) or a reactive precursor
(chemical vapour deposition) which reacts with a substrate to nucleate growth. Catalytic particles
are frequently employed to improve the crystallinity and dimensions of the nanostructures,
however, they can also contaminate the ZnO material and influence its properties.24
Wet chemical synthesis methods employed for ZnO nanostructures include solvothermal, sol-gel and
controlled precipitation.3, 23, 25 The solvothermal method is identical in principle to the hydrothermal
method used for bulk crystal growth discussed above, however, the time and temperature is such
that nanoscale ZnO is produced.25
Electrodeposition of ZnO nanostructures occurs by reaction of Zn2+ with OH- (Equation 6.3) formed
by electroreduction of O2 (Equation 6.4) or NO32- (Equation 6.5).26, 27 The composition of the resulting
nanomaterials can be varied by changing the Zn2+ precursor and the electrolyte. Growth can occur
with or without a seed layer to aid nucleation of the ZnO nanostructures where the seed layer
improves adhesion and control over the ZnO at the cost of additional processing steps.3, 21
Equation 6.3
Equation 6.4
Equation 6.5
6.1.3

Electronic Properties

Despite the favourable electronic and optoelectronic properties of ZnO such as its transparency,
wide direct band gap and high exciton binding energy, exploiting these properties has been hindered
by the poor control over its conductivity and surface behaviour.1
Regardless of preparation method, ZnO is natively n-doped and difficult to prepare as p-type. The
mechanisms of this native n-type behaviour are still disputed, however, interstitial and substitutional
hydrogen impurities along with native defects are the likely causes.28, 29 These defects responsible for
the intrinsic n-type nature of ZnO also complicate the preparation of p-type ZnO as they act as
compensating sites for the acceptor impurities introduced during p-type doping.30 Recent attempts
to overcome this include co-doping or using large group 5 dopants such as Sb.30-32
Another unusual property of ZnO is its tendency to form an electron accumulation layer at the
material surface.1 This metallic behaviour at the surface of ZnO arises due to downward band
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bending in the near-surface region caused by donor-like surface states.33 These states are caused by
hydrogen or hydroxyl termination of the surface on exposure to moisture and have varying stability
based on the structure of the ZnO surface.7, 34 The adsorption of acceptor molecules such as oxygen
can also change the surface conductivity by inducing upward band bending.35 This sensitivity to
environmental conditions has been exploited to prepare gas sensors based on ZnO, however, it
complicates the preparation of stable junctions for electronic devices.36-39
6.1.4

Applications

Aside from its industrial applications in rubber, textiles, pharmaceuticals and cosmetics,25 ZnO has
attracted

significant

research

interest

for

applications

in

electronic,

optoelectronic,

electromechanical and electrochemical devices – some of which will be detailed briefly below.
ZnO is an ideal material for transparent electronics due to its high optical transparency, high electron
mobility, availability and favourable processing parameters.40 ZnO thin films41 and nanowires42 have
both been used to prepare transparent transistor devices.
In addition to its electronic transport properties, ZnO is also an attractive material for
optoelectronics. The wide direct band gap and high exciton binding energy of ZnO make it a
promising material for short-wavelength lasing and luminescence applications.21 ZnO has been used
in light emitting diodes (LEDs) based on heterojunctions with p-type materials such as GaN43 or as a
light extraction layer incorporated into other LED structures.44 Homojunction LEDs using ZnO have
also been reported,45 despite the difficulties in preparing p-type ZnO.40 The high exciton binding
energy is particularly important for lasing applications where stable excitons are necessary.3 Room
temperature lasing in ZnO has been studied extensively46 with more recent developments relying on
nanostructured materials.47 As the band gap of ZnO is in the UV region, it has also been applied as a
material in UV photodetectors.40, 48The high optical transparency and carrier mobility of ZnO is also
desirable in photovoltaic applications.49 ZnO materials have been explored for a number of solar cell
configurations including perovskite,50, 51 semiconductor-sensitised,52 dye-sensitised

53

and polymer

devices.54, 55
The high electromechanical coupling constants of ZnO make it an exciting material for piezoelectric
devices. These properties have been exploited to make memory devices,56 logic elements,57 surface
acoustic wave devices,58 nanogenerators59 and self-powered devices.60 Piezotronic effects have also
been used in sensor devices for temperature,61 humidity,62 gases63 and biomolecules.64, 65
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In addition to sensors based on piezoelectric effects, sensors exploiting the surface reactivity of ZnO
have also been fabricated.40 ZnO gas sensors rely on measuring these conductivity changes when
target gas molecules adsorb to the surface, resulting in a change in resistivity compared to a bare or
oxygen-coated surface.37-39 In addition to its favourable electronic properties ZnO is biocompatible,
enabling its use in biosensors.66 Biosensors based on enzymes immobilised on ZnO transistors have
been used in the detection of biomolecules including glucose,67 cholesterol68 and uric acid.69
ZnO has also been explored as a photocatalyst for degrading organic contaminants70 and hydrogen
production via water splitting.71 ZnO is cheaper and more environmentally friendly than the more
commonly-used TiO2. However, the wide band gap of ZnO means that it only absorbs in the UV
region which only accounts for 4-5% of the solar spectrum.72 Methods to improve this include
tailoring the structure of ZnO,73 the incorporation of defects72 and the use of sensitisers such as
graphene.74
6.1.5

Surface Modification

Surface modification of ZnO has been extensively studied as a method to control its electronic
properties and attach new functionalities. ZnO modification has been previously reported using
thiol, phosphonate and carboxylate SAMs,75-80 silanes,81 catechols82 and alkenes.83 Most surface
modifiers attach through condensation-type reactions with surface hydroxyls and the ease and
strength of modification depends on the ZnO crystal structure.80-84
A major application of ZnO surface modification is tuning electronic behaviour such as work function
and band bending due to the electronic coupling between the modifier and the surface.76, 79-83, 85 The
nature of the modifier has been found to influence the work function based on the dipole moment
or para-substituent Hammett parameter for aryl modifiers where more electron-withdrawing groups
increased the work function and vice versa.76, 80, 86 By changing the charge density at the surface of
the material, the amount of band bending is also affected by surface modification.82 Another
objective of surface modification is to stabilise the ZnO surface to environmental variation and
corrosion. As noted earlier, the ZnO surface is very sensitive to environmental factors such as
humidity and gas adsorption. While this property can be exploited to produce sensor devices, for
other applications, it results in erratic performance when ambient conditions change.75, 85 Surface
modification has also been used to immobilise interesting functionalities to ZnO surfaces by
molecular tethering approaches. Functionalities that have been molecularly tethered to ZnO
surfaces include biosensor recognition elements,87 electroactive and photoactive molecules88 and
quantum dots.89
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6.1.5.1 Modification with Thiols
While they are extensively studied for the modification of metal surfaces,90 thiols are one of the
least studied modifiers for metal oxide modification, having been used to modify oxidised Cu
surfaces, cuprate superconductors, and ZnO.75, 78, 91, 92 The small number of examples is likely due to
the instability of thiol modifiers, especially to oxidation.93 Despite this general instability, thiol layers
have been found produce stable uniform layers on the m-plane face of ZnO.78 However, this does
not extend to O-polar surfaces,75 indicating that the structure of the substrate has a significant effect
on thiol binding. The lack of reports of thiol modification of oxides also extends to the binding modes
and mechanisms which are poorly understood.94 Cowan et al. modified ZnO surfaces with
benzylphosphonic acids and alkanethiol layers and found that the modified surfaces were less
sensitive to aging in air and light soaking than bare ZnO.85 Surface modification was also found to
improve the resistance of ZnO to etching by NH4Cl with the density of the attached modifier layer
corresponding to the reduction in etch rate.75
6.1.5.2 Modification with Carboxylates
Carboxylates are widely studied due to the ready availability of their derivatives enabling a range of
surface chemistries after modification. Carboxylates have been used to modify oxides such as TiO 2,
Al2O3, ZnO, Fe2O3 and WO3.95-97 Carboxylates can attach via several different modes (Figure 6.2)
involving covalent or non-covalent interactions depending on the molecule, conditions and the
substrate.

Figure 6.2: Binding modes of carboxylates (R-COO-) to metal oxide (M-O) surfaces. Adapted from
reference 94.
This can lead to widely varying stabilities between different systems.94 The stability of carboxylates
on surfaces is typically weak and they are vulnerable to hydrolysis,98 however, multi-dentate
modifiers can be used to improve stability. For example: on m-plane single crystal ZnO surfaces,
166

6. Modification of ZnO Surfaces with Aryldiazonium Ions
octadecanoic acid was unable to form stable monolayers78 whereas citric acid formed a multidentate
complex to ZnO nanoparticles that was stable for 6 days at 80 °C in acetonitrile.95
6.1.5.3 Modification with Phosphonates
Phosphonates are attractive for surface modification due to their ease of preparation and storage
and stability to hydrolysis.94 The assembly of phosphonates on the oxide surface depends on the
reaction conditions and substrate.99 The attachment mechanism varies based on the Lewis acidity of
the oxide surface but generally proceeds via heterocondensation reactions to give P-O-metal
bonding (Scheme 6.1). Additionally, a thermal annealing step is sometimes necessary to induce the
heterocondensation reaction leading to covalent attachment to the surface.100, 101

