
Chapter 6
Nanoparticle-Based Diamond Electrodes

Geoffrey W. Nelson and John S. Foord

Abstract This chapter reviews the construction, modification, and physical char-
acteristics of two types of diamond electrodes: nanoparticle-modified diamond
electrodes (NMDE) and detonation nanodiamond-based electrodes (DNDE). These
particular types of diamond electrodes show great promise for improving the per-
formance of diamond electrodes via the incorporation of nano-scale chemistry at their
surfaces. The construction of both types of electrodes are reviewed, along with the
resultant physical and electronic effects. The methods reviewed here are particularly
applicable for electroanalytic and electrocatalytic applications of nanoparticle-based
diamond electrodes. A brief review of progress on the interactions between metals
and diamond at nanoparticle-based electrodes is also included. Finally, an outline of
the present state-of-the art research in this field is presented.

6.1 Introduction

Carbon based materials have the potential to be an important class of materials for
21st century technologies. One particular carbon-based material has rather extreme
properties—diamond. For several decades now, researchers have been excited by
its transparency, extreme hardness, high thermal conductivity, bio-compatibility,
and chemical resistance [1]. Examples of its utility abound. For instance, diamond
is made conductive when doped, thus creating an useful electronic material. In this
form, diamond can be used in biosensors, electroanalytical devices, and as a cat-
alytic support in fuel cells [1–4]. At the cutting-edge of diamond research are efforts
to investigate how nitrogen vacancies in diamond could be crucial to a functioning
quantum computing device [5, 6]. The present interest in diamond remains high, as
exemplified by the many reviews that describe the historical development, prop-
erties, and synthesis of this unique functional material [1, 7–12].
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There exist many types of diamond, both natural and synthetic. However, it is
the conductive forms of diamond which shows the most promise as a functional
material. Conductive diamond is counter-intuitive, as diamond is usually consid-
ered an insulator. However, when doped to a 1:1,000 ratio of an intentionally added
impurity (e.g. B or N), diamond can become a wide band-gap semiconductor [1]. In
1986, Fujimori et al. [13] were the first to develop a polycrystalline conductive
diamond film using chemical vapour deposition (CVD) and boron-doping. Since
then, boron-doped diamond (BDD) has become a commercially important material
(i.e. Element Six, U.K.) and his heavily used for electrochemical applications.

The p-type semiconducting properties of BDD have desirable electrochemical
properties, such as its low signal to background current ratio, wide potential win-
dow, robust nature, chemical resistance, and bio-compatibility [1]. BDD also does
not suffer from extensive surface corrosion, oxide formation, or have unwanted
electrical interactions with deposited catalyst, thus making it a useful substrate for
fundamental chemical studies of electrocatalysis [10]. Its most unfavourable trait is
its relative lack of electroactivity, compared to other carbon-based materials [14].
This is due to a reduced surface concentration of the following: sp2 carbon, delo-
calised electrons, and oxygenated species. These characteristics reduce its electro-
activity towards several chemical reactions of industrial and biological importance,
such as the methanol oxidation reaction (MOR), oxygen reduction reaction (ORR),
and neurotransmitter redox reactions. Thus, to make a practical diamond-based
device, some modification of the diamond surface or structure is needed.

Many of the physical, wet chemical, and electrochemical routes leading to
improved electrical properties are well-reviewed by others [4, 11, 14–16]. Of the
many possible modifications, the incorporation of nano-scale chemistry to the
surfaces and structure of diamond is of tremendous recent interest. The two most
interesting research pathways are the nanoparticle modification of diamond, and the
use of unmodified or modified diamond nanoparticles. An example of each type of
substrate and their modification is shown in Figs. 6.1 and 6.2.

Diamond could be modified by a film of metal or metal oxide, but this is an
expensive process. It is also a process which does not benefit from the well-known
catalytic properties of nano-particulate metals and metal oxides. For instance, bulk
gold is relatively inert, but in nanoparticle form it is highly catalytic towards certain
redox reactions, such as the ORR [17]. The properties of BDE make it an effective
and stable support for these NPs. The modification of BDE with metal and metal
oxide NPs has been recently reviewed by Toghill and Compton [14]. In their
review, they detail how BDE electrochemistry is enhanced by the high surface area,
improved reactivity, and zero-overlap of diffusion zones, thereby ensuring maxi-
mum mass transfer of analytes or molecules to the surface [14]. The adsorption of
reactants is different at nano-sized particles, compared to their macro-sized coun-
terparts [18]. Also, the exploitation of quantum effects to enhance electrochemical
reactions is possible on nanoparticles-based electrodes [18]. Consensus suggests
that sub-monolayer coverage of nano-sized metals or metal oxides are effective
catalysts for energy conversion and fuel cell applications.

166 G.W. Nelson and J.S. Foord



Alternatively, diamond can be made nano-sized via detonation of explosives in
oxygen-rich environments. Unlike its bulk counterpart, detonation nanodiamond
(DND) is electroactive in its undoped form. This remarkable property is due its
“giant” surface area, coupled with a surface chemistry rich in reactive oxygen spe-
cies, sp2 carbon, unsaturated carbon bonds, and delocalised electrons [19]. The redox

Fig. 6.1 SEM and AFM images of nanoparticles on boron-doped electrodes: SEM of BDD
electrodes with Au nanoparticles after potentiostatic deposition at −0.4 V for a 10 s and d 60 s.
AFM (tapping mode) of boron-doped diamond electrodes with Ni(OH)2 after potentiostatic
deposition in which Ni(OH)2 was electro-precipitated onto polycrystalline boron-doped diamond
electrode for b 1 s, c 15 s, e 30 s, and f 100 s. SEM images from Yamada et al. [218], with
permission from Elsevier (Copyright © 2008); AFM images reprinted with permission from [56],
Copyright (2011) American Chemical Society

Fig. 6.2 Images of detonation nanodiamond particles decorated with nanoparticles: a SEM image
of detonation nanodiamond powder surface decorated with Pt-RuOx deposited by the sol-gel
method; TEM (b) and HRTEM (c) images of DND powder decorated with Pt via microwave-
heating of ethylene glycol solutions containing H2PtCl6 and the detonation nanodiamond particles.
Figure adapted from Giancarlo et al. [67], with permission from Elsevier (Copyright © 2006) and
from Bian et al. [150], with permission from the International Journal of Electrochemical Science
(Copyright © 2012)
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behaviour of ND has been found to be “molecule-like”, with the reduction and
oxidation of the surface occurring at discrete electrochemical potentials [19]. This
relatively novel material is now used in advanced sensor and catalytical technologies.
Further information can be found in reviews by Holt [5] and others [20].

While there exist reviews on the topics of nanoparticle-modified diamond
electrodes (NMDE) [14] and DND-based electrodes (DNDE) [5, 11, 20], there are
no reviews detailing the progress made for their construction. If one wishes to
optimize the effects of nano-scale chemistry at diamond-based devices, it is clear
from the literature that the conditions of construction have a tremendous effect on
their physical and electrical properties. Thus, a review of the key considerations
required to create practical diamond electrodes is warranted.

Discussion will revolve around the use of these electrodes for electroanalysis and
electrocatalysis. These are the two most popular applications for boron-doped
diamond electrodes (BDE). Non-electronic or electrochemical applications will not
be discussed here; however, the methods discussed are applicable to the creation
of nano-composite materials in which diamond enhances their physical properties
(e.g. improved durability, coating technologies).

Of the many means to modify BDE, only those concerning the construction of
NMDE and DNDE will be discussed. These two types of modification have found
wide application in the fields of electroanalysis and electrocatalysis. The methods
used to construct them have a variety of chemical and physical consequences,
which need to be discussed in detail. Finally, we will briefly outline the present
state-of-the-art research concerning NMDE and DNDE.

6.2 Metal and Metal Oxide Nanoparticle Coated
Diamond Electrodes

6.2.1 Choice of Material

Metals, metal alloys and metal oxides have all been used in electroanalytical and
electrocatalytical applications [14], as summarized by Table 6.1 and seen in
Fig. 6.1, in the case of Ni(OH)2 and Pt deposition. Common reasons for choosing a
particular material include: chemical aim, chemical environment, compatibility with
deposition method, stability, and cost.

