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Introduction

Carbon materials are a family of structures with unique electronic, optical, mechanical and chemical properties [1, 2]. Due to these interesting characteristics carbon
materials are intensively studied and widely used in various applications for example
in transistors, composite materials, lubrication, medical applications and energy storage [1–3]. Carbon is also suitable as a sensor material for detecting neurotransmitters
such as dopamine (DA) [3]. For this type of application carbon has several beneficial
properties as a sensor material such as chemical inertness, biocompatibility and
electrocatalytic activity towards organic and biological molecules. [3, 4] In addition,
using carbon-based sensors for detecting neurotransmitters it is possible to reduce
use of critical materials such as platinum. Carbon structures that have been under
extensive research for detecting of neurotransmitters are glassy carbon (GC) [3],
carbon nanotubes (CNT) [3], carbon fibers (CF) [5, 6] and graphene [7].
Detonation nanodiamond (ND) is a carbon nanomaterial that was discovered in
Russia 1960’s [8]. Although ND particles were discovered decades ago, it has not been
widely studied for applications in neurotransmitter detection. There is motivation to
investigate ND particles as they can be used as sensor material [9]. Furthermore, ND
is suitable for building a feasible sensor for in vivo measurements. The required sensor
size is ∼10 µm in diameter with a length of 25-400 µm to minimize the tissue damage
in the brain during insertion [6]. With nanodiamonds these dimension can be fulfilled
as the particles average size is 5nm [10]. Also for further sensor development ND
particles are CMOS compatible since addition of ND coating does not require high
fabrication temperatures unlike CVD or PECVD produced carbon nanomaterials,
such as carbon nanofibers (CNF) [11].
There is a great variety of neurotransmitters, one very interesting is dopamine.
DA is important neurotransmitter affecting several functions in the mammalian
central nervous system. Although effects of DA are complex, it is known to have
major role in both of cognitive and behavioral functions such as brain plasticity,
learning, emotions, memory and reward system [4, 12–14]. Also abnormal dopamine
transmission has been related to several neurological disorders such as Parkinson’s
disease, schizophrenia and ADHD. [5, 15, 16] Additionally, addiction and severe drug
abuse has been known to change mesolimbic dopamine system [17]. To gain more
profound understanding of dopamine behavior in the nervous system and to provide
reliable diagnostics, there is relevance for an accurate measurement of dopamine level
in vivo.
Real time detection of dopamine can be achieved with electrochemical methods
because DA is an electrochemically active compound. Cyclic voltammetry (CV) is
frequently used electrochemical method for detecting DA. CV is a technique that
can provide real-time measurement of dopamine transmission in subsecond timescale
and with good chemical selectivity. [4, 6] Nevertheless, there are several challenges
to overcome before dopamine can be detected accurately with CV. Depending on
the region of the brain, the concentration of DA is low, varying from 5 nM to
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1 µM [6, 18]. Also the brain consist other electroactive substances that interfere
detection of dopamine in the extracellular fluid, such as ascorbic acid (AA), uric
acid, epinephrine and serotonin. To detect small concentrations of DA in presence
of interfering components, high sensitivity and selectivity for dopamine is required.
Other major challenge is biofouling of the electrode in physiological environment [19].
To measure DA reliably in vivo, the surface of the electrode should be inert to reduce
biofouling.
As stated above, several types of carbon materials have been under investigation
for electrochemical detection of dopamine. One potential candidate is tetrahedral
amorphous carbon (ta-C) with high fraction of sp3 hybridization. ta-C is less studied
as a sensor material, but in recent years it has received more interest in the field
of electrochemical sensing [20–22]. Tetrahedral amorphous carbon has excellent
mechanical properties, low background current, chemical inertness, wide potential
window [23, 24] and great antifouling properties [25]. Nevertheless ta-C itself is not
sensitive [22] or selective [26] enough for detection in vivo concentration of dopamine.
Electrochemical performance of ta-C can be improved by combining it with different
carbon allotropes such as carbon nanotubes or carbon nanofibers (CNF). [11, 21, 26]
These hybrid carbon materials have shown higher sensitivity and selectivity toward
dopamine. Consequently there is a great motivation to explore other hybrid material
together with ta-C.
In this work new tetrahedral amorphous carbon and detonation nanodiamond hybrid
material is presented. Electrochemical properties of nanodiamonds are not well know,
additionally there is only one report where ND structures are used for electrochemical
sensing of dopamine [9]. Thus the goals of this work are (i) to offer literacy review of
the present knowledge of nanodiamonds structure, (ii) their electrochemical performance and (iii) evaluate the electrochemical properties of ta-C+ND hybrid material
using cyclic voltammetry. In the experimental section ta-C+ND hybrid material is
electrochemically characterized by studying electrodes sensitivity, selectivity, electron
transfer kinetics and water window.
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2