Scheme 6.1: Attachment of phosphonates to: 1) Lewis acidic metal oxides, 2) poorly Lewis acidic
metal oxides. Adapted from reference 101.
Phosphonates can bind in either mono-, bi- or tri-dentate modes either covalently or through
electrostatic and hydrogen bonding interactions (Figure 6.3). The presence of these bonding modes
can be determined by FT-IR based on the relative intensity of P-O, P=O and P-OH vibrations.84
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Figure 6.3: Binding modes of phosphonates to metal oxide surfaces. Adapted from reference 101.
Phosphonates have been used to modify a wide variety of metal oxides including ZnO, TiO2, ZrO2,
SnO2, and ITO.75, 101, 102 Timpel et al. attached fluorinated aryl and alkyl phosphonates to Zn-polar
ZnO single crystal surfaces and characterised the morphology of the layer and its effect on the work
function of the surface.79 The stacking interactions between adjacent aryl molecules were found to
improve packing density compared to the alkyl layer. The change in work function due to binding
was higher for the alkyl phosphonate, possibly due to its higher dipole moment than the aryl layer.
6.1.5.4 Modification with Silanes
Silanes have been widely studied for the modification of silica-based materials and have since been
extended to metal oxides including ZnO, TiO2, Al2O3, and Fe3O4.103-105 Silane monolayer formation
occurs by a three-step mechanism (Scheme 6.2). Initially, the silane molecules hydrolyse at the
surface to create hydroxysilanes which then self assemble by hydrogen bonding interactions with
the substrate and attractive forces between the chains. Attachment to the surface occurs via a
condensation reaction with surface OH groups. Additionally, silanisation reactions have the
possibility of forming disordered multilayers at the surface due to condensation reactions occurring
between adjacent molecules rather than the substrate.94 The stability of silane monolayers on metal
oxides is generally poor. In a comparative study by Sakeye and Smått, the attachment of silanes to
metal oxide surfaces was much weaker than silica and the layers hydrolysed more rapidly at both pH
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2 and pH 10.102 Silanisation has been used to increase the hydrophobicity and tune the work
function of ZnO nanowires. Single nanowire field-effect transistor devices prepared from silylmodified nanowires had improved I-V characteristics over as-prepared and hydroxylated nanowires.
81

Scheme 6.2: Formation of monolayers by alkyl silanes on metal oxide surfaces. Adapted from
reference 94.
6.1.5.5 Other Modification Methods:
In addition to alkyl and aryl self-assembled monolayers, ZnO surfaces have been modified with
catechols and alkenes.77,

82, 83

Arnaud et al. modified m-plane single crystal ZnO surfaces with

nitrocatechol in order to shift the surface band positions. The shift in band energies at the surface
was associated with the proposed formation of Zn-O bonding between the nitrocatechol and the
surface as determined by DFT calculations. Alkene-derived layers were attached to ZnO by
photochemical grafting as a platform for attaching sensing elements and tune the electronic
properties of ZnO interfaces. The linkage between the ZnO surface and alkyl layer was not directly
identified, however, the loss of C=C and O-H functionalities was observed by FT-IR.
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Prior to the commencement of this work, there were no reports of aryldiazonium modification at
metal oxide surfaces. Recently, electrochemical modification of ZnO in non-aqueous conditions with
aryldiazonium salts has been reported by Wang et al. and this will be discussed below in context
with this thesis work.106
This chapter describes the development of conditions to modify MBE-grown ZnO surfaces with
aryldiazonium ions by non-electrochemical and electrochemical methods. These methods were then
extended to bulk single crystal ZnO surfaces to investigate the effect of modification on the
properties of different crystal faces.

6.2 Materials and Methods
6.2.1

ZnO Substrates

6.2.1.1 MBE-Grown ZnO
ZnO samples grown by MBE were prepared by Adam Hyndman from the Department of Physics and
Astronomy, University of Canterbury. These samples were ~450 nm ZnO films deposited on Al2O3
substrates. Before use, the ZnO samples were cleaned ultrasonically in HPLC grade acetone,
methanol and IPA and then dried in N2 gas.
6.2.1.2 Single Crystal ZnO
Single crystal ZnO samples used in this work were cut from 0.5 mm thick hydrothermally grown mplane and c-axis double-sided polished single crystal wafers obtained from Tokyo Denpa Co. Ltd
(Japan).107 Before use, the ZnO samples were cleaned ultrasonically in HPLC grade acetone,
methanol and IPA and then dried in N2 gas.
6.2.2

FT-IR Measurements

IR Spectra for ZnO samples were collected by gently pressing the ZnO surface onto a diamond ATR
prism. Mid-IR spectra were recorded using 1024 scans at 4 cm-1 resolution from 600 to 4000 cm-1.
6.2.3

XPS Measurements

6.2.3.1 Monochromatic XPS
Monochromatic XPS data was collected according to the parameters described in Chapter 2. Samples
were mounted onto a sample bar by pressing them into conductive silver paste which was used to
contact to the top surface of the sample. Peak positions were referenced to aromatic C at 284.8 eV.
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6.2.3.2 Synchrotron XPS
Synchrotron XPS data was collected by Assoc. Prof. Martin Allen, Alexandra McNeill and Rodrigo
Gazoni on the soft X-ray beamline at the Australian Synchrotron, Melbourne. Samples were
electrically grounded to the spectrometer by a Ta foil sample holder and platinum paste to prevent
charging. Photoemission spectra were collected using a Specs Phoibos 150 hemispherical electron
energy analyser with the detector axis normal to the sample surface. To maximise surface sensitivity,
the incident x-ray photon energy (hv) was varied for each scan: O 1s and C 1s core level spectra were
collected at hv = 680 eV, P 2p core level spectra were collected at hv = 280 eV and valence band
spectra were collected at hv = 150 eV. Survey spectra were collected at hv = 1486.6 eV to allow
comparison with data from monochromatic X-ray sources. The binding energy scale of each scan was
calibrated using the Au 4f core level doublet of a sputter-cleaned Au reference foil.
6.2.4

Electrochemical Measurements

Electrochemical measurement of ZnO surfaces was conducted in 0.1 M pH 8 phosphate buffer using
a top-loading cell setup. The ZnO working electrode architecture used in electrochemical
experiments is shown in Figure 6.4. These electrodes were prepared by affixing a strip of Cu foil to
the top face of the ZnO sample with polyimide tape, more polyimide tape was then used to mask the
Cu foil from both sides. This resulted in the Cu foil and ZnO sample sandwiched together between
two pieces of polyimide tape such that half of the top ZnO surface was exposed to act as a working
electrode (area = ~0.18 cm2) and the end of the Cu strip was exposed to allow electrical contact with
the potentiostat leads. The contact between the ZnO surface and Cu strip was maintained by a
Teflon clamp (Figure 6.4B). For MBE samples, only the top face is conducting whereas single crystal
samples can conduct through to the bottom face. Single crystal samples are referred to in this
chapter by the top face contacting the Cu foil e.g. O-polar even though both faces are exposed to
solution.

Figure 6.4: Photographs of ZnO working electrode showing polyimide tape sealing and Cu foil topcontact (A), and (B) Teflon clamp compressing Cu contact.
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6.2.5

Modification with Aryldiazonium Ions

6.2.5.1 Non-electrochemical Modification
Unless stated otherwise, ZnO samples were modified with aryl layers by immersion for 1 h in 5 mL of
0.1-1 M pH 8 phosphate buffer solution containing 50 mM aryldiazonium BF4- salt on an orbital
shaker. Samples were cleaned after modification by rinsing in ultrapure water then sonicated in
HPLC grade acetone, methanol and IPA.
6.2.5.2 Electrochemical Modification
Aryldiazonium ions were electrochemically grafted to ZnO electrodes prepared by the method
described above. Electrochemical grafting was carried out by cycling between 0.2 and -1.5 V for 20
scans at 50 mV s-1 scan rate in degassed 0.1 M pH 8 phosphate buffer solution with 5 mM
aryldiazonium BF4- salt. After rinsing in ultrapure water, the electrodes were disassembled and the
modified ZnO surface was ultrasonically cleaned in HPLC grade acetone methanol and IPA.