The chemical aim is the most important parameter. Metals, metal oxides, and
alloys/composites are useful in a variety of chemical systems, as listed in Table 6.1.
Notably, Au and Pt are popular materials due to their versatility and catalytic
properties. Metal oxides are useful in photocatalytic applications and as alternatives
to bimetallic alloys in direct methanol oxidation fuel cells [21]. Bimetallic alloys
have advantages compared to their single metal counterparts, whereby metal-metal
interactions (e.g. bifunctional mechanism, metal back-bonding) can increase
reaction rates and decrease poisoning of reaction sites of a single metal catalyst
(see Pt-based alloys in Table 6.1) [22–24]. Chemical aims may require other
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Table 6.1 Materials, methods, and applications of nanoparticles on BDE

Material Method References Applications

Metals

Pt Spontaneous wet
chemical

[57] H2O2 evolution, alcohol
oxidation, electroanalysis
(arsenite, enzymes), ORR.
fuel cell technologies

Wet chemical assisted [35]

Potential step [31, 105, 219]

CV/potential cycling [36, 54, 76]

Multi-step
electrodeposition

[76]

Potentiostatic [31, 36, 43,
105]

Microemulsion [101]

Sputtering/ion impact [40, 63, 64]

Thermal salt
decomposition

[105]

Electrochemical
deposition

Linear potential sweep [54]

Galvanostatic [104]

Pulsed galvanostatic [44]

Sol-Gel [68, 69]

Sb Potentiostatic [220] Electroanalysis of
heavy metals

Bi Potentiostatic [95] Electroanalysis of
heavy metals

Co Potentiostatic [79] H2O oxidation catalyst

Photoreduction [221]

Ni Potentiostatic [110] Alcohol oxidation,
biosensingMetal implantation [65, 66]

Fe Potentiostatic [222] H2O2 detection,
electroanalysis

Pb Potentiostatic [83] Electroanalysis of heavy
metals

Ir Metal implantation [64] Arsenic detection

Ag Spontaneous deposition [57] Perchlorate oxidation,
biosensing

Cu Spontaneous deposition [57] Nitrate detection,
biosensing, H2O2 detection,
CO2 reduction

Potentiostatic
Wet-chemical

[37]
[181]

Potentiostatic
cooulometry

[38]

Metal implantation [65]
(continued)
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Table 6.1 (continued)

Material Method References Applications

Au Spontaneous deposition [57] Biosensing (proteins,
neurotransmitters), ORR
catalysis, arsenite detection

Thermal salt
decomposition

[219]

Sputtering [61, 75]

Potentiostatic [55]

Self-assembly [27] See end of first column

Linear sweep
voltammetry

[77]

Electro-aggregation [223]

Pd Spontaneous deposition [57] Proton detection, hydrazine
detection, ORR catalysis,
neurotransmitter detection,
C=C and C–C bond
hydrogenation catalyst

Potentiostatic [50]

Bimetallic

Pt/Sn Microemulsion [74] Alcohol oxidation, pollutant
degradation

Pt-Ru Microemulsion [101, 102] Alcohol oxidation for fuel
cell technologiesPotential cycling [54]

Sequential and
Simultaneous
electro-deposition

[34]

Pt–Au Sputtering and
potentiostatic

[60] ORR

Metal Oxides

Pt-RuOx Sol-gel [33, 67] MOR catalysis, fuel cell
technologies

Pt-PrOx Multi-step potentiostat-
ic with electrogenera-
tion of oxide

[3] MOR catalysis, fuel cell
technologies

IrO2 Thermal salt
decomposition

[219] H2O2 detection, pH sensors

Potential pulsing [58]

Potential cycling [58]

Galvanostatic [58]

TiO2 Wet chemical
adsorption

[111] Solar cell technologies, H2

evolution, detection of
maleic acid, Ni2+, cyto-
chrome c, drinking water
purification

(continued)
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considerations. For instance, multi-step reactions may require more than one type of
nanoparticle, or the presence of a specific facet, shape or set of interfaces to be
present [25, 26]. The chemical effects or compatibility with stabilizers (e.g. Nafion),
conductive, and bio-compatible coatings (e.g. SAMs on Au) also need to be con-
sidered [27–30].

The chemical environment to which the electrode is exposed will dictate the type
of nanoparticles to be deposited. A crucial consideration is the use of toxic metals
(e.g. Pb, Ag) on an electrode to be used in biological environments. It may be better
to use a non-toxic metal, such as gold. The environment of fuel cells and batteries
can be either acidic or alkaline. The dissolution of metal nanoparticles in acids
makes their use in the former environment challenging. Metal oxides are an
alternative material, due to their increased stability in those harsh environments.
For biological applications, metal nanoparticles need to be modified with known
organo-metallic chemistry to render it more bio-inert and/or stable at the surface
(e.g. SAMs on Au, Ag).

The material must be compatible with the chosen deposition route. For instance,
metal nanoparticles are easily deposited using various electrochemical methods.
However, the deposition of metal oxides or alloys require more complex methods,
such as: multi-step electrochemical routes and sol-gel based methods [14]. The
deposition of metal oxides can occur by physical vapour deposition (PVD), with
recent advances promising to enable the deposition of core-shell metal oxides onto
surfaces (i.e. Mantis Deposition Ltd.).

Ideally, electrodes should be functional more than once. Therefore, the resultant
NP-modification must be stable, both physically and chemically. Some nanoparti-
cles, such as platinum, are known to have weak adhesion to diamond, thus moti-
vating the search for their increased stability at BDE [31, 32]. Stability is of utmost

Table 6.1 (continued)

Material Method References Applications

RuOx Sol-gel /electrostatic [88] Cl evolution, H2 evolution

FeOx Sol-gel [88] Oxidation of OH− to O2

Ni(OH)2 Electrogeneration of
OH at Ni particles

[56] Glucose, MeOH and EtOH
oxidation

PbOx Electro-deposition with
power ultrasound

[107] Ethylene glycol oxidation

Composites

Pt-Nafion Microemulsion with
Nafion

[102] Biosensing

Pt-Dendrimer Dendrimer
encapsulation

[219] Biosensing

Pt-
electropolymers

Electro-deposition/
polymerization

[28, 224] Biosensing (proteins,
neurotransmitters)
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importance in biological environments, where NPs are known to have inflammatory
properties in solution. The instability of metals can be resolved by using alternative
metal oxides, as exemplified by the replacement of Ti, Ta, Ti-Pd alloys on carbon-
based electrodes by RuO2 for electrocatalysis and chlorine evolution [33].

The cost of materials can be high, particularly those with the best catalytic
versatility and performance (e.g. Pt, Au). Although these materials have been
shown to be electroactive at extremely low loading rates (i.e. sub-monolayer), any
further reduction in cost, without sacrificing performance is attractive [14]. Many
strategies are used, including the use of cheaper materials (e.g. Ni, Pb, Sn, Fe, Cu,
Co) and the metal oxides [14], as outlined in Table 6.1. It is clear from this table
that these alternatives can be used for the same reactions as those of Pt and Au. The
use of an alternative material may offer superior performance, or reduce costs by
increasing nanoparticle stability and longevity.

6.2.2 Methods of Deposition

Ideally, nanoparticles should be deposited in a chemically active form, having small
size, uniform distribution, and low mass loading (<10 % of surface coverage); these
characteristics are associated with the best performing electrochemical and catalytic
diamond-based electrodes [14, 34]. The deposition method chosen is paramount to
achieving these results. The deposition methods in Table 6.1 can be generally
categorized by whether they utilise electrochemistry or not. These two general
approaches are discussed in this section.

6.2.2.1 Electrochemical Methods

Electrodeposition, in its various forms, is the most popular route towards metal
nanoparticle deposition. These methods share a common feature, with metal cations
from the appropriate salt (e.g. H2PtCl6) being reduced at the diamond electrode by
some applied potential (e.g. Fig. 6.1b) [14]. The deposition is further controlled by
the choice of electrochemical method, the deposition time, deposition potential,
metal ion concentration, scan rate, and number of deposition phases/stages [14].
The advantages and disadvantages of popular electro-deposition methods are
described here.