Measuring neurotransmitters

Abnormal transmission of neurotransmitters is reletad to several neurological disorders.
However, there is lack of knowledge about exact concentrations of these compounds
participating in these events. [13] Therefore accurate measuring of neurotransmitters
is needed for efficient diagnostics, but also for deeper understanding the role of
neurotransmitters themselves.
Present methods for measuring of neurotransmitters are microdialysis and spectroscopic methods such as positron emission tomography (PET) and functional magnetic
resonance (fMRI). Advantages with microdialysis is high selectivity, whereas with
spectroscopic methods zero tissue damage as these methods are non-invasive. However, one of the major disadvantages with these methods is low temporal resolution
varying from seconds to minutes. With this temporal resolution it is impossible to
measure singular events in the brain due to the fact that transmission events in
extracellular fluid are in sub-second timescale. [6, 13, 27] Therefore method than can
measure neurotransmitters selectively in real time with low tissue damage should be
used.
With electrochemical methods it is possible to overcome some problems with present
analyzing methods. High temporal resolution and minimum tissue damage can
be achieved by using cyclic voltammetry together with microelectrodes that can
selectivly detect neurotransmitters. [4,6] In this chapter the basis for neurotransmitter
detection, especially for DA, and requirements for sensor materials are discussed.
This chapter is condensed version of the theory of detection dopamine. This topic is
discussed more detailed in previous theses by Palomäki [28] and Wester [29].

2.1

Electrochemical activity of neurotransmitters

Electrochemical detection of neurotransmitter is based on the electrochemical activity
of the molecules. This property indicates that these compounds can undergo redox
reactions. With electrochemical methods, electrons participating in these reactions
are detected.
Neurotransmitters can be divided in three categories according to the ability to
detect them with electrochemical methods. The first category are electrochemically
active compounds that can be directly detected by the redox reactions of the target
molecule. Several neurotransmitters are electrochemically active such as dopamine,
norepinephrine, epinephrine, serotonin, adenosine and histamine. Many of these
compounds precursors and metabolites are under this category, for example dopamine
precursor L-DOPA and metabolite DOPAC. In addition to neurotransmitters, other
molecules present in the brain are also electrochemically active such as ascorbic acid,
uric acid, nitrite oxide and hydrogen peroxide. [13] In Table 1 a non-exhaustive list
shows electrochemically active compounds present in the brain and their oxidation
potentials.
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The second category includes neurotransmitters that are not inherently electrochemically active. These compounds cannot be detected directly oxidizing the target
molecule. However with enzymatic reaction these neurotransmitters can be measured
as their consumption or reaction products are electrochemically active. For example
glutamate detection requires an enzymatic reaction. [13,30] More detailed information
about enzymatic detection of glutamate is discussed in thesis [31].
The third group of neurotransmitters cannot be detected with electrochemical methods. This group includes neuropeptides and some amino acid neurotransmitters. [13]
Table 1: Oxidation potentials and concentrations of some electrochemically active
compounds presented in the brain. Symbol n is the number of samples where the
concentrations are measured from.
Molecule
Dopamine
Norepinephrine
Epinephrine
Serotonin
L-DOPA
DOPAC
Ascorbic acid

Concentration (in whole
brain if not specified differently)
5-700 nM, 845 ± 66 ng/g, n= 5 (a)
54-336 pmol/g, n= 1

(b)

1.2 - 9.2 ng/g, n= 3,
substantia nigra (b)
0.1-2.5 nmol/g, n= 21-25
4 ± 4 ng/g, n= 5

(a)

4-5784 pmol/g, n= 1
309±47 µg/g, n=3,
substantia nigra (b)

(b)

(b)

Charge Oxidation potential
(vs Ag/AgCl)
+
+ 0.2 V

2.2.1

[6, 13, 32]

+

+ 0.2 V

[33, 34]

+

+ 0.2 V

[13, 35]

+

+ 0.35 V

[13, 36]

0

+ 0.4 V

[13, 32]

0

+ 0.2 V

[13, 33]

-

+ 0.2 V

[13, 37]

+ 0.3 V

[13, 38]