6.3 Results and Discussion
6.3.1

Modification of MBE-grown ZnO using Aryldiazonium Ions

Preliminary experiments were conducted on ZnO samples grown by MBE on sapphire substrates.
The properties of MBE-grown ZnO can be controlled by adjustment of the growth conditions,
however, MBE-grown ZnO tends to be O-terminated regardless of the crystal orientation of the
surface.
6.3.1.1 Initial MBE-grown ZnO Characterisation
As the growth system for the MBE samples used in this work was still being developed while this
work was ongoing, the crystal quality of the surfaces used was variable. As shown by the AFM
images in Figure 6.5, early surfaces (Figure 6.5A) had a very rough and granular morphology (RMS
roughness ≈ 6 nm) whereas later samples (Figure 6.5B) had smoother surfaces (RMS roughness ≈ 2
nm) with visible triangle terrace rearrangements typical of crystalline ZnO surfaces.8
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Figure 6.5: Representative AFM height images of MBE-grown ZnO surfaces: A. Early sample showing
high roughness and granularity, B. later sample showing smoother and more crystalline surface.
The FT-IR spectrum of bare MBE-grown ZnO (Figure 6.6A) shows a steeply curved baseline that was
observed for all samples. This baseline complicates the baseline fitting procedure on the steep areas
of the curve and at the inflection points. The baseline-corrected spectrum of bare MBE ZnO is shown
in Figure 6.6B where a number of ill-defined features are visible between 1800 cm-1 and 1000 cm-1
with sharper peaks below 1000 cm-1. Overlaid on the MBE-grown ZnO spectrum shown in Figure
6.6B is the FT-IR spectrum for the Al2O3 substrate where it is apparent that the majority of the
features visible in the ZnO spectrum are present in the spectrum for the support. There are small
differences visible between 1800-1500 cm-1, however, these are likely artifacts from the baseline
fitting as this range is near the inflection point in the raw data. This suggests that most of the
observed features in the ZnO spectrum are from the underlying Al2O3 support due to the evanescent
wave at the ATR prism penetrating through the ~450 nm ZnO film. These features have been
assigned to OH species and adsorbed water on Al2O3 and ZnO surfaces.108, 109
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Figure 6.6: FT-IR spectra of: A. MBE-grown ZnO as-collected, B. the front ZnO face and back Al2O3
face of and MBE-grown ZnO sample after baseline correction.
6.3.1.2 Non-Electrochemical Modification with Aryldiazonium Ions
As ZnO is amphoteric, it has a limited pH stability window in aqueous solution which limits the
available modification conditions. Additionally, as a semi-conducting oxide, it is assumed that ZnO
cannot reduce the aryldiazonium ion spontaneously, requiring other conditions to generate reactive
species to graft to the surface. However, the surface electron accumulation layers observed at single
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crystal ZnO surfaces may be able to act as a reduction source.1 The instability of ZnO at acidic pH was
observed when grafting was attempted using H3PO2 as a reducing agent; the ZnO film was stripped
from the Al2O3 substrate in the acidic conditions.
As was shown in Chapter 3, neutral or high pH solutions can be used to modify planar nonconducting substrates. This approach was extended to the modification of ZnO as it is stable above
pH 7.110 Initially, pH 10 was used as this is within the centre of the stability window for ZnO and thus
small changes in the stability of the surface (such as from high energy morphologies on rough
substrates) should not cause the surface to dissolve at this pH.111 ZnO samples were immersed in 0.1
M pH 10 HCO3-/CO32- buffer with 50 mM NBD and 4-carboxybenzenediazonium (CBD) for 1 h. These
surfaces were characterised by AFM before (Figure 6.7A) and after modification (Figure 6.7 B and C).
It is apparent from these images that reaction in 0.1 M pH 10 buffer causes damage to the ZnO
sample with both modifiers. After reaction with NBD (Figure 6.7B), significant pitting was present on
the sample and the roughness of the surface increased to ~12 nm. It is possible that the scattered
nature of this pitting is due to it being initiated at defects on the ZnO surface. After treatment in CBD
solution, the ZnO surface appears to be stripped back to the Al2O3 substrate as seen by the smooth
underlying surface (Figure 6.7C) and the low RMS roughness (~0.8 nm). The effect of buffer on the
surface was investigated by treating a sample for 1 h in 0.1 M pH 10 buffer solution. As seen in
Figure 6.7D, treatment in buffer in the absence of aryldiazonium ion resulted in no changes in the
morphology of the surface and thus the damage to the ZnO surfaces observed in their presence
must arise from reaction with the aryldiazonium ions. Measurement of the pH of NBD solution after
the 1 h reaction showed that the pH of the solution had decreased from pH 10 to pH 4-5 indicating
that the observed corrosion is due to this pH decrease. The origin of this pH change is unknown,
however, the larger amount of corrosion present in the CBD-modified sample may be due to
interactions between the surface and the carboxylate group that have been observed when forming
carboxylate monolayers.78 Although the grafting reaction was conducted in buffer solution, the
buffer concentration was only twice that of the aryldiazonium ion solution and thus it may not have
sufficient buffering capacity to counteract this pH change.
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Figure 6.7: AFM height images of MBE-grown ZnO: A. Bare sample, B. ZnO sample after 1 h reaction
with 50 mM NBD in 0.1 M pH 10 buffer, C. ZnO sample after 1 h reaction with 50 mM CBD in 0.1 M
pH 10 buffer and D. ZnO sample after 1 h treatment in 0.1 M pH 10 buffer.
To prevent this corrosion from occurring, grafting reactions were conducted with the concentration
of the buffer solution increased to 1 M. ZnO surfaces were imaged after reaction with NBD (Figure
6.8A) and CBD (Figure 6.8B) in 1 M pH 10 buffer and it is apparent that the increase in buffer
concentration prevents corrosion of the surface. However, there are no clear signs of the aryl layer
on either surface, possibly due to the high roughness of the ZnO samples.
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Figure 6.8: AFM height images of MBE ZnO: A. ZnO sample after 1 h modification with 50 mM NBD in
1 M pH 10 buffer and B. ZnO sample after 1 h modification with 50 mM CBD in 1 M pH 10 buffer.
The presence of chemical functionalities on the surface after grafting was investigated by FT-IR. A
selected region from the spectra for samples modified for 1 h in 1M pH 10 buffer with NP and
carboxyphenyl (CP) groups along with a blank sample prepared under the same conditions in the
absence of aryldiazonium ion collected with an air background are shown in Figure 6.9A. It is
apparent from these spectra that the modified samples have additional features associated with the
attachment of the aryl modifier, however, these features are low intensity and difficult to resolve
from the ZnO background. In contrast, the pH 10 buffer-treated blank sample appears identical to
the as-prepared ZnO sample spectrum shown in Figure 6.6B.
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Figure 6.9: FT-IR spectra of MBE-grown ZnO: A. 1 h 1 M pH 10 buffer-treated blank, NP-modified and
CP-modified samples collected with an air background. B. 1 h 1 M pH 10 NP-modified and
CP-modified samples collected using a 1 h 1 M pH 10 buffer-treated blank sample as the
background.
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Figure 6.9B shows spectra for the same modified samples collected using the pH 10 buffer blank
sample as a background to remove the features associated with the underlying ZnO sample. Peak
assignments for these spectra are shown in Table 6.1. After the ZnO/Al2O3 features are removed, the
only clear features present in the spectrum for the NP-modified sample are the N=O asymmetric and
symmetric peaks (1524 cm-1 and 1344 cm-1 respectively) from the nitro group. For the CP-modified
sample, features associated with the carboxy group and the aryl ring were observed. The peaks at
1697 cm-1, 1416 cm-1 and 1235 cm-1 correspond to the C=O stretching, C-OH bend and O-C stretch
vibrations respectively. The peak assigned to the C-OH bend is unusually intense, however, this is
most likely an artifact from the background subtraction due to a mismatch in the baselines of the CPmodified and pH 10 blank samples. There are also two C=C stretching peaks (1607 cm-1 and 1542 cm1

) present due to the para-substituted aryl ring.

Table 6.1: Table of FT-IR peak assignments for samples modified for 1h in 1 M pH 10 buffer solution
with CP and NP groups.
NP-Mod