The potentiostatic method is most popular technique. This is certainly clear from
Table 6.1 and noted elsewhere [14]. Simply, it involves the exposure of the electrode
to a metal salt solution, followed by deposition at a fixed potential [14]. The depo-
sition conditions, such as applied potential, duration, and metal salt concentration are
easily tuned. For instance, it is accepted that deposition time is proportional to mass
loading for most nanoparticles [35–39]. An example of this phenomenon is dem-
onstrated by comparing Fig. 6.1a, d in the case of Pt deposition on BDE. The method
has disadvantages. As noted in several reports, potentiostatic deposition leads to poor
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particle adhesion, large particle size (cf. Fig. 6.1a, d), low mass loading, and
inhomogeneous distribution; all these characteristics could result in an impractical
diamond electrode, despite decent electrocatalytic performance [32, 40–42].

Changing the electrochemical method is often a useful strategy. Potential step
deposition methods, such as cyclic voltammetry (CV), linear sweep voltammetry
(LSV), potentiostatic step deposition (PSD), chronoamperometry, and galvanostatic
methods have all been used to control Pt deposition on diamond (see Table 6.1).
The first three alternatives lead to more uniform size and distribution of Cu and Pt
nanoparticles [35–39]. CV and LSV are slow techniques, but Welch et al. [38] have
noted that slowly increasing or decreasing the potential during deposition offers
better control over nanoparticle nucleation, growth, and mass loading. Chrono-
amperometry has the advantage of promoting high mass loading of Au particles via
enhanced mass transfer effects initiated by its use [42, 43]. Galvanostatic and pulsed
galvanostatic methods favour the growth of individual Pt particles, as these methods
minimize the overlap of reactant depletion zones [44]; lower pulse times and higher
applied currents lead to lower particle size and denser distribution [32, 44, 45].

Multi-step and/or multi-technique deposition is a successful means to minimizing
the disadvantages of any single method. The Foord group has shown that the
combination of potentiostatic and potentiostatic step deposition enables particles to
grow by both instantaneous and progressive nucleation stages [3]. Also, potentio-
static deposition followed by LSV increases and homogenizes particle size [37].
Combining electrodeposition with electropolymerization of a polymeric stabilizer
(e.g. Nafion) or conductive polymer (e.g. polyaniline) is an effective route towards
stabilizing nanoparticles on the diamond surface [46–48].

Deposition Conditions

The conditions at which deposition occur are extremely important. The most
important of which is that the potential applied to facilitate deposition must be
sufficient to drive the reduction of metal cations at the electrode [14]. The most
systematic studies have been conducted by the Compton group, notably their work
on Cu [38, 49], Pt, Pd [50, 51], Ag [49], Au [49], Ir [52] and other metals, as
reviewed here [14]. Vinokur et al. [53] demonstrated that the nucleation of Ag and
Hg on BDE depends on overpotential. The appropriate applied potential(s) can
provide a higher driving force for the deposition reaction, with the consequences of
higher nanoparticle nucleation rates, higher nanoparticle densities, and smaller sizes
[14, 41].

Caution and thought must be employed when choosing the applied potential(s).
Depositing at potentials near that of H2 or O2 evolution is problematic, as gas
bubbles can dislodge freshly deposited nanoparticles [41]. Also, the potential can
have desirable or undesirable chemical effects, such as H2 cleansing of Pt nano-
particles [41], the co-deposition of bimetallic alloys [54], the pre-concentration of
other ions at the interface (e.g. OH−, H+) [3], or the stripping of nanoparticles from
the electrode [38]. In addition, the choice of potential has been found to affect the
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shape of Au [55], Cu [37], and Pt [34] nanoparticles. Examples of these effects can
be seen by comparing Fig. 6.3a, c, as well as Fig. 6.3e, f pairwise. In the first pair, it
is clear that applied potential can affect shape, while in the second pair shows that
applied potential can affect particle size. For the deposition of metal oxides via an
electrochemical route, the choice of deposition potential is essential for the depo-
sition of the nanoparticle and the electro-precipitation of the oxide, due to local pH
changes at the nanoparticle surface during deposition [3, 56]. This can result in the
deposition of nanoparticles with controllable size and morphology compared to sol-
gel routes. An example of this electro-deposition is shown in Fig. 6.1a, for the case
of Ni(OH)2.

Other controllable conditions include the length of deposition, the scan rate, the
nature of the deposition solution. The length of deposition is generally proportional
to mass loading [3, 32] and is known to influence the morphology of deposition,
with longer times exploited to great larger particle sizes [32]. In the case of CV,
multiple scans can homogenize the size of nanoparticles, but not the particle

Fig. 6.3 Images of nanoparticles on diamond with electrodeposition influenced by applied
potential or concentration of metal salt in solution. (Top row) SEM images of gold nanoparticles
electrodeposited on boron-doped diamond surfaces: a Flower-like Au nanoparticles deposited at
+0.5 V versus Ag/AgCl in 0.2 M H2SO4 solution containing 2 mM HAuCl4; b Spherical nano-
gold deposited at +0.5 V versus Ag/AgCl in 0.2 M H2SO4 solution containing 0.2 mM HAuCl4;
c Convex polyhedron nano-gold prepared in same conditions as A, except at an applied potential
of −0.1 V versus Ag/AgCl. (Bottom Row) In situ tapping mode AFM images of cobalt grown on a
BDD surface from 10 mm Co(II) at potentials of e −1.05 V and f −1.15 V. Reprinted from Li et al.
[55] with permission from Elsevier (Copyright © 2006). Reprinted from Simm et al. [79] with
permission from Wiely-VCH (Copyright © 2006 WILEY-VCH Verlag GmbH & Co. KGaA,
Weinheim)
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distribution [38]. Adjustment of the scan rate has been shown to promote facet
selective deposition of Pt on polycrystalline diamond [39]. At higher sweep rates,
particles preferred to deposit on the (111) facet, as dramatically shown in Fig. 6.4.
The sweep rate also affected shape and distribution, with the (111) facet having
more numerous and smaller particles than the (110) facet. Oxygenated surface
moieties are thought to concentrate on (111) facets. As mentioned in other sections,
the presence of oxygen functionality increases nanoparticle stability, nucleation,
and diamond is more electroactive in such regions [39].

The nature of the solution in which electrodeposition occurs is an important
consideration. The concentration of metal ions in solutions seems to affect the
nucleation pathway of Ag and Hg deposition [53]. In addition, concentration affects
nanoparticle shape. This is shown in Fig. 6.3, where a 10-fold dilution of HAuCl4
leads to spherical deposition, compared to “flower-like” shape at higher concen-
trations (see Fig. 6.3a, b) [55]. Adjusting concentration can have unusual effects. For
instance, the density of electrodeposited Ag nanoparticles is inversely proportional
to size, except at very dilute concentrations of the metal salt [57]. Other adjustments
to the type of solution and pH can be made. Additionally, the pH of the solution [27,
58] or local pH at the interface [3, 59] can affect electrodeposition. The latter has
been discussed in the previous section for the case of metal oxide deposition.

6.2.2.2 Non-electrochemical Methods

Non-electrochemical methods are used less frequently. They are often complex and
require advanced equipment, unavailable in most laboratories. Two of the more
common techniques are briefly discussed here.

Fig. 6.4 Scanning electron microscopy image of Pt nanoparticles on boron-doped diamond
deposited with potential cycling from −0.8 V to +1.6 versus Ag/AgCl in 0.5 M H2SO4 at a sweep
rate of 500 mV/s. The (111) facet edge is clearly visible. Reprinted with permission from
Gonzalez-Gonzalez et al. [21], Copyright (2009) American Chemical Society
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Physical vapour deposition techniques, such as ion impact and sputtering
depositions are effective in vacuo methods for depositing nanoparticles on diamond.
Both techniques vaporise metal from a source, but the former accelerates the ions
by 800 keV towards the sample, rather than merely coating the surface by physical
deposition [14]. Often, these techniques are used to modify CVD diamond films
during their creation. For instance, DC magnetron sputtering was used by the Swain
group to create Pt-sandwich electrodes, in which a Pt layer was sputtered between
two CVD grown layers, halfway through the CVD process [40]. Bimetallic depo-
sition is possible if two or more metal sources are in the vacuum chamber. Uniform
nanoparticle distribution is often the result of using a PVD method, as nanoparticle
deposition is relatively unaffected by the inhomogeneous distribution of boron at
BDE or by grain boundaries [42]. Heat treatment post-PVD deposition may be
necessary, as in the case of Au nanoparticles [60–62]. When conducting ion
implantation, the modified BDD must be heated by high temperature in the pres-
ence of ambient H2 not necessarily to modify the structure of deposited nanopar-
ticles, but to recover metastable diamond structures produced by the ion
bombardment itself [63–66]. By far the greatest advantage of PVD methods is
that the ultra-high vacuum conditions reduce unwanted physio-chemical effects
(i.e. oxidation, water) on nanoparticles due to solution or ambient conditions. Wide-
spread use of PVD techniques is not possible, due to the cost and complexity of the
UHV systems required.