Uric acid
102 nmol/g, n= 1 (b)
(a) Molecules concentration was measured from postmortem rat
(b) Molecules concentration was measured form postmortem human

2.2

Reference

Electrochemical detection of dopamine
Oxidation of dopamine

Dopamine is electrochemically active compound as mentioned in the previous chapter.
Therefore DA can be directly detected through its oxidation reaction where DA
is transformed into dopamine-o-quinone (DAQ) by the loss of two electrons [39].
However, dopamine oxidation is not this straightforward phenomena. DAQ is highly
reactive and it can spontaneously continue oxidation reaction [40]. Also it is possible
that under alkaline solution DA polymerizes into polydopamine film [41, 42]. These
reactions are problematic, because dopamine oxidation products can chemically foul
the sensors surface. Adsorption of the oxidation products on the surface passivate
the electrodes and therefore reduces measured redox currents [43]. Chemical fouling
mechanism of DA oxidation products is not that well known phenomena and therefore
it is difficult to say what exactly happens on this event. However, it is found that
chemical fouling depends on concentration of dopamine and scanning speed used in
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the given electrochemical method. The phenomena is reduced when DA concentration
is small [41, 42] and high scanning speed is used [43, 44]. On the other hand, it is
also proposed that layer of DA is needed for faster electron transfer [45].
On the oxidation pathway of dopamine, DA oxidizes first into DAQ as mentioned
above. After this reaction, DAQ can spontaneously form leucodopaminechrome
(LDC) through intramolecular cyclization via 1,4-Michael-type addition. In addition
LDC itself oxidizes into dopaminechrome (DAC). [46] The reaction mechanisms of
DA oxidation is expected to be one of the following EC [47], ECC [48], ECE [49]
where E stands for electrochemical reaction and C for chemical reactions. DA can
continue oxidizing further and form a polydopamine structure [40, 41, 44]. General
model for polydopamine formation is eumelanin model, where suggested reaction for
DA polymerization is ECECEE [50, 51]. The reaction chain is presented in Figure 1.
Under alkaline solutions DA reacts into DAC as described above. DAC continues
reaction through isomerization to form 5,6-dihydroxyindole (DHI) substance, which
easily oxidizes into 5,6-indolequinone. Last two products in the reaction chain can
undergo branching reactions at positions 2, 3, 4 and 7 (see Figure 1), which leads to
formation of isomers and dimers. Problem with eumelanin model is that there aren’t
enough experimental evidence to support it [52].

Figure 1: Formation of polydopamine by eumelanin model. Reaction pahtway is
suggested to be ECECEE [50, 51]
In addition for eumelanin model, there are other suggested polymerization mechanisms
for polydopamine. According to Dreyer et al. [53] polydopamine is formed from LDC
and its derivatives such as DAC. Then again Lee et al. [54] suggested that DHI
undergoes two different reaction pathways, oxidative polymerization and physical
self-assembly, where DHI reacts with dopamine that is not oxidized. Resulting
polydopamine is constructed from both reaction pathways products. Vecchielli et
al. [55] emphasizes that resulting polydopamine structure depends on the preparation
conditions, such as the starting concentration of DA and the used buffer solutions.
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Depending on the initial conditions, there are three competing pathways for DA
polymerization mechanism.
2.2.2

Interfering components

There are several problems to overcome before DA can be measured reliably in
vivo. One of the major challenges are the interfering compounds present in the
same brain area of interest, that oxidizes at similar potentials as dopamine [13].
Major interfering compound is ascorbic acid. It is problematic especially, because its
oxidation potential is often seen at the same position as DA. As a result measured
signals of DA and AA are overlapping. Additionally AA concentration can be 104 to
106 higher than DA [56, 57]. Therefore without selective electrode it is difficult to
evaluate what is measured concentration of dopamine.
Ascorbic acid does not only act as interferer on DA detection. AA also catalyzes
DA oxidation reaction by regenerating dopamine from its oxidation product DAQ.
[39, 40, 46, 58] Due to this catalyzed oxidation reaction of dopamine, measured DA
signal in presence of AA may correspond to more amplified values than bare DA
signal. [39, 58]
This phenomena makes evaluation of DA concentration in vivo hard as the exact
mechanism of catalyzed reaction of DA is unknown. On the other hand AA acts as
antioxidant in physiological environment and prevents formation of polydopamine.
Therefore chemical fouling of the electrode surface is expected not to be as significant
issue in in vivo measurements. [40] It is also suggested that AA could be used as
amplifier for detecting small concentration of DA [40, 58].
There are two electrocatalytic mechanism proposed for regeneration of DA in presence
of AA. Commonly proposed mechanism is [39, 46]