CP-Mod

Peak Position

Peak Assignment

Peak Position

Peak Assignment

1524 cm-1

N=O asymmetric stretch

1697 cm-1

C=O stretch

1344 cm-1

N=O symmetric stretch

1607 cm-1

C=C stretch

1542 cm-1

C=C stretch

1416 cm-1

C-OH bend

1235 cm-1

O-C stretch

In summary, these results show that spontaneous modification of MBE-grown ZnO with
aryldiazonium ions can be achieved in aqueous solution at high pH. However, the reaction of
aryldiazonium ions leads to corrosion of the ZnO surface at low buffer concentrations through
acidification of the reaction solution by an unknown mechanism. At high buffer concentrations, the
corrosion of the surface is prevented and successful modification with NP and CP groups has been
determined from FT-IR spectra. The relatively low intensity of the IR response for these samples
suggests that the amount of film grafted to the surface is small. This is supported by the AFM images
which show no changes in morphology resulting from an aryl layer after modification.
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6.3.1.3 Electrochemical Modification of MBE-grown ZnO with Aryldiazonium ions
One approach to improve surface coverage of aryldiazonium ions is to use electrochemical grafting.
As the surface itself acts as the working electrode to reduce the aryldiazonium ions to aryl radicals,
this localises the production of radicals to the surface and limits side reactions in solution. As ZnO
surfaces are natively n-type, they are conducting at negative potentials and thus have the capability
to reduce aryldiazonium ions.
6.3.1.3.1 Electrode Preparation and Testing
ZnO electrodes were prepared by contacting Cu foil to the ZnO surface and using polyimide tape to
mask the Cu from the solution and define the area of the ZnO working electrode (~0.18 cm 2). The
electrochemical response of MBE-grown ZnO electrodes was tested in a 3-electrode cell in pH 8
phosphate buffer solution: this medium was selected to prevent damage to the ZnO surface by
acidic solutions or Cl-. The ZnO samples were used without additional doping or UV light exposure to
influence their conductivity. When cycling in 0.1 M pH 8 buffer solution between 0.8 V and -1.5 V
(Figure 6.10), no current flow is observed above ~-0.2 V and below this value the electrode response
is capacitive until the onset of a reduction process at -1.2 V (most likely due to solvent
decomposition).112 In 1 mM solution of the redox probe K3[Fe(CN)6] in pH 8 buffer, reduction of the
redox probe is evident beginning at -0.2 V, however, a complete reduction peak for this process is
not observed within the scan window (Figure 6.10). On the return scan to positive potentials, no
corresponding oxidation peak is observed and with repeated cycling, the size of the reduction peak
decreases. These results are consistent with local depletion of the Fe3+ form of the redox probe at
the electrode surface and the lack of p-type conductivity in the ZnO electrode prevents oxidation of
the Fe2+ form to regenerate the Fe3+ at the surface. The clear change in CV response in the presence
of a redox probe indicates that the MBE-grown ZnO is able to act as an electrode for reduction
reactions.
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Figure 6.10: CV curves (scans 1 and 2) of MBE-grown ZnO surfaces collected in 0.1 M pH 8 buffer
with (FeCN) and without (pH 8 blank) 1 mM K3[Fe(CN)6] at 100 mV s-1 scan rate.
6.3.1.3.2 Electrochemical Modification of MBE-grown ZnO
Electrografting of aryldiazonium ions to MBE-grown ZnO surfaces was investigated by CV in 5 mM
solutions of nitro-, methoxy- and iodobenzenediazonium salt (IBD) in 0.1 M pH 8 phosphate buffer
(Figure 6.11). These modifiers were chosen to provide a range of electronic properties in the aryl
layer. In the presence of each modifier, the CV response involves a reduction process at low
potentials that decreases in peak current with decreasing scan rate. The onset potential of this
process varies depending on the modifier: -0.2 V, -0. 4 V and -0.3 V for NBD, MBD and IBD
respectively. As with the pH 8 buffer blank and redox probe experiments described above, there is
no current flow above ~-0.2 V, confirming that all electrochemical processes observed are occurring
at the surface of the ZnO rather than at the Cu foil connector. There appear to be broad reduction
peaks centred at ~-0.55 V on the first scans for MBD and IBD grafting whereas there is no defined
peak for the NBD grafting process. None of the modifiers form complete blocking films on the
surface even after 20 scans. However, the decline in peak current of the reduction process on
continued cycling may indicate partial blocking of the electrode surface. Alternatively, the loss in
peak current over time may be due to the depletion of the aryldiazonium ion at the surface, either
through grafting to the electrode or reaction in solution.
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Figure 6.11: CV curves (scans 1, 5, 10, 15 and 20) of MBE-grown ZnO surfaces collected in 0.1 M pH 8
buffer at 50 mV s-1 scan rate with 5 mM NBD (A), MBD (B) and IBD (C).
For comparison, the first scan for each modifier and buffer solution in the absence of modifier is
shown in Figure 6.12. It is apparent from the increased reduction current in the presence of
aryldiazonium salt that the reduction processes observed during the grafting scans is due to the
modifiers rather than the buffer solution. Compared to reduction of aryldiazonium salts in acidic
solution, the onset of the reduction processes observed here is at significantly more negative
potential (e.g. 0.25 V vs. SCE for NBD in acidic solution at GC).113 However, this decrease in reduction
potential has been observed previously for the grafting of diazoates and diazohydroxides which are
the most likely species present in solution at pH > 7.114
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Figure 6.12: CV curves (scan 1) of MBE-grown ZnO surfaces collected in 0.1 M pH 8 buffer at
50 mV s-1 scan rate in the absence (Blank) and presence of 5 mM aryldiazonium ion (NBD, MBD and
IBD).
6.3.1.3.3 Characterisation of Surface Morphology
The effect of modification and electrochemical cycling on the MBE-grown ZnO surfaces was
investigated by AFM (Figure 6.13). After disassembly and cleaning of the ZnO surface, the areas of
the surfaces that were masked by polyimide tape during the grafting experiment were imaged to
provide an image of the untreated ZnO as the morphology varies significantly between samples
(Figure 6.13 A, C and E). From these images it is apparent that the masking process leaves the
surfaces unchanged compared to bare MBE-grown ZnO surfaces (Figure 6.5) and that there are
minimal tape residues left after cleaning the surface. Comparing these masked regions with the
modified regions of the surface (Figure 6.13 B, D and F) it can be seen that the modification process
results in significant changes in the appearance of the surface. The unmodified regions of the NPmodified sample have a ‘pebbled’ morphology with ~500 nm features (Figure 6.13A) whereas the
modified regions appear to be covered by a much finer structure with ~100 nm pinholes (Figure
6.13B). The unmodified areas of the MP-modfied surface are more granular in appearance (Figure
6.13C) which becomes covered with small globules after modification (Figure 6.13D). The micronscale pitting visible on the modified surface is most likely due to damage by bubbles formed during
ultrasonic cleaning as they are significantly larger than the pits observed on the spontaneously
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modified samples due to etching of the surface (Figure 6.7). The IP-modified surface sample has a
pebbled texture in the unmodified regions (Figure 6.13E) which is covered by scattered material
after modification that is most likely polymeric aryl species (Figure 6.13F). These images show that
for all modifiers, electrochemical modification deposits material on the surface that is stable to
sonication. Additionally it appears that the electrochemical grafting process does not damage the
ZnO surface as only the MP-modified sample showed pitting and it most likely resulted from the
cleaning process rather than modification.
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Figure 6.13: AFM height images of masked (A, C and E) and solution-exposed (B, D and F) regions of
MBE-grown ZnO electrodes after electrochemical modification with NBD (A and B), MBD (C and D)
and IBD (E and F).
6.3.1.3.4 FT-IR Spectroscopy of Modified MBE-Grown ZnO
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The successful attachment of aryl layers to the electrochemically modified surfaces was investigated
by FT-IR. The FT-IR spectra for the modified and masked regions of an MBE-grown ZnO sample
modified with NBD is shown in Figure 6.14 (peak assignments are presented in Table 6.2) along with
a spontaneously modified sample for comparison. The spectrum of the modified region for the
electrografted NP-modified sample has peaks at 1597, 1525 and 1348 cm-1 associated with the C=C
stretch, N=O asymmetric stretch and N=O symmetric stretch of the NP groups. In contrast, the
spectrum for the masked region of this sample show only peaks associated with ZnO/Al2O3 (Figure
6.6) which suggests that the grafting reaction was successfully contained to the solution-exposed
areas of the electrode.
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Figure 6.14: FT-IR spectra of NP-modified MBE-grown ZnO surfaces: spontaneously modified (NP
SGraft), and masked (NP Masked) and modified (NP EGraft) regions of an electrografted sample.
In comparison with the spontaneously grafted sample, the intensity of the peaks associated with the
aryl layer on the electrografted sample are more intense, suggesting increased coverage is achieved
by electrochemical modification even though the NBD concentration is significantly lower (5 mM vs.
50 mM). This result is not unexpected as the utilisation of aryldiazonium ions is more efficient in the
electrografting process due to the aryl radicals being produced near the surface rather than in
solution and thus the proportion that successfully graft to the surface is increased.115
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Table 6.2: Table of FT-IR peak assignments for samples modified by electrochemical cycling in pH 8
buffer with NBD (NP-Mod), MBD (MP-Mod) and IBD (IP-Mod).
NP-Mod

MP-Mod

IP-Mod

Peak Position

Assignment

Peak Position

Assignment

Peak Position

Assignment

1597 cm-1

C=C Stretch

1608 cm-1

C=C Stretch

1483 cm-1

C=C Stretch

1525 cm-1

N=O Asym.

1511 cm-1

C=C Stretch

1006 cm-1

C-I Stretch

1348 cm-1

N=O Sym.

1250 cm-1

C-O Stretch

Analysis of the FT-IR spectra of MP-modified (Figure 6.15A) and IP-modified (Figure 6.15B) samples
prepared by electrografting show significant differences between the modified and masked regions.
Peak assignments for the modified regions of each sample are presented in Table 6.2. As with the
NP-modified sample, the IR response is the same as bare ZnO/Al2O3 for both samples. MPmodification results in the introduction of peaks at 1608 cm-1 and 1511 cm-1 assigned to aryl ring
modes and a peak assigned to C-O stretching in the methoxy group at 1250 cm-1. Modification with
IP-groups introduces peaks due to C=C stretching from the aryl ring (1483 cm-1) and C-I stretching in
the iodo group (1006 cm-1). These results indicate that the electrochemical modification successfully
attaches aryl groups to the surface with a range of aryl substituents and that these groups are stable
to ultrasonic cleaning.
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Figure 6.15: FT-IR spectra of masked and modified regions of MP-modified (A) and IP-modified (B)
MBE-grown ZnO surfaces.
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6.3.1.3.5 XPS Analysis of Modified MBE-Grown ZnO
To further investigate the effect of electrochemical modification on ZnO surfaces, XPS analysis was
conducted on MBE-grown samples cycled in 0.1 M pH 8 buffer in the presence (NP-mod) and
absence (Blank) of 1 mM NBD.
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Figure 6.16: Survey XPS spectra of MBE-grown ZnO electrochemically cycled in 0.1 M pH 8 buffer in
the presence (NP-Mod) and absence (Blank) of NBD.
Survey XPS spectra of the NP-modified and blank samples are shown in Figure 6.16 and the atomic
concentration values calculated from these spectra are shown in Table 6.3. Values from the blank
sample show the expected 1:1 Zn:O ratio for ZnO and signals due to adventitious C. Additionally
there is a significant P signal present in this sample, most likely arising from buffer components
adsorbed to the surface. Modification with NP groups results in an increase in O, C and P content
and introduction of N. Increases in C, N and O indicate that the NP groups are present on the surface
after modification, however, the increased P content suggests that further phosphate adsorption is
occurring at the surface during modification compared to the blank sample. This may also account
for the increase in O content being much larger than would be expected from just the introduction
of NP groups. As described in section 6.1.5.3, the absorption of phosphonates on ZnO surfaces has
been researched extensively and it is assumed that the adsorption of phosphates to ZnO occurs by
similar mechanisms, however, the enhancement of this adsorption during the modification process
is unexpected.
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Table 6.3: Atomic concentrations and ratios for MBE-grown ZnO electrochemically cycled in 0.1 M
pH 8 buffer in the presence (NP-Mod) and absence (Blank) of NBD.
Sample
Zn (At %)a O (At %)a C (At %)a P (At %)a N (At %)a C/Zna
O/Zna
P/Znb
pH 8 Blank
31.9
36.5
30.1
1.5
< 0.1
0.94
1.14
0.046
pH 8 NP-Mod
14.1
45.5
34.3
5.1
1.1
2.43
3.23
0.36
a
b
Determined from survey spectra, Determined from Zn 3s spectra.
These changes in surface chemistry were further analysed using the high resolution O 1s, C 1s, N 1s
and Zn 3s core-level spectra for the modified and blank sample (Figure 6.17). The O 1s spectra
(Figure 6.17A) for both the blank and NP-modified samples show a main peak at ~530 eV and a
shoulder at 531.5 eV. In untreated ZnO, the main peak is assigned to bulk O species whereas the
shoulder is attributed to surface hydroxyls.116 In the NP-modified sample, the intensity of the higher
energy peak is proportionately higher than the bulk O peak compared to the blank sample. This is
consistent with the modification process influencing the surface chemistry of the ZnO. Work by Chen
et al. on ZnO surfaces surfaces modified with phosphonate and thiolate monolayers showed that the
intensity of the surface O peak increased upon the attachment of phosphonates but decreased after
thiolate modification due to replacement of surface O species with thiol groups.78 From prior studies
on modification of metal oxide surfaces with aryldiazonium ions in this thesis work (Chapter 4) and
literature, it is expected that the aryl layer would bind to the surface O species and cause a shift in
the binding energy of the surface O peak.117 There is no clear evidence of this shift occurring in the
modified sample and it is unlikely that electrochemical modification with aryl layers would result in
increased surface O content as the aryl radical does not introduce O species to the surface. The most
likely origin of these surface O species is adsorbed phosphates from the modification buffer as
indicated by the increased P content in the modified sample. Phosphate O species have been
observed at similar energy on carbon surfaces, further supporting this assignment.118
Comparing the C 1s core level spectra for the modified and blank samples (Figure 6.17B), it is
apparent that the modification process does not change the features in the C 1s spectrum
significantly. Both spectra have a large peak assigned to C-C bonding that is set at 284.8 eV due to
the charge correction process and smaller peaks at 286.5 eV and 289 eV that are assigned to C-O and
C=O respectively.119 Their presence in both modified and unmodified samples suggests these peaks
are most likely primarily due to adventitious contamination. However, there is an increase in the
proportion of C-C bonding in the modified sample that may be due to the aryl layer. Although an
increase in the C/Zn ratio was observed in the survey spectra after modification (Table 6.3), the
magnitude of this C/Zn ratio increase (from 0.94 to 2.43) does not correspond to the increase in C-C
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bonding (from 86% to 93%) observed in the C 1s spectra. This discrepancy is most likely due to the
layer of NP groups and adsorbed phosphates at the surface reducing the proportion of bulk ZnO and
thus Zn atoms sampled, resulting in the C/Zn ratio being artificially high.
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Figure 6.17: XPS spectra of the O 1s (A), C 1s (B), N 1s (C) and Zn 3s (D) regions for MBE-grown ZnO
electrochemically cycled in 0.1 M pH 8 buffer in the presence (NP-Mod) and absence (Blank) of NBD.
The N 1s spectrum for the blank sample (Figure 6.17C) shows a single peak at 400 eV that is assigned
to amine species in the adventitious C contamination. A peak at this energy is also present in the NPmodified sample in addition to a peak at 406 eV. The peak at 406 eV is assigned to NO 2 groups,
providing further evidence of the presence of the NP film on the surface.120 The peak at 400 eV likely
contains contributions from the adventitious amine contaminants observed in the blank sample but
189