The sol gel method is a popular means to deposit metal oxide nanoparticles on a
diamond surface [14, 67–69]. Generally, a metal precursor is stabilized as a colloid
in ethanol, or 2 propanol, and then coated onto the electrode by dip-coating, spin-
coating, or as a paste. Afterwards, a thermal heat treatment is sufficient to ensure
nanoparticle formation having the proper structure. For example, anatase TiO2 has
been deposited onto diamond via this route at thermal heat treatment at 400 °C [70].
While the sol-gel method typically leads to random and uniform distribution of
nanoparticles on diamond, it suffers from the disadvantages of large particle sizes
and particle aggregation. This is exemplified by the image of Fig. 6.2a, in the case
of nanoparticle deposition on diamond nanoparticles. A recently developed alter-
native to the sol-gel method is the aforementioned electro-precipitation of the oxide,
either during a single step [56] or as a coating for pre-deposited nanoparticles [3].
Results suggest that this method offers better control of nanoparticle deposition via
electrochemical parameters, the effects of which are discussed in some detail later.
Some of the state-of-the-art wet-chemical deposition routes are discussed in
Sect. 6.5.

6.2.2.3 Substrate

Thus far, conductive diamond has been referred to simply as BDE. In actual fact,
BDE are categorized by the method of their creation and by their crystallinity. More
detail than will be described here concerning the manufacturing of BDE can be
found in several reviews [1, 4, 9, 71, 72]. The chemical vapour deposition (CVD)
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method is most commonly used, and this has several consequences for the depo-
sition of metal and metal oxide nanoparticles on diamond substrates.

CVD diamond is made by ionizing hydrogen and methane with a thermal or
microwave source. The ions re-combine on a substrate—often silicon—to form a
sp3 carbon network. Boron doping can be introduced to the diamond film by having
a source of boron in vapour form during the CVD process. This manufacture
process can be adjusted to make a wide variety of diamond substrates, with different
distributions of B doping and crystallinity. The substrate does not affect the
nanoparticle growth or distribution tremendously when non-electrochemical
methods are used to deposit nanoparticles. Therefore, subsequent discussion con-
cerns itself with the affect substrate has on the electro-deposition of nanoparticles.

Metal nanoparticle nucleation occurs at the most electroactive sites on a diamond
surface, such as boron centres, grain boundaries, and defects [14]. Thus, the dis-
tribution of B and the dimensions of surface crystals are important factors to be
considered. The distribution of boron centres is inhomogeneous, thus partially
explaining the non-uniformity of nanoparticle growth when using electrodeposition
techniques [44, 45, 73]. This inhomogeneity can be seen in Fig. 6.5a–c. The grain
boundaries have increased surface concentrations of electroactive sp2 carbon and
oxygen moieties; thus, denser concentrations of nanoparticles tend to found in these
regions [64, 74, 75]. Further increases in nanoparticle density can be achieved by
depositing onto BDE with smaller grain sizes (i.e. macro > micro > nano), due to
their increased surface area [76]. This trend can be seen by comparing Fig. 6.5c, d.
It is thought that this trend explains the effectiveness of lower nanoparticle loadings
on micro-crystalline diamond electrode, compared to its macro counterpart [76].
Smaller grain sizes also help to reduce aggregation, reduce particle sizes, and make
distribution more uniform, as seen in Fig. 6.5d. This distribution and morphology
promotes hemispherical diffusion profiles, which are electrochemically favourable
[14, 76]. There is some debate whether metal nanoparticles deposit randomly or
non-randomly on polycrystalline diamond, with the work of the Macpherson group
suggesting is both random and uniform [43].

Pre-treatment of BDE prior to deposition has been shown to lead to improved
nanoparticle stability and electrode performance. Oxygen-terminated diamond
stabilizes metal nanoparticles better than hydrogenated diamond [33, 43]. One can
add oxygen functionality to the surface by a variety of means, including oxygen
plasma and anodic electrochemical treatment [77, 78]. However, passivation of the
diamond film by thick overlayers of oxygen is to be avoided. Pre-roughening of
the BDE surface can increase surface area, thereby improving nanoparticle adhesion
and uptake; this is shown to be effective by Hu et al. [32] who used nanodiamond
powder suspensions as the roughening medium.

Interestingly, the diamond surface alone may not necessarily have an effect, but
rather the material which supports it. Recently, Gao et al. [57] demonstrated that the
spontaneous deposition of Ag, Cu, Au, Pd, and Pt on diamond could be achieved in
HF, when the diamond surface was in ohmic contact with hydrogen-terminated
silicon. It is thought that this type of contact increases the surface electron energy of
diamond, thereby promoting the migration of excess electrons from the silicon/HF

6 Nanoparticle-Based Diamond Electrodes 177



interface to the conductive diamond interface [57]. In this manner, the diamond
surface is made more reductive, thereby leading to the spontaneous reduction of
metal ions onto the diamond surface. Silicon dioxide was unable to achieve this
same effect, thus highlighting the importance of substrate choice to deposition
chemistry.

6.2.3 Surface Characteristics

6.2.3.1 Characterization Techniques

Surface characterization of NP-modified diamond films is necessary to both confirm
nanoparticle deposition and understand the fundamental surface chemistry of the
electrode. The size and morphology of deposited nanoparticles is best studied using

Fig. 6.5 SEM images of platinum deposited on (a, b) polished smooth boron-doped diamond
electrode, c as-grown large grain, and d small grain diamond substrates. Reprinted from Hu et al.
[31] with permission from Wiley-VCH, Copyright © 2009 WILEY-VCH Verlag GmbH & Co.
KGaA, Weinheim
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atomic force microscopy (AFM), scanning electron microscopy (SEM), and
transmission electron microscopy (TEM). Notably, in situ studies of nanoparticle
nucleation and growth are possible using electrochemical AFM (EC-AFM)
[14, 79]. The surface chemistry of the deposited nanoparticles can be effectively
determined using X-ray photoelectron spectroscopy (XPS), time-of-flight secondary
ion mass spectroscopy (ToF-SIMS), and Raman spectroscopy. Crystal structure of
both the substrate and the nanoparticles can be determined using X-ray diffraction
(XRD). Finally, the electrochemical properties and mass loading of nanoparticles is
usually determined by cyclic voltammetry and stripping voltammetry.

6.2.3.2 Nanoparticle Distribution

The distribution of nanoparticles across an electrode can be modified to achieve a
given electrochemical or electroanalytic purpose. Higher current densities, higher
signal to noise ratios, and higher faradaic to non-faradaic current ratios, occur at
surfaces comprising widely-spaced and uniformly distributed nanoparticles [80,
81]. In this case, mass transport of reactants to the nanoparticles occur via fast,
three-dimensional, diffusion, as opposed to linear diffusion [76, 80]. These char-
acteristics are known to improve electroanalysis and electrocatalysis at nanoparti-
cle-based electrodes. In cases where macroelectrode performance must be realised
at reduced cost, one might distribute nanoparticles more densely (e.g. 50–100 nm
particle to particle spacing), to ensure that electron transfer is limited by mass
transport (i.e. planar diffusion) of the reactant to the surface, thereby lowering
electrode sensitivity [76, 80, 81]. In some cases, the kinetics of electrochemical
reactions are paramount; the location and distribution of reactive nanoparticles can
control or exploit the interplay between reactant mobility and adsorption [81].
Nanoparticle deposition near active sites, defects, and grain boundaries could be of
benefit if such sites are important to the electrochemical system. Finally, the pro-
motion of certain nanoparticle shapes requires preferential growth on certain grain
boundaries of diamond [39]. The degree to which particles distributed uniformly
can be determined by comparing experimental data to theoretical models [81, 82].