6. Modification of ZnO Surfaces with Aryldiazonium Ions
may also include contributions from azo linkages or reduced NP groups in the aryl layer. The
convolution of these different N species along with the possibility of azo linkages occurring within
the film makes it impossible to confirm the presence of azo linkages between the film and the ZnO
surface.
The Zn 2p and P 2p regions are adjacent (Figure 6.17D) and thus can be used to determine the P/Zn
ratio more accurately than from survey spectra. P/Zn ratios for blank and NP-modified samples
calculated from core level spectra are presented in Table 6.3. Compared to the blank sample, there
is an 8-fold increase in P/Zn ratio in the NP-modified sample. As both samples are subjected to
identical buffer and potential cycling conditions, this increase in P content must arise from an
interaction with the aryldiazonium salt or the aryl layer on the surface. The nature of this interaction
is unknown.
A recent publication by Wang et al. describes the electrochemical grafting of aryldiazonium salts in
non-aqueous conditions to Al-doped polycrystalline ZnO surfaces as a platform to covalently link
DNA for a hybridisation biosensor.106 Under these conditions, a well-defined irreversible reduction
peak was observed that decreased on continued cycling due to blocking of the surface as is typical
for electrografting aryldiazonium salts. Successful modification was confirmed by CV, XPS and water
contact angle measurements. The differences in grafting CV response compared to this thesis work
may arise due to the sputtered ZnO substrates used by Wang et al. being more conducting and
defect-rich, and thus more reactive to aryldiazonium ion grafting. Additionally, the lack of
interference by phosphate ions adsorbing to the surface during the grafting reaction may also
contribute to the observed differences in CV response.
6.3.2