Non-uniform nanoparticle distribution on BDE is promoted by inhomogeneous
distributions of boron-centres, grain boundaries, high number of surface defects,
and high levels of sp2 contamination. These surface features are highly electroac-
tive, with nanoparticles nucleating and growing on these sites during electrode-
position [31]. This explains the difficulty of depositing homogeneous distributions
of NP by electrodeposition. More uniform distributions are obtained by reducing
the number of defects or grain boundaries (cf. Fig. 6.5c, d), and by making
the surface less electroactive by increasing the surface density of sp3 carbon [83].
Some reports do suggest that electrodeposition of nanoparticles can occur grain-
independently [43, 83].

Uniform nanoparticle distribution is produced, generally, by non-electrochemi-
cal methods of deposition [75]. An alternative is to functionalise the diamond and/
or nanoparticle surface prior to deposition, in order to promote uniform nanoparticle
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distribution. For example, two dimensional arrays of Au nanoparticles have been
created by covalent attachment of citrate-coated Au NPs to an amine terminated
diamond surface [84]. More simply, the pre-roughening of the diamond substrates
has been shown to promote uniform nanoparticle distribution [32].

6.2.3.3 Nanoparticle Adhesion and Stability

The dissolution of nanoparticles from a diamond support is not desirable, as it leads
to instable electrochemical performance and increases the cost of any electrical or
catalytical device. Moreover, the introduction of metal ions into biological systems
may have toxic effects. Therefore, the question of particle adhesion and stability is
crucial.

Better adhesion and stability may be realised by using alternative materials to an
initial choice. For instance, in acidic environments, metal nanoparticles can dis-
solve, therefore metal oxides should be considered for their stability in these
environments. Examples of successful replacements include: use of RuO2 instead of
Ti, Ta, Ti-Pd by RuO2 for chlorine evolution [33]; use of bimetallic or metal oxide
nanoparticles instead of Pt nanoparticles [32, 34, 41]. A consultation of Table 6.1
may inspire the search for alternative materials for a given application.

Sandwiching nanoparticles between layers of CVD diamond seems to be the best
method for retaining nanoparticles. The classic example is that of Swain et al. [40]
who sputtered Pt onto CVD diamond, followed by a period of further diamond
growth. The high stability of Pt nanoparticles was due to their being partially buried
by diamond overlayers or anchored to the surface by diamond growth around the
base of individual nanoparticles. Ion implantation achieves a similar level of sta-
bility as high energy metal ions are partially buried into the diamond substrate, as
demonstrated for Ni [65], Cu [65], Pt [63], and Ir [64] implantation into BDE. Ion
implantation offers 5 month stability, in the best case scenario [65, 85].

Other methods of deposition improve particle adhesion, as noted throughout this
chapter. Multi-step potentiostatic methods may be superior to single step poten-
tiostatic methods [3, 14, 76]. Potential pulsing leads to better IrOx adhesion and is
highly recommended for the deposition of metal oxides, compared to galvanostatic
or potential cycling methods [58, 86]. Novel wet chemical routes (discussed in
Sect. 6.5) also offer the potential for improved particle adhesion and stability [35].

Substrate pre-treatment can also improve particle adhesion and electrode sta-
bility. Increasing the surface density of oxygen moieties can improve nanoparticle
adhesion [39]. This can be accomplished by pre-treatment in acid, anodic electro-
chemical treatment, or O2 plasma [33, 43, 77, 78]. Sol-gel deposited metal oxide
nanoparticles and sputter deposited Au nanoparticles have improved adhesion after
a heat treatment [60, 62]. Thermal heat treatment can make BDE more hydrophilic,
which may be the cause of improved adhesion [87]. Deliberate hydrophilic treat-
ment of diamond lead to improved FeOx adhesion [58, 88] Ultrasonic pre-treatment
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of diamond in suspensions of diamond powders improves the adhesion of Pt
nanoparticles [32]. Finally, the careful choice of the type of diamond improves
particle adhesion. For instance, Pt nanoparticle modified micro-crystalline diamond
outperforms its macro counterpart, providing electroanalytical performance in
polluted tap and river water for 150 detection runs [76].

Poorly adhered nanoparticles do not necessarily leave the electrode, but can
agglomerate along grain boundaries during an electrochemical experiment. For
instance, Pt nanoparticles are stable on the (111) facet of BDD for a few hours
during methanol oxidation, but on the (110) facet, particles agglomerate [39].
Agglomeration causes particle size to increase, with the consequence of reduced
electrochemical selectivity and sensitivity to analytes, as nanoparticle diffusion
layers overlap [14]. It is thought that functional groups on the (111) surface, such as
sp2 carbon and oxygen functionality help to stabilize attached particles [39].

6.2.3.4 Nucleation

The nucleation of materials using electrochemical techniques is still poorly
understood and there is much controversy in the field. Hyde and Compton [89] have
reviewed some of this debate and recent progress in this area. Due to existing
controversy in the field, recent research is discussed in some detail.

Two types of nucleation processes are used throughout the literature on elec-
trodeposition: instantaneous and progressive. The former assumes that nuclei grow
slowly on a small number of active sites, simultaneously; the latter assumes that
nuclei grow quickly on many active sites, which become activated as the electro-
deposition proceeds [89–91]. There exist two methods of determining the nucle-
ation type. The first involves analysing current-time transient curves obtained by
chronoamperometry [31, 92]. The second involves the use of in situ EC-AFM [93].
In both cases, the results are most commonly compared to models by Scharifker and
Mostany [94]. These models assume a constant nucleation rate and that particle
growth is diffusion controlled; depending on the model chosen this can be planar or
hemispherical [31, 92, 93].

Diamond is a low energy surface and nucleation is most commonly instanta-
neous, as exemplified by the electrodeposition of Cu [37], Bi [95], Pt [31, 36, 92]
on non-polished, polycrystalline diamond. Instantaneous deposition is driven by
high overpotentials and the extent of such nucleation can be controlled by varying
the potential [92]. Also, instantaneous nucleation is prevalent on diamond with
smaller grain sizes [31, 57]. This can be seen in Fig. 6.5d. Characteristics of
instantaneous deposition include: the observation that the number of nucleation
sites is controlled by the applied potential [96]; an monotonically broader size
distribution during deposition [37], small particle size [37], small particle distri-
bution [41], and the formation of dendritic microstructures on grain boundaries and
surface defects [34]. These characteristics helped identify the nucleation type in the
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case of Pt and Pt-Ru deposition by sequential potentiostatic methods, compared to
deposition of Pt-Ru by simultaneous potentiostatic methods [34].

Progressive nucleation does occur on BDE as well. Platinum deposits onto
smooth, polished diamond by a progressive nucleation process, as shown in
Fig. 6.5a [31]. These particular nanoparticles are characterised by smooth, spherical
morphology with decrease electroactive surface area. By contrast, in the same
study, instantaneously nucleated Pt on small and large grain BDE had dendritic
structure and higher electroactive surface area (cf. Fig 6.5d). Others characteristics
of progressive nucleation include large particle sizes, clustering, and wide size
distribution [41, 53, 79]. Some deposition methods may only be capable of
progressive nucleation, such as the potential sweep method, in the case of simul-
taneous or sequential deposition of Pt-Ru onto polycrystalline diamond [34]. Pro-
gressive nucleation should be avoided if electrochemical performance is of utmost
importance, as instantaneously nucleated particles are more favourable for this
application [14].

It is commonly accepted that nucleation occurs most readily at grain boundaries,
surface defects, and electroactive sites on the diamond surface, as in the case of Ni
and Co [79, 97], Pt [26, 31, 32, 34, 36, 92], Pt-Ru [34], as well as other metal and
metal oxides [14]. This phenomenon can be seen in Figs. 6.1, 6.4, and 6.5. The
position of nucleation depends on the substrate, particularly the local electroactivity
of the surface [31, 32]. On smooth, polished BDE nucleation of Pt may be pro-
moted on the most electroactive facets of diamond [31]. For example, Pt is known
to deposit on the (111) facet of polycrystalline diamond (see Fig. 6.4). The size and
distribution of grains within the diamond substrate can affect nucleation. Pt nano-
particles are more homogeneously distributed on small grain BDE, compared to
large grain BDE (see Fig. 6.5) [31]. The authors attribute this to the higher density
of electroactive sites on small grain BDE. Higher boron doping levels make the
BDE more electrochemically active [73], and one surmises this would promote
instantaneous nucleation; however, to our knowledge this has not been systemati-
cally studied yet. Increasing the electroactivity of the BDE substrate is an effective
strategy to promote nanoparticle nucleation.

6.2.3.5 Size and Morphology

There is much evidence showing that the best electrochemical performance results
from the deposition of small particle sizes (5–10 nm) at low loading rates, with
small size distributions [1, 14, 57]. These characteristics ensure a high electroactive
surface area, hemispherical diffusion controlled electrochemistry, catalytically
active quantum size effects, and the availability of low co-ordinated facets at the
surfaces of small particles [14, 75, 98–100]. The above characteristics help ensure
the resultant electrode is effective.

Sizes reported in the literature range from 5 nm to 5 μm, with size being
controlled in a number of ways. The deposition method can affect the size.
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Microemulsion routes [101, 102], wet chemical deposition [57], and the various
electrodeposition techniques mentioned in Table 6.1 are capable of depositing
nano-sized particles on the order of 2–10 nm. Some PVD methods are capable of
depositing similarly sized particles [103]. The use of sol gel methods to deposit
metal oxides tends towards large particle sizes, on the order of 0.5–5 μm [67–69].
However, this technique does trend towards low loading rates, on the order of 1013

mol−1 cm2, [87] thereby minimizing diffusion zone overlap of particles [14].
Many electrodeposition methods have been evaluated for their ability to control

particle size, as noted by Hu et al. [31], including: chronoamperometry [43], cyclic
voltammetry [38, 54], galvanostatic [104], pulsed galvanostatic [44], potentiostatic
step [105], and potentiostatic cooulometry [38]. These methods were used to
control the size of various metal systems, including: Cu [38, 49], Pd [50], Ag [49],
Au [49, 77], Ir [52, 106], and Pb [107]; other systems of interest can be found from
Table 1.1 and in other reports [14].

Potentiostatic methods are better able to fine-tune the growth of metal nano-
particles [31, 32, 108]. For example, for the deposition of Cu2+, Ag2+, and Pb2+,

potentiostatic coolumetry is a superior method to cyclic voltammetry [38]. The
latter is known to incompletely strip metal sites, thus promoting uncontrolled
growth of metal nanoparticles on pre-existing metal on the surface. Metal is a more
energetically favourable deposition site than BDE [38, 109]. In potentiostatic
coolumetry, only nanoparticles on non-electroactive sites are incompletely stripped,
thus ensuring that particle growth is controlled by the electrochemistry of the
diamond substrate, alone [38].

Multi-step electrodeposition can be a useful means to achieve better size control,
by minimizing the disadvantages of any single method. For example, to adjust size
more quickly, the Foord group utilizes a two stage process. In the first stage, nano-
sized Pt nuclei are created by the slow increase of negative potential, followed by
the application of a fixed potential to enlarge the nuclei to the desired size [3]. The
size of metal oxides can be controlled in a third electrodeposition step, in which the
oxide is precipitated at the metal nuclei, as done for the case of Pt-PrOx [3].

Many deposition parameters are reportedly able to change the size of deposited
particles, including: overpotential [3, 31, 38, 76, 97], metal ion concentration in the
electrolyte [53, 57, 76, 110], deposition time [3, 31, 38, 76, 110], grain size of
diamond substrate [43], solution acidity [57] and number of electrodeposition steps
[76]. Of these parameters, the most important is overpotential, due to its influence
on the energetics of the electrodeposition process, nucleation, and mass transport to
electroactive sites on the substrate [14, 34]. Adjustment of the scan rates can
homogenize size distribution after initial deposition [37]. Those deposition
parameters which lead to instantaneous nucleation are typically those that create
the smallest particle sizes, as described earlier. Progressive nucleation leads to the
largest particle sizes [110].

There are several other parameters used to control size in the case of non-
electrochemical methods. Heat treatment is capable of changing the size of metals,
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such as Au, post-deposition [75]. Also, the facet to which the metal nanoparticle
adheres may influence size. For example, it has been shown that Pt nanoparticles on
(110) facets have larger particle diameter, while those on the (111) facet are smaller
in size (see Fig. 6.4) [39]. In this same study it was shown that merely changing the
sweep rate during deposition by cyclic voltammetry is sufficient to change
the preferred facet of deposition, and thus the particle size [39]. Figure 6.4 shows
the result of using the highest scan rate in that study.

6.2.3.6 Shape

Performance can be further enhanced by changing the morphology of deposited
nanoparticles. A number of different shapes and particle morphologies have been
made on diamond, including: convex polyhedron (see Fig. 6.3c), flower-like or
dendritic (see Fig. 6.3a), spheres (see Fig. 6.3b), clusters, and agglomerations. The
size of these features varies from the nano-scale to the micro-scale, depending on
the system studied. Shape can be controlled in a number of ways, including:
deposition type, nucleation type, overpotential, metal ion concentration, and linear
sweep rates. The shape can expose favourable facets of the nanoparticle to the
solution and increase the exposed surface area, both of which are desirable features
for a modified BDE [55].

There are several reports showing that deposition type can control particle shape.
Deposition from sol gels and microemulsion tend to form clusters and agglomerates
of metal oxides and metals at BDE [57, 67, 111]. Dendritic and smooth particles
result from potentiostatic and linear potential sweep methods, respectively [31, 54].
In multi-step methods, one might consider the effect of simultaneous versus
sequential deposition. For example, they lead to spherical and dendritic structure,
respectively, in the case of Pt-Ru deposition [34].

Other deposition parameters can be optimized to favour certain shapes. Flower
and dendritic growth is promoted by instantaneous nucleation, while spheres,
clusters and agglomerations are more prevalent during progressive nucleation [18,
34, 55, 75, 95]. The parameters which favour one or the other type of nucleation
have been discussed earlier. Dendrite formation requires prismatic growth in the
early stages of deposition and is related to overpotential [57, 112]. This may be due
to the fact that higher overpotentials cause near maximum mass transport limits
[113]. For example, at constant metal ion concentration, a simple change in over-
potential is capable of changing Au deposition shape from flower-like to a convex
polyhedron (cf. Fig. 6.3a, c) [55]. Also, heat treatment has been used to change the
shape of Au nanoclusters and does so by exposing the nanoparticles to the very
electroactive Au(111) plane, which promotes dendritic-like growth [75].

During the spontaneous deposition of Ag, Cu, Au, Pd, Hg, and Pt onto Si
supported BDE, it was found that metal ion concentration is key to particle shape
[57]. The authors note that dendritic, small spheres, and large spheres were related
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to high, low, and dilute concentrations, respectively. In the case of dilute concen-
trations it is more favourable for metals to deposit onto metal rather than the
underlying BDE electrode, thereby increasing particle size [57]. High and low
concentrations of HAuCl4 were found to lead to ‘flower-like and spherical nano-
particle shapes on BDE (cf. Fig 6.3a, b) [55].

6.3 Diamond Nanoparticles as an Electrode Material

Detonation nanodiamond (DND) is of emerging interest, with research finding it to
have a diverse set of applications, including biomedicine, catalysis, quantum
computing, nano-composites, and for the seeding of CVD diamond growth [5]. It
has a number of attractive features, including optical transparency, large surface
area, and a bio-compatible sp3 core structure. These characteristics make DND a
material of choice for use in bio-medical implants, nano-scale electrochemistry,
drug delivery, cell imaging technologies, and as a substrate for cellular growth
[5, 20, 114–117]. The myriad of applications of nano-scale diamond has been
reviewed by Holt [5] and Schrand [20].

6.3.1 Background on Detonation Nanodiamond

Lewis et al. [118] first found diamond nanoparticles in interstellar dust and mete-
orites. Since then, efforts have been made to create nano-scale diamond particles,
synthetically by the controlled combustion of explosives. Nanoparticles of diamond
are synthesized by the controlled combustion of explosives in high oxygen condi-
tions [20, 116, 119]. These particles undergo cleaning processes (i.e. acid treatment,
oxidation by Osswald method [120] to remove metal impurities and to reduce their
size to primary particles, they must undergo deaggregation [20].