Modification of Single Crystal ZnO Surfaces

To examine the effect of the ZnO surface chemistry on the formation of aryl layers, polar (O-polar,
Zn-polar) and non-polar (m-plane) bulk single crystal ZnO samples were modified electrochemically.
The crystal structure of each face is shown in Figure 6.1. Although these surfaces are
crystallographically controlled, as explained in section 6.1.3, the surface chemistry of these materials
is dependent on the environment due to adsorption of hydroxyl groups and water molecules from
the atmosphere. The strength of the attachment of the adsorbed species varies based on the crystal
face and it is expected that this will influence the attachment of aryl layers to the surface.7, 34 After
modification, these samples were characterised by synchrotron XPS, AFM and FT-IR.
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6.3.2.1 Electrochemical Modification of Single Crystal ZnO Surfaces
Single-crystal O-polar, Zn-polar and m-plane ZnO electrodes were prepared by the same method as
MBE-grown ZnO and electrochemically modified in 5 mM NBD, MBD and IBD in pH 8 solution. Blank
samples were prepared by electrochemical treatment in pH 8 solution in the absence of
aryldiazonium salt. Phosphate buffer was used as the electrolyte solution because at the time, the
potentially problematic involvement of phosphate had not been identified for the MBE-grown
samples described above as the XPS analysis on MBE samples had not been completed.
CV curves collected during the modification and electrochemical treatment of O-polar ZnO surfaces
are shown in Figure 6.18. Voltammograms of electrochemical modification in NBD and MBD solution
(Figure 6.18 A and B) have a primarily linear shape with a broad feature on the first scan, similar to
the curves observed during modification of MBE surfaces (Figure 6.11). The CV of modification with
IBD (Figure 6.18C) is similar on the first scan above -1 V, however, a defined reduction peak is visible
at -1.2 V that was not observed with the other modifiers. On subsequent scans, this feature is
replaced by a peak at -1.05 V that increases with scan number up to scan 15. For all modifiers, there
is no sign of blocking behaviour during the modification process, suggesting incomplete coverage.
The blank sample cycled in the absence of aryldiazonium salt (Figure 6.18D) has only weak features
in the voltammogram similar to the response of the MBE-grown sample (Figure 6.10) up to scan 5.
The oxidation features present in scans 10-20 indicate leakage of electrolyte through to the Cu foil
connector. However, comparison of the early scans of the blank and modified samples show clear
differences in the shape of the voltammograms in the presence of aryldiazonium ions. The similarity
of the response on O-polar ZnO surfaces to MBE-grown ZnO is not unexpected as the MBE-grown
surfaces are primarily O-terminated.20
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Figure 6.18: CV curves (scans 1, 5, 10, 15 and 20) of O-polar ZnO surfaces collected in 0.1 M pH 8
buffer at 50 mV s-1 scan rate with 5 mM NBD (A), MBD (B) and IBD (C) and in the absence of
aryldiazonium salt (D).
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CV curves for the modification of Zn-polar single crystal ZnO surfaces with aryldiazonium ions are
shown in Figure 6.19. They are shaped similarly to the curves for O-polar surfaces, however, the
curve for MBD modification of Zn-polar ZnO is more similar to the curve for IBD modification of
O-polar ZnO and vice versa. This suggests that the presence of a defined reduction peak during the
grafting to ZnO may be unrelated to the crystal face or aryl substituent. The blank sample again
shows signs of electrolyte leakage after 15 scans as well as a reduction process present on the first
cycle, possibly due to adsorbed species. However, scans 5 and 10 for the blank sample show no
significant features.
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Figure 6.19: CV curves (scans 1, 5, 10, 15 and 20) of Zn-polar ZnO surfaces collected in 0.1 M pH 8
buffer at 50 mV s-1 scan rate with 5 mM NBD (A), MBD (B) and IBD (C) and in the absence of
aryldiazonium salt (D).
For m-plane ZnO (Figure 6.20), the CV curves for all modifiers have a defined redox peak at either
-1.25 V (NBD and MBD modification) or -1 V (IBD modification). Comparing IBD modification of Opolar (Figure 6.18C) and m-plane surfaces (Figure 6.20C), and MBD modification of Zn-polar (Figure
6.19B) and (Figure 6.20B), the positions of these peaks appears to be consistent across different
crystal faces. In comparison with the modification of MBE-grown ZnO where no defined peaks were
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observed, it is possible that the single crystal surfaces have a catalytic effect that causes the
reduction peak to shift to within the scan window or there is a new process unique to these surfaces.
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Figure 6.20: CV curves (scans 1, 5, 10, 15 and 20) of m-plane ZnO surfaces collected in 0.1 M pH 8
buffer at 50 mV s-1 scan rate with 5 mM NBD (A), MBD (B) and IBD (C) and in the absence of
aryldiazonium salt (D).
6.3.2.2 Characterisation of Electrochemically Modified Single Crystal ZnO surfaces
From the grafting scans obtained at all crystal faces, it is apparent that electrochemical processes are
occurring in the presence of aryldiazonium ions that are not occurring in the blanks. The effect of
electrochemical modification on the surface chemistry of ZnO was investigated by synchrotron XPS.
Using a synchrotron X-ray source allows greater surface sensitivity than a monochromatic source as
the X-ray energy can be selected to minimise the penetration of the X-ray beam into the surface.
Due to time constraints, only the NBD- and IBD-modified ZnO surfaces were characterised.
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Figure 6.21: XPS survey spectra of O-polar (A), Zn-polar (B) and m-plane (C) ZnO surfaces modified in
0.1 M pH 8 buffer with 5 mM NBD (NBD-Mod) and IBD (IBD-Mod) and in the absence of
aryldiazonium salt (Blank). ‘Bare’ spectra were obtained at as-received ZnO samples.
Survey XPS spectra for single crystal surfaces electrochemically treated in the presence and absence
of aryldiazonium salts are shown in Figure 6.21. Atomic concentrations and ratios calculated from
survey spectra for each sample are shown in Table 6.4. For all samples, the surfaces show significant
Zn, O and C signals. The highest C content is observed in the bare samples (as-received ZnO) where it
can only derive from ambient contamination. This high C content in the untreated samples is
possibly due to the modified and blank surfaces undergoing additional solution processing steps. The
blank and modified samples all have significant P content, as was observed for the MBE-grown ZnO
samples (Table 6.3), suggesting significant adsorption of buffer components can also occur at single
crystal surfaces. At each crystal face, the highest P content was observed for the NBD-modified
samples and the IBD-modified samples had similar P content to the blank samples. Additionally, the
P-content was found to vary between crystal faces (Zn-polar < m-plane < O-polar), suggesting the
amount of adsorbed phosphates increases with the O-termination of the ZnO surface. For the
modified samples, no N or I signals (N 1s at 399 eV and I 4p at 123 eV) due to the substituents on the
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aryl layer were observed for the NBD- and IBD-modified samples respectively. This result, along with
the low C content for the modified samples, suggests that little or no modification is occurring.
Table 6.4: Atomic concentrations and ratios, and valence band edge (ξ) for pristine O-polar, Zn-Polar
and m-plane ZnO surfaces (Bare) and surfaces electrochemically cycled in 0.1 M pH 8 buffer with 5
mM NBD (NBD-Mod) and IBD (IBD-Mod) and in the absence of aryldiazonium salt (Blank).
O-Polar
Sample
Zn (At %)a
O (At %)a
C (At %)a
P (At %)a
C/Zna O/Zna P/Znb
ξ (eV)c
Bare
15.3
44.9
39.8
2.7
3.0
0
3.3
Blank
15.7
52.4
29.0
2.9
1.9
3.3
1.8
2.9
NBD-Mod
9.3
56.2
19.6
15.0
2.1
6.1
12.0
4.1
IBD-Mod
16.3
64.1
14.7
4.8
0.9
3.9
2.3
4.0
Zn-Polar
Sample
Zn (At %)a
O (At %)a
C (At %)a
P (At %)a
C/Zna O/Zna P/Znb
ξ (eV)c
Bare
22.1
38.6
39.26
1.8
1.7
0
3.7
Blank
21.3
48.9
25.73
4.1
1.2
2.3
1.8
4.1
NBD-Mod
20.8
52.0
21.64
5.5
1.0
2.5
2.4
4.3
IBD-Mod
22.2
47.3
26.21
4.2
1.2
2.1
1.4
4.0
m-Plane
Sample
Zn (At %)a
O (At %)a
C (At %)a
P (At %)a
C/Zna O/Zna P/Znb
ξ (eV)c
Bare
19.2
42.4
38.42
2.0
2.2
0
3.4
Blank
17.1
48.5
29.62
4.8
1.7
2.8
2.1
3.6
NBD-Mod
12.7
43.2
36.09
8.0
2.8
3.4
4.7
3.6
IBD-Mod
18.9
56.1
19.88
5.1
1.0
3.0
2.1
3.9
a
Determined from survey spectra, bDetermined from Zn 2p spectra, cDetermined from valence band
spectra.
Core level O 1s spectra for single crystal O-polar, Zn-polar and m-plane ZnO surfaces are shown in
Figure 6.22. For each crystal face, the bare sample spectra have the peaks associated with bulk (531
eV) and surface (532 eV) O species typical of ZnO.116 The O-polar blank and IBD-modified samples
show similar response to the bare sample, however for the NBD-modified sample, the surface O
peak is increased in intensity to the point where the bulk peak can no longer be resolved (Figure
6.22A). This increase in surface O content most likely arises due to the phosphates adsorbed at the
ZnO surface during the electrochemical modification process. There is no clear evidence of O 1s
peaks associated with NO2 groups.121 Zn-polar samples (Figure 6.22B) show much less variation with
treatment conditions which aligns with the lower variation in P content observed in the survey
spectra. For the m-plane samples, the surface O peak is proportionately higher than the bulk O peak
after electrochemical treatment for both the blank and IBD-modified samples, despite the
comparable P content to the Zn-polar and O-polar samples treated under the same conditions. This
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may arise due to differences in the interactions of phosphate groups with polar and non-polar (such
as m-plane) ZnO surfaces.
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Figure 6.22: O 1s core level XPS spectra for O-polar (A), Zn-polar (B) and m-plane (C) ZnO, as received
(Bare) and surfaces electrochemically cycled in 0.1 M pH 8 buffer with 5 mM NBD (NBD-Mod) and
IBD (IBD-Mod) and in the absence of aryldiazonium salt (Blank).
C 1s XPS spectra for bare and electrochemically treated single crystal ZnO surfaces are shown in
Figure 6.23. For each surface, the C 1s spectrum consists of the C-C peak that has been fixed to 284.8
eV during the charging correction process and additional low intensity components associated with
C-O bonding, both of which most likely arise due the adventitious C contamination. There are no
clear signs of pi-pi shakeup peaks or an increase in C content associated with the aryl layer.
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Figure 6.23: C 1s core level XPS spectra for O-polar (A), Zn-polar (B) and m-plane (C) ZnO, as received
(Bare) and surfaces electrochemically cycled in 0.1 M pH 8 buffer with 5 mM NBD (NBD-Mod) and
IBD (IBD-Mod) and in the absence of aryldiazonium salt (Blank).
The effect of electrochemical treatment on the electronic properties of the ZnO surface was
investigated by collecting the valence band spectra (Figure 6.24). The low binding energy edge of the
valence band spectrum can be used as a measure of the valence band position in the near surface
region and thus the surface band bending.122 The valence band positions (ξ) determined from the
linear fit of the valence band edge for each sample are shown in Table 6.4. All samples show shifts in
the valence band positions between the blank and bare samples that could be a result of the
electrochemical treatment. The as-received ZnO surfaces show varying degrees of downward band
bending depending on the crystal face (Zn-polar > m-plane > O-polar) and is most likely due to the
polarisation of ZnO along the c-axis.34 For the O-polar samples (Figure 6.24A), it is apparent that
electrochemical treatment in the presence of aryldiazonium ions causes a significant shift in the
valence band positions (from 3.3 eV to 4.1 eV and 4.0 eV for NBD- and IBD-modified samples
respectively). In contrast, the valence band position of the O-polar blank sample is shifted to higher
energy compared to the as-received surface (from 2.9 eV to 3.3 eV), however, there is a significant
non-linear region present below the extrapolated band edge energy due to gap states.123 This
suggests the surface has a high defect density which may affect the valence band edge position. On
Zn-polar (Figure 6.24B) and m-plane (Figure 6.24) surfaces, the shifts in valence band position are
much smaller and only the NBD-modified Zn-polar and IBD-modified m-plane samples show shifts
compared to the blank.
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Figure 6.24: Valence band XPS spectra of pristine O-polar (A), Zn-polar (B) and m-plane (C) ZnO
surfaces (Bare) and surfaces modified in 0.1 M pH 8 buffer with 5 mM NBD (NBD-Mod) and IBD (IBDMod) and in the absence of aryldiazonium salt (Blank).
The shift in valence band edge position to higher binding energy for the majority of samples after
electrochemical treatment indicates an increase in downward band bending and thus electron
accumulation at the surface. This suggests the introduction of a donor species onto the surface of
the ZnO. As the most striking consequence of the electrochemical modification process is the
increase in P content after modification in the presence of aryldiazonium ions, it would be expected
that the valence band shifts would be related to interactions with phosphate groups adsorbed on
the surface. However from the values in Table 6.4, it is apparent that there is no direct correlation
between P/Zn ratio and the shift in valence band position. For example, between the m-plane blank
and NBD-modified samples, there is a twofold increase in P/Zn ratio but no change in valence band
position. This suggests that the interaction between the ZnO surface and adsorbed phosphate is
complex and may involve multiple phosphate species, not all of which act as surface donors.

199

6. Modification of ZnO Surfaces with Aryldiazonium Ions
The effect of electrochemical treatment on the morphology of these single crystal ZnO samples was
investigated by AFM (Figure 6.25-Figure 6.27). As the AFM studies were conducted after the
synchrotron studies, there were problems with sample cleanliness due to the additional preparation
and transportation steps. After ultrasonic cleaning, the O-polar blank and NBD-modified samples
showed large scale debris across both the masked and exposed areas on each sample (Figure 6.25 AD), most likely due to the deposition of conducting carbon tape residues from the sample-mounting
process onto the front face of the sample. For this reason, the other single crystal surfaces were
cleaned without ultrasonic treatment. For the MBD- and IBD-modified samples, there are no clear
differences between the modified and unmodified regions of the surfaces and thus no changes in
roughness due to film formation or etching during the electrochemical treatment. For the Zn-polar
surfaces (Figure 6.26), the debris present across the surface due to the mild cleaning process makes
it difficult to see changes in the underlying substrate but there appear to be no significant
differences between the masked and electrochemically treated regions. However, for the m-plane
samples (Figure 6.27) there is clear evidence of pitting in the electrochemically treated regions of the
sample. This may explain the increased proportion of surface O species observed by XPS in Figure
6.22C due to the increase in surface area resulting from the etching process. It is possible that the
reduction peak observed between -1 to -1.25 V for the m-plane samples in Figure 6.20 is associated
with this etching process. However, this peak is also observed for IBD-modified O-polar and MBDmodified Zn-polar surfaces (Figure 6.18C and Figure 6.19B respectively) but the AFM images for
these samples do not show significant etching (Figure 6.25H and Figure 6.26F). The mechanism
behind this preferential etching process at m-plane surfaces is currently unknown.
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Figure 6.25: AFM height images of masked (A, C, E and G) and solution-exposed (B, D, F and H)
regions of O-polar ZnO electrodes after electrochemical modification without aryldiazonium salts (A
and B) with NBD (C and D), MBD (E and F) and IBD (G and H).
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Figure 6.26: AFM height images of masked (A, C, E and G) and solution-exposed (B, D, F and H)
regions of Zn-polar ZnO electrodes after electrochemical modification without aryldiazonium salts (A
and B) with NBD (C and D), MBD (E and F) and IBD (G and H).
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Figure 6.27: AFM height images of masked (A, C, E and G) and solution-exposed (B, D, F and H)
regions of m-plane ZnO electrodes after electrochemical modification without aryldiazonium salts (A
and B) with NBD (C and D), MBD (E and F) and IBD (G and H).
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FT-IR spectra for the electrochemically-treated regions of single crystal ZnO surfaces are shown in
Figure 6.28. For all modifiers on each crystal face, only low intensity peaks that are also present in
the blank sample. The lack of peaks characteristic of the aryl modifiers provides further evidence
that the changes in valence band position are not due to attachment of an aryl layer at the ZnO
surface.
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Figure 6.28: FT-IR spectra of O-polar (A), Zn-polar (B) and m-plane (C) ZnO surfaces modified in 0.1 M
pH 8 buffer with 5 mM NBD (NBD-Mod), MBD (MBD-Mod) and IBD (IBD-Mod) and in the absence of
aryldiazonium salt (Blank). Spectra are normalised to the peak at ~1500 cm-1 for the blank sample.
From the results above, it is apparent that there is no significant attachment of an aryl layer to the
surface during the electrochemical modification process regardless of crystal face. However, the CV
curves of the electrochemical modification step show clear differences between when the surfaces
are cycled in the presence and absence of aryldiazonium salt (Figure 6.18-Figure 6.20). It is possible
that reduction of the aryldiazonium ion is occurring at the ZnO surfaces but that the subsequent
attachment step of the aryl radical to the surface is not occurring. Additionally, the higher P/Zn ratio
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for samples modified in the presence of NBD compared to blank and IBD treated samples suggests
an interaction between the aryldiazonium ion and phosphate ions.