The resultant material is comprised inner, sp3 diamond core of 4–5 nm and an
outer shell of non-diamond character, with complex surface chemistry [121]. This
outer shell of purified DND contains a mixture of sp2 and sp3 carbon [122] and
oxygen based functional groups (i.e. carboxylic acids, esters, lactones) [20]. If
desired, this surface chemistry can be changed by fluorination [123], hydrogenation
[124], and the attachment of alkyl, amino, and amino acid groups [123, 125]. The
physical and chemical properties of DND depend strongly on the size of the nano-
particles [124], with size control of the DND required for the stabilization of their
colloidal suspensions [126] or to ensure specific reactivity [127, 128]. The surface
area of primary sized DND is approximately 270–280 m2 g−1 [129], thus providing
greater surface area for nanoparticle attachment than conventional diamond films.
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6.3.2 Electrochemistry of Detonation Nanodiamond

DND is an undoped form of diamond. One normally associates undoped diamond
as being an insulator and impractical for use in an electronic device. Unlike the bulk
material, DND is electrochemically active in its undoped form. Like many mate-
rials, the nano-sized version exhibits different chemical properties than its bulk
form. This is due to its high surface area, multi-faceted nature, and its outer shell,
which contains reactive sp2 carbon and oxygenated functionality [126].

Commercial DND particles of primary particle size are redox active, but not in a
classical sense. The classical picture considers that H-terminated diamond is redox
active, if chemical potentials are below the valance band maximum [130, 131].
Also, it considers that p-type conductivity at the surface exists due to electron
transfer between H-termination and dissolved oxygen in aqueous environments
[132]. This is not true of DND, as determined by Holt and her colleagues in 2008
and 2009.

Our understanding of DND redox behaviour has been advanced by the Holt
Group who have conducted extensive electrochemical studies of commercial DND
(5 nm) [19, 133]. They found DND to have ‘molecule-like’ redox behaviour [19].
That is to say that the particles themselves undergo oxidation and reduction via
surface states at specific potentials [19]. It is easier to reduce DND particles than to
oxidise them [133]; this process is spontaneous and slow in the presence of certain
redox species without an applied potential [19, 133]. The electrochemical behaviour
may also be due to the presence of sp2 carbon, delocalised electrons due to oxi-
dation, and unsaturated bonding of surface atoms; all this gives DND surfaces a
semiconductor/metallic character [133]. Although doping of DND particles is
possible [134, 135], it is not required for the vast majority of its electrochemical
applications, due to its intrinsic redox behaviour.

6.3.3 Methods of Deposition/Incorporation
into Electrode Form

There are several methods available to make DND particles into a useful electrode.
DND particles have been placed on Au electrodes by drop coating from ethanol
suspensions [19] and on glassy carbon electrode by smearing a DND-mineral oil
paste on its surface [19, 136, 137]. The former method leads to non-uniform
coverage and DND agglomeration, while the latter method formed a thin uniform
layer on the electrode [19]. Thin coatings are particularly important, in order to
avoid electrochemical blocking effects by the DND particles on the glassy carbon
electrode [19]. A DND electrode can be manufactured by grinding DND powder
into the tip of a Pt wire sealed in a small pipette [136].

More sophisticated electrodes are in existence. For instance, DND has been
electrophoretically deposited as thin uniform layers [138]. As well, DND-polyaniline
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composites have been made by sequential and simultaneous deposition processes
[139–142]. Interestingly, these methods lead to the nanostructuring of PANI in one-
dimension, as the PANI oligimers aggregate under the influence of pi-pi stacking
[142]. This result hints that DND co-deposited with other materials can lead to novel
materials with interesting chemical properties. Non-contact microprinting [143] and
layer-by-layer self-assembly by a high pressure/high-temperature methodology
[144]. It has been theorised the DND can be electrodeposited onto electrodes [145],
but to our knowledge this has not been evaluated in practice.

One example of co-deposition is the modification of diamond with metal or
metal oxide nanoparticles, as discussed in this review. DND has also been modified
with nanoparticles in a similar way, for similar applications (see also Table 6.1).
Supporting catalysts on nanodiamond will benefit from the high surface area and
increased reactivity of nanodiamond, compared to its bulk form. Thus, lower
loading rates are required to make a practical electroanalytical or catalytical device,
based on nanodiamond powders. This promises to reduce device costs.

Ni [146, 147], Sn/Pb alloys [148], TiO2 [149], Pt [150], metal oxides [67], Pt/Ru
[34, 151, 152] have been supported on nanodiamond powder based electrodes.
Fruitful research can continue in this area, inspired by the work done on bulk
diamond. In addition, further optimisation of particle loading, stability, and elec-
troactivity of nanodiamond supported catalysts is necessary.

6.3.4 Characterization of Diamond Nanoparticle-Based
Electrodes

Nanodiamond powder films on surfaces have been characterized by SEM and AFM
[152, 153]. Nanoparticle layers form porous sub-micron structures, which enhances
its electroactivity compared to bulk films [152]. Holt et al. have characterized DND
films by FTIR, XPS, TEM, and Raman spectroscopy [19]. Graphite G and D bands
in Raman spectroscopy indicate the presence of surface sp2 carbon [19]. XPS shows
the oxygenated character of the nanodiamond surface [19]. Nanodiamond has also
been characterized by scanning electrochemical microscopy (SECM) [133]. Redox
behaviour at diamond nanoparticles has also be evaluated by in situ infrared
spectroscopy [154].

6.4 Interactions at the Metal-Diamond Interface

Interactions between diamond, in its various forms, and the nano-materials dis-
cussed in this review are key to the understanding of the stability and electronic
performance of these composite systems. Diamond has no native oxide, and
therefore the electronic behaviour of its surface is highly dependent on any surface
modification. Doping of diamond films with impurities which induce p or n-type
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doping transforms an otherwise insulating material into a semi-conductor. Redox
active species at diamond surfaces (i.e. COOH, C–O-C, lactones, ketones) are
known to facilitate electron transfer between the diamond interface, an electrolyte,
and metal ions [155]. The above are all well-known phenomenon; however, there is
a lack of systematic and fundamental research concerning other, more complex
phenomena at the metal-diamond interface [25, 156]. A review of some progress in
this area is presented here.

The manufacturing process, polishing, cleaning, and exposure to ambient
environments can introduce impurities to the diamond surface. In the case of DND
particles, the level of impurities can reach 10–12 % of the total surface area [157].
Examples of these impurities include sp2 carbon, organic-based functionality (O, N,
S, B), metal salts, and defects, among others [157]. Some impurities can lead to
favourable interactions. For example, metals with a preference for the +2 oxidation
state (e.g. Ni, Ti, Cu, Co, Fe, Al) are thought to be stabilized by interactions with
oxygen groups, such as carboxyls and hydroxyls [14, 97, 157–159]. These func-
tional groups, in close proximity to each other on DND particle surfaces have been
found to participate in ion exchange with metals in the +2 state, as determined by
1H and 13C NMR [159, 160]. This is evidence for non-covalent bonding between
oxygen-based impurities and metal nanoparticles. Covalent bonding is also possi-
ble, as in the case of Al bonding to DND nanocrystals via carboxyl terminations,
thereby leading to aggregation of DND in solution [157]. Carbide bonding, such as
that between diamond surfaces and Au/Ti, Al, and Ti are known to improve contact
resistance and mechanical properties, as determined by the circular transmission
line method (c-TLM) [161]. However, not all impurity-metal bonding has a purpose
or is favourable. For instance, metal bonding to sp2 carbon is known to interfere
with the electrical properties of the diamond electrode and it reduces the strength of
metal-diamond adhesion [162].

Electrostatic effects are thought to play a role in governing metal deposition and
stability on diamond-based electrodes. O-terminated and H-terminated DND par-
ticles have negative and positive zeta potential over a large pH range (up to pH 12)
[128, 157], and this may govern the dynamics of electropositive or negative metal
ions to their surfaces. Facet dependent deposition of metal and alloy nanoparticles
onto diamond thin films has been observed for a variety of systems (Au, Pt, and
their alloys) [39, 156]. The reason for this behaviour seems to lie in the differing
electrostatic properties of the various facets [39, 156]. This is supported by the
finding that for DND particles sp3 carbon (i.e. 100 orientation) is electropositive,
while sp2 carbon (i.e. 111 orientation) is electronegative [135].

Electronic interactions between diamond and metal nanoparticles have been
observed. For example, the electrical potential of DND nanoparticles are affected by
the substrate, size, height, and surface termination [163]. Stehilk et al. [163] observe
that the work function diamond interfaces are altered when an electric dipoles
(i.e. added metal nanoparticles) is added, thus changing the energy electrons require
to reach the vacuum level.

Metallization is a useful change in the electronic properties of conductive diamond,
as it improves charge transfer between diamond and any surface modifier [155].
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Calculations based on Density Functional Theory (DFT) and experimentation have
shown that the band gap is removed if modified by metals, O-terminated diamond,
and/or sp2 functionality [157, 164]. Also, the type of electrical contact improves
charge transfer. Ohmic contacts between metals and diamond have been associated
with better particle adhesion, higher bond strengths, and shorter bond lengths
[164, 165]. This is possible for Ti, V, and Ta deposition, but not for Au or Pd
deposition [115, 161]. Likely, charge density on carbon is facilitating backbonding
to some metals [164, 165], with metals having more unpaired d orbitals (i.e. V, Ta,
Ti) and filled d orbitals (Au, Pd) having stronger and weaker electronic interactions
with diamond, respectively [164, 165].

There are other lesser known, or studied, electronic interactions between metals
and diamond. These include: negative electron affinity [165–167], conductive
surface protrusions [168], non-diamond sp2 [167], conductive diamond to metal
backbonding [165], intrinsic structural effects [167, 169], charge trapping/transfer
[155, 163], and interpretations based on energy level confinement within quantum
dots for particles <7 nm in size [163]. Plana et al. [155] note that many of these
same reasons are applicable to the metal-diamond interface, in addition to elec-
trochemical (e.g. electrolyte, double layer) and nanostructural effects. Other subtle
effects are possible, such as quantum effects and metal-vacuum properties, as noted
by Tyler et al. [166] in their study on electron emission from diamond nanoparticles
on metal tips. The size of the metal or diamond nanoparticle is an important
parameter to consider when studying any of the above effects [163]. Quantum-
based and crystallinity-based arguments may have greater explanatory weight for
metal-diamond interactions involving sub-5 nm nanoparticle sizes [81, 127, 163].
More research in this sub-field is necessary to truly isolate the electronic effects at
the metal-diamond interface.

Some metal-diamond interactions have physical consequences. The catalytic
etching of nano-sized features in diamond surfaces occurs in H2 environments at
elevated temperatures (>700 °C) [170]. Annealing diamond thin films after it has
been modified with metal nanoparticles by ion bombardment can lead to the dif-
fusion of metal nanoparticles from the bulk to the surface [14]. Metal adatoms could
have preferred deposition sites, as suggested by DFT calculations of Ti on diamond
(100), whereby Ti prefers pedestal sites on top of carbon dimer rows [162].
Annealing of surfaces leads to metal-diamond aggregates involving DND particles,
which may be the result of covalent bonding between DND particles with metal
ions acting as linkers [157].

6.5 Modern State-of-the-Art and Outlook

Research on the modification of diamond electrodes with metal and metal oxides,
continues apace. Research in the past three years has beenmotivated by interest in fuel
cell technologies, photocatalysis and water-splitting, and biological applications.
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To our knowledge, two understudied areas of research concern the nanoparticle-
diamond interface: the effect of doping levels and the use of epitaxial diamond.
Most researchers use commercial BDE and do not investigate how doping levels,
doping elements, or type of doping affect nanoparticle deposition. Secondly, studies
of nanoparticle deposition on epitaxial diamond could prove fruitful. It is known
that the diamond (111) facet is preferred for nanoparticle deposition and such
deposition leads to enhanced electrochemistry. The fundamental chemistry of that
interface is important, but little understood. One group has attempted to study the
role of doping on epitaxial grown diamond [171]. However, more systematic
studies, such as that done by Holt et al. [73] on the effect of doping levels for
unmodified (i.e. H-terminated diamond) need to be made for the case of diamond
electrodes modified with nanoparticles.

Renewable energy technologies are of high interest in the 21st century and new
materials are sought to address challenges in environmental and energy technolo-
gies. The use of organo-metallic ligands to either aid in the deposition process or to
support nanoparticles at the surface, has led to novel electrodes. Porphyrin rings
stabilize the deposition of various metals, including Co and Ru, known to be
effective in dye-sensitized solar cells and CO2 reduction fuel cells [172–174]. The
deposition of TiO2 nanoparticles on BDE and DND is considered a promising
approach for photocatalysis, water-splitting, and water treatment based on solar
energy [149, 175–177]. Bimetallic nanoparticles deposition remains important for
alcohol oxidation in fuel cells (Pt-Ru [34, 151, 152]) and nitrate reduction (Cu-Sn
[178], Cu-Pd [178]). Nanoparticles which equal the effectiveness of Pt nanoparti-
cles, with better stability, have yet to be discovered. Therefore, much recent effort
has been expended in realizing the increased stability and reduction of fouling on Pt
nanoparticles for electrocatalytic applications [3, 31, 32, 34, 35, 39, 41, 92, 151,
152, 171, 179, 180].

Recently, there has been a resurgence of interest in wet-chemical routes towards
depositing metal nanoparticles on carbon-based materials. In particular, the
reduction of metal precursors to metal nanoparticles at a reducing agent attached to
an underlying carbon-based surface has emerged as a promising deposition route
[151, 181–183]. This method was first attempted at diamond thin films by the Nebel
group who seeded the substrate with Pt by reducing H2PtCl6 at diamond modified
by NaBH4 [35]. Surface coverage and size can be controlled by the number of
repetitions of the above process. Further control of size was possible via electro-
chemical growth processes [35]. The advantage of this approach is the realisation of
homogenous distribution of nanoparticles on diamond, which is difficult using non-
physical deposition techniques. This approach is likely to have wider application, as
exemplified by the modification of nanodiamond with nano-sized (2–5 nm), and
homogenously distributed, Pt and Pt-Ru particles [182]. Wet-chemical assisted
deposition of nanoparticles could be easily developed further, considering the
existing literature on wet-chemical routes for modifying diamond [184–186].

In the past ten years, many have recognized the potential for diamond-based
devices to be integrated into biological systems. This might be imagined as a direct-
connection (i.e. neurological stimulation [187, 188]), stimulation of bio-molecules
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(e.g. redox of proteins [189, 190]) or for biosensing [56, 179, 191–194]. Zirconia
has been used to modify diamond for DNA detection by the Foord group [195].
Several reports exist showing the effectiveness of nickel and nickel hydroxide
nanoparticles for glucose oxidase sensing [56, 196]. An array of self-assembled Au
nanoparticles has been able to engage in direct electrochemistry with a microbe,
thus suggesting more exotic use of diamond within microbial fuel cells [197]. Many
reviews exist on this topic, and a selection is provided here [4, 12, 15, 20, 72, 198].

The principle of introducing nano-scale materials to diamond is also applied
when proteins [189, 190, 199, 200], enzymes [191] or aptamers [201–203] are
attached to the surface. This aids the detection of redox events and molecules at the
diamond surface. Particularly exciting is the creation of a diamond FET-based
device for HIV For example, the attachment of cytochrome c on BDE enables
cyanide and arsenic to be detected [204]. The applicability of bio-modified dia-
mond-based electrodes to clinical HIV detection was recently shown by Rahim
Ruslinda et al. [201]. Diamond is poised to be a material of choice for the inte-
gration of solid-state and biological phenomena.

Nanoparticles of metals, metal oxides, or diamond can be easily damaged by
physical means. Moreover, their preparation time can be lengthy. Various attempts
are being made to address one or both of these issues by the following approaches:
nano-structuring diamond [205–208], synthesizing new diamond-based nanoparti-
cles (e.g. nanowires [209–211], nanograss [212]), grafting diamond nanoparticles
[213, 214], micro-contact printing of diamond nanoparticles to surfaces [143], and
the self-assembly of nanoparticles [197, 215–217]. The stabilization of nanoparti-
cles with electropolymers continues to be a fruitful area of research, particularly for
bio-applications [139–142, 193].

This chapter reviewed the methods used to construct boron-doped diamond
electrodes. The methods and principles discussed here are applicable to the reali-
sation of practical diamond-based electrodes which exploit the nano-scale, either
via the deposition of nanoparticles or by having nanoparticle form. By under-
standing the chemical and physical consequences of any given methodology, one
should be able better optimise diamond electrodes to address the biological, envi-
ronmental, and industrial challenges of the 21st century.
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