6.4 Conclusions
The modification of MBE-grown ZnO surfaces with aryldiazonium ions spontaneously and
electrochemically in aqueous solution was investigated. The electrochemical modification approach
developed was then extended to modify O-polar, Zn-polar and m-plane single crystal surfaces to
investigate the effect of crystal face on the modification process.
Modification of MBE-grown ZnO surfaces was successful via both spontaneous grafting and
electrografting in pH 8 aqueous solution. It was found that spontaneous modification at low buffer
concentrations resulted in corrosion of the surface due to a decrease in pH by an unknown
mechanism. Modification at increased buffer concentration was used to attach NP and CP groups to
ZnO, as confirmed by FT-IR spectroscopy. Electrochemical modification of the MBE-grown ZnO
surfaces was attempted under the same conditions due to the ability of natively n-type ZnO to
perform reduction reactions. Electrochemical cycling in the presence of aryldiazonium ions at pH 8
resulted in larger reduction currents than in the absence of aryldiazonium ions, suggesting successful
formation of aryl radicals. Successful electrochemical grafting of NP, MP and IP groups was
confirmed by FT-IR and AFM. Electrochemical modification gave increased coverage compared to
spontaneous modification based on a comparison of FT-IR peak areas for NP-modified surfaces. XPS
analysis of a NP-modified surface showed signals due to NO2 groups and reduced N, either from azo
groups or reduction of the NP groups during grafting. Additionally, an increase in surface O and
significant incorporation of P was observed for the NP-modified surface, most likely due to the
adsorption of phosphates from the buffer solution.
Due to the increased surface coverage, electrochemical grafting was selected as the method to
modify single crystal ZnO surfaces. A range of crystal faces (O-polar, Zn-polar and m-plane) were
used to determine the effect of their differing surface chemistries on the grafting process.
Electrochemical modification in the presence of NBD, MBD and IBD again gave a very different CV
response to the blank sample prepared in the absence of aryldiazonium ion. However,
characterisation of these modified surfaces by XPS and FT-IR showed no clear evidence of
attachment of an aryl layer. As was observed for the MBE-grown samples, electrochemical cycling
resulted in introduction significant P content to the sample surface. This was especially enhanced for
the NBD-modified samples and appeared to depend on the degree of O termination of the surface
(O-polar > m-plane > Zn-polar). Additionally, shifts were observed in the band edge positions after
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electrochemical treatment as determined by valence band XPS spectra. Most significantly, large
shifts were observed for the NBD- and IBD-modified O-polar samples. This change in valence band
position did not strongly correlate with the variation in P/Zn ratio and thus the adsorption of
phosphate at the ZnO surface must not be the sole process occurring during electrochemical
modification.
Considering grafting of aryldiazonium salts to both types of ZnO surface studied, it is clear that the
grafting reaction proceeds readily at the MBE surfaces but not at single crystal ZnO. However at both
types of surface, there are clearly features in the modification CV curves that are only observed in
the presence of aryldiazonium ion. Thus it appears that all surfaces studied are able to reduce
aryldiazonium ions to aryl radicals but subsequent attachment of the radical to the surface is only
observed for MBE-grown ZnO. The MBE-grown surfaces are much more disordered and have higher
defect density than the bulk single crystal materials which may make them more reactive to
aryldiazonium ion attachment. From the XPS results it is clear that significant adsorption of
phosphates from the buffer solution is occurring at the surface. That this adsorption is stable to
ultrasonic cleaning is unexpected. Phosphate adsorption does not appear to rely on an
electrochemical process as only very weak CV response is observed for the blank samples but
appreciable P content was measured for these surfaces by XPS. Coverage of phosphates on the
surface appears to vary based on the proportion of O termination at the surface as determined from
the crystal structure dependence. Additionally, there appears to be an interaction between the
aryldiazonium ion/aryl radical and phosphate ions in the buffer – especially with NBD. This may
introduce a competing mechanism that consumes aryl radicals or otherwise impedes their
attachment. It is possible that the aryl radicals produced at the ZnO surface abstract chemisorbed H
or OH from surface O or Zn atoms to produce benzene or phenol derivatives in solution rather than
attaching to the electrode surface. The loss of these terminal groups may promote attachment of
phosphate ions in their place. Although no attachment of the aryl groups was observed on the
single-crystal ZnO surfaces, the electrochemical modification process increased the downward band
bending of the ZnO surfaces. However, these changes in band bending did not directly correlate to
the P-content of the ZnO samples. This indicates some of the adsorbed phosphates are acting as
surface donors but also that there other phosphate species present that are not contributing charge
to the surface.
The interaction of aryl radicals with single-crystal ZnO surfaces could be more readily determined by
conducting the electrografting reaction in either a different buffer system or in non-aqueous
conditions to remove the effects of phosphate adsorption. Additionally, spectroelectrochemical
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studies on the electrochemical grafting process to determine the products of the reduction of
aryldiazonium salts at ZnO surfaces may provide further insight into this process.
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Metal oxides are used in a range of applications including energy storage and conversion, catalysis
and electronics. For all of these applications, control of the properties of the metal oxide surface is
essential to the performance and stability of these materials. The aim of this thesis work was to
develop conditions to modify metal oxide materials with aryldiazonium ions, with particular focus on
MnO2 as an energy storage material and ZnO as a transparent electronics material.
Non-electrochemical methods to modify poorly conducting metal oxides with aryldiazonium ions in
aqueous and non-aqueous conditions were investigated using SU-8 as a model non-conducting
surface. Grafting of aryldiazonium ions to a non-conducting substrate has been achieved in aqueous
conditions, at pH 7 and pH 10 using aryldiazonium ions with both electron-donating (MP) and
electron-withdrawing (NP) aryl substituents. This provides a range of conditions that can be used to
modify materials with different pH stability windows. At both pH values, it is expected that the
mechanism proceeds by formation of aryl radicals. In pH 10 solution, grafting occurred rapidly
regardless of substituent whereas in pH 7 solution, MP films formed more slowly than NP films. It is
proposed that this difference in behaviour can be attributed to the diazohydroxide intermediate
forming more easily for NBD than MBD. Thus grafting at pH 10 is recommended for attaching a
larger range of functionalities with a shorter reaction time than in pH 7 solution. However, it should
be noted that for reactive aryldiazonium ions like NBD, grafting at pH 7 resulted in thicker films –
possibly due to the increased stability of the aryldiazonium ion at lower pH. In non-aqueous
conditions, spontaneous grafting does not occur or is very slow. In the presence of a reducing agent,
grafting was found to occur to produce dispersed polymeric species. This is likely a result of the rapid
reaction with the reducing agent resulting in uncontrolled grafting, primarily between radicals in
solution. Coverage of the surface may be improved by optimising the reaction conditions, such as by
controlling the addition of reducing agent.
Modification of MnO2 nanoparticles and electrodeposited films with aryldiazonium ions in aqueous
and non-aqueous conditions was investigated as a method to improve performance and stability and
as a platform to prepare novel electrode architectures for MnO2 pseudocapacitors.
MnO2 nanoparticles were successfully modified without an external reduction source with NP groups
in basic aqueous solutions and AP groups in acetonitrile. In aqueous conditions, modification with
NP groups is expected to occur by spontaneous formation of aryl radicals as proposed at SU-8
surfaces above. Modification with AP groups in acetonitrile without a reducing agent appears to be
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unique to this modifier. Spontaneous reduction of the aryldiazonium ion by the MnO2 material does
not appear to have occurred as the average oxidation state of the MnO2 decreased, rather than
increasing as would be expected if it was acting as a reducing agent. The binding of NP and AP
groups to MnO2 surfaces was found to occur through Mn-O-C linkages as determined by XPS.
Attachment by azo linkages may also occur, however, these are convoluted in the N 1s spectra by
reduced NO2 species and AP groups in NP- and AP-modified samples respectively. Characterisation
of the effect of modification on the electrochemical behaviour of MnO2 was complicated by
variability in the modified nanoparticle electrodes. This difficulty was addressed in subsequent work
using electrodeposited MnO2 films discussed below. Modification of MnO2 with aryldiazonium ions
was also investigated as a method to prepare tethered assemblies with carbon particles to improve
the conductivity and stability of MnO2 electrodes. However, these materials contained a significant
proportion of non-specifically adsorbed MnO2 and unreacted particle aggregates. Further
investigation of tethered assemblies requires development of optimised separation conditions to
remove the unreacted material.
The effect of modification on the electrochemical behaviour of MnO2 was investigated using CV and
EIS on electrodeposited MnO2 films. Surfaces prepared by electrodepositing MnO2 films on GC
electrodes allow direct comparison of the electrochemical response of the MnO2 before and after
modification. Electrodeposited MnO2 films were modified non-electrochemically at pH 7 and pH 10
with NP and MP groups.
In pH 10 solution, measurement of the capacitance of the MnO2 surfaces by CV before and after
modification showed that the capacitance of the electrode after modification was enhanced at low
scan rates but lowered at high scan rates. Both of these effects were larger at longer grafting times.
In pH 7 solution, modification with NBD also resulted in enhanced capacitance at low scan rates
whereas modification in MBD solution and treatment in the absence of aryldiazonium ion caused the
capacitance to decrease significantly. The similar response for treatment at pH 7 in the presence and
absence of MBD suggests that minimal modification with MP groups is occurring at pH 7, as was
observed on SU-8 surfaces. As electrode performance was enhanced after modification with NP
groups at pH 7 rather than degraded, this suggests that the modification process stabilises the
surface.
The effect of modification on the frequency response of the MnO2 was investigated by EIS. For all
modified surfaces, the rate characteristics of the material were decreased significantly, supporting
the decrease in capacitance at high scan rates observed by CV. Additionally, new features were
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observed at medium to low frequencies associated with the aryl layer. It was determined by
equivalent circuit modelling that these processes do not solely arise due to changes in the doublelayer and pseudocapacitance processes of the MnO2. It was proposed that these features arise due
to the aryl film acting as a porous layer that impedes diffusion and thus negatively affecting the rate
capability of the electrode. Convolution of this diffusion resistance with the pseudocapacitance
process makes it difficult to accurately determine the effect of modification on the
pseudocapacitance behaviour of the MnO2 and thus the nature of the capacitance enhancement
observed by CV. However, as no changes were observed in the parameters for the double-layer
charge storage process, it can be inferred that the increase in capacitance after modification does
not arise from etching of the MnO2 increasing the active surface area and thus the double-layer
capacitance. As no new redox peaks were observed in the CV curves, it is unlikely the enhanced
capacitance is due to the introduction of new pseudocapacitance processes associated with the aryl
layer. It was therefore proposed that the enhanced capacitance arises due to the modification of the
MnO2 surface with aryl layers introducing surface states into the MnO2 band gap that act as
additional sites for charge storage. Modification with monolayer films may enable this capacitance
enhancement to be retained while decreasing the diffusive resistance introduced by the aryl layer.
The effect of modification on the stability of MnO2 surfaces was investigated using CV by repeated
cycling up to 10000 scans. The degradation of the surface was monitored by calculating the
capacitance of the surface at each scan number. However, modification with aryl layers resulted in
no change in the stability of the electrode compared to bare MnO2 surfaces. The absence of an
effect of modification on the stability of the surface may be due to the electrode architecture used in
this work failing by loss of adhesion of the MnO2 from the GC surface rather than breakdown of the
outer MnO2 surface. Thus it is possible that stability enhancements may be observed after
modification for 3-dimensional MnO2 electrode architectures where the dominant decomposition
mechanism is by decomposition of the MnO2 surface.
Conditions were developed to modify ZnO surfaces with aryldiazonium ions to improve their
environmental stability and tune their electronic properties. Modification of polycrystalline MBEgrown surfaces was investigated using spontaneous and electrochemical grafting in aqueous
solution. Electrochemical grafting was then applied to bulk single crystal ZnO surfaces to examine
the effect of crystal structure on the modification process.
Modification of MBE-grown surfaces by non-electrochemical methods in pH 8 buffer solution was
found to damage the surface at low buffer concentration. Increasing the buffer concentration
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enabled attachment of NP and CP groups as determined by FT-IR spectroscopy. Electrochemical
modification in pH 8 buffer was used to attach NP, MP and IP groups to the surface. Although
enhanced reduction currents compared to the blank samples were observed when cycling in the
presence of aryldiazonium ions, there were no clear reduction peaks or blocking behaviour
observed, as would be expected from an electrochemical grafting reaction. Analysis of the modified
surfaces by FT-IR showed successful grafting for all aryldiazonium salts, indicating modifiers with a
range of electronic characters can be attached to ZnO by this method. Comparison of the FT-IR peak
areas showed that electrochemical modification resulted in increased coverage of the surface
compared to spontaneous modification. XPS analysis of an electrochemically-prepared NP-modified
surface provided further evidence of successful modification as signals associated with NO2 groups
were observed in the N 1s spectrum. A second peak related to either reduced NO2 groups or azolinkages within the film or to the surface was present, however, this could not be definitively
assigned. No additional peaks associated with covalent bonding as for the MnO2 materials were
observed in the O 1s spectrum of the NP-modified ZnO surface, however, there was a significant
increase in the peak associated with surface O content for the modified sample. As this was
accompanied by an increase in P content in the modified sample, it is most likely caused by
adsorption of phosphates from the buffer solution at the surface.
O-polar, Zn-polar and m-plane single crystal ZnO surfaces were modified to investigate the
interaction between their differing surface chemistries and the grafting process. Electrochemical
modification was used due to the higher grafting density observed using this method on MBE-grown
surfaces. As with modification of MBE-grown ZnO surfaces, the CV response for modification of
single crystal ZnO in the presence of aryldiazonium ions had higher maximum currents than in the
blank samples. However, no signs of modification with an aryl layer were observed by XPS or FT-IR.
This suggests that reduction of aryldiazonium ions is occurring at the single crystal ZnO surfaces, but
the subsequent grafting of the aryl radical does not occur at the surface. Significant P content was
observed for all samples after electrochemical cycling, but was highest for samples treated with
aryldiazonium ions. Additionally, the P-content of the modified samples was found to vary between
crystal phases based on the extent of O-termination of the surface (O-polar > m-plane > Zn-polar).
Shifts in valence band edge position corresponding to an increase in downward band bending were
observed by XPS for NBD- and IBD-modified O-polar samples, suggesting introduction of a surface
donor species. As these changes did not directly correlate to P-content, multiple phosphate species
may be involved and only some of them contribute to the electron accumulation at the ZnO surface.
For ZnO surfaces, where modification by self-assembled monolayers is well-established, modification
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using aryldiazonium ions has the advantage of producing stable covalently attached layers without
additional processing steps such as annealing or lengthy reaction times. However, further
experiments in either a different buffer system or in non-aqueous conditions to remove the
interference of phosphate adsorption are needed to improve aryldiazonium ion grafting to ZnO and
properly investigate the effect of modification on these surfaces.
In summary, this thesis work illustrates that aryldiazonium ion modification can be used to modify
materials with varying conductivity and solution stability with a range of chemical functionalities.
However, the reaction conditions need to be carefully optimised to achieve controllable
modification and avoid side reactions such as those observed at ZnO surfaces. Changes in chemical,
physical and electronic properties after modification were observed for the metal oxide materials in
this study but fine tuning through selection of aryl substituents was not achieved. This most likely
arose due to the films grafted in this work being multilayers and thus the effect of the aryl
substituent is diminished by the aryl groups grafted at adjacent positions.
Future work on modifying metal oxide materials with aryldiazonium ions could improve control over
the modified surfaces by using techniques to limit grafting to a monolayer. In addition to producing
more well-defined surfaces, this may also allow improved tuning of the properties of the modified
surface through the aryl substituent as it will have a more significant influence with a monolayer
film. This is particularly relevant for the MnO2 materials studied in this thesis work as monolayer
modification may enable capacitance to be increased without negatively impacting the rate
capability of the electrode by lowering the diffusion resistance associated with the aryl layer. As
modification of MnO2 materials has been conclusively demonstrated, the use of aryl layers as a
platform to attach new functionalities or prepare new electrode architectures can be fully explored.
The use of aryl tether layers to prepare MnO2 electrodes with array-type architectures has the
possibility to improve conductivity and stability in pseudocapacitors, electrocatalytic devices and
sensors based on MnO2. In addition to these performance improvements, aryl tether layers could be
used to prepare tandem sensing platforms by introducing functionalities that operate via a different
mechanism to the electrocatalytic processes used in MnO2-based sensors and thus detect multiple
analytes on the same sensor. Although the method used in this work to prepare tethered assemblies
requires further improvement to isolate the assemblies, these preliminary results and work by other
researchers suggests this concept has merit. To further the development of modification conditions
for poorly conducting surfaces, refinement of the grafting procedure in non-aqueous solutions is
needed to produce uniform aryl layers on materials requiring processing in dry conditions. These
non-aqueous modification conditions, in addition to alternative aqueous buffer conditions, could be
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adapted to the modification of ZnO surfaces to avoid interference from the phosphate buffer system
used in this thesis work. This would then enable characterisation of the effect of aryl modification on
the electronic properties and stability of ZnO and whether these properties can be tuned by
selection of appropriate aryl substituents.
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