DA ←→ DAQ + 2H + + 2e−

(1)

DAQ + AA → DA + DHA

(2)

where DHA is dehydroascorbic acid. After oxidation of DA, DAQ is reduced back to
DA in presence of AA. During reduction of DAQ, ascorbic acid oxidizes into DHA.
Mechanism is presented in Figure 3.
Another proposed mechanism suggests that DA oxidizes into dopamine semiquone
instead of dopamine-o-quinone [58, 59]. Then AA regenerates DA from dopamine
semiquinone. Suggested reactions are

DA ←→ DAsemiquinone + 2H + + e−

(3)
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2DAsemiquinone + AA → 2DA + DHA

(4)

This theory is based on result that DA oxidation potential is pH dependent, which indicates that dopamine oxidation is 1e− /2H+ process instead of -2e− /2H+ process [59].

Figure 2: Catalyzing effect of ascorbic acid. Dopamine is regenerated from its
oxidation product dopamine-o-quinone in precence of ascorbic acid, where the catalytic
rate (kc ) of reaction (2) is sufficiently fast that it can produce DA for the (1) reaction.
[39]

2.3

Requirements for the sensor material

To measure DA reliably in presence of interfering compounds, the sensor material
need to fulfill several quality requirements. Before sensor can be implanted in vivo,
these characteristics need to be taken under consideration for producing feasible and
reliable sensor:
(1) Required sensitivity is determined by the lowest concentration levels of target
analyte in measurement environment of interest [19]. In case of dopamine
concentration can be low as 5 nM in the brain area of interest [6].
(2) Selectivity describes the sensors ability to detect target analyte in presence
of interfering compounds [19]. For dopamine detection signals of interfering
compounds are required to be separated from DA signal. Possible approaches is
to shift compounds oxidation potential from dopamine oxidation potential or to
prevent oxidation of these compounds on the sensors surface.
(3) Miniatirazation of the sensor decreases the tissue damage during implantation.
Required size of the measuring head is 10 µM or less. [6] Thus the electrode
material should be suitable for fabrication in this scale size. Other advantages for
miniaturized sensors are improved signal-to-noise ratio and increased temporal
resolution [4].
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(4) Biocompatibility. Sensor material is safe to implant into physiological medium
without foreign body or inflammation reaction. [60]
(5) Resistance against biofouling. To successfully measure DA in vivo, sensor material
is required to be biocompatible in a way that interaction between sensor and the
body does not affect sensors performance.
(6) Stability characterizes known behavior of the sensor. During measurements
baseline of the sensors output stays constant and only changes in the signal are
observed due to changes in DA concentration. [61]
(7) Response time describes sensors ability to measure concentration changes [61].
With electrochemical measurements it can be related to the DA oxidation reaction
kinetics. The kinetics of the reaction must be fast enough to provide real time
information of dopamine concentration and its changes.
(8) Linearity is the concentration range over which the sensitivity of the sensor is
reliable [61]. During concentration changes the output of the sensor should be
linearly dependent on the concentration.
It is a challenge to find a material that fulfills first three features. Scientists have
found many materials that are either sensitive or selective, but not both at the
same time. Also several materials that show promising results are not suitable for
miniaturization. Thus more research is needed to find feasible material that does
not only fulfill few of the presented characteristics.
Motivation for investigating nanodiamond particles is their promising properties.
Nanodiamonds are new and uncharacterized material in field of electrochemical
detection. As new solutions are needed for sensor development, ND may provide
some possibilities as these particles are biocompatible [62], minituarizatable [10] and
electroactive toward neurotransmitters [9]. Also nanodiamond sensors can be futher
developed into different carbon structures as they can act as a seed layer for growth
of carbon nanotubes [63].
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3
3.1

Electrochemistry
Electrochemical reactions

An electrochemical reaction is a process where electron transfer (ET) occurs from
one species to another. Reaction takes place at the interface of two phases and
therefore is defined as a heterogeneous reaction. Commonly solid-liquid interface is
used, but electrochemical reactions can occur also at the liquid-liquid interface. In
case of electrode-electrolyte (solid-liquid) interface, electrochemical experiments are
done in an electrochemical cell that consists of at least two electrodes, an electrolyte
and an external circuit that connects the electrodes together. Two electrodes are
required to ensure electroneutrality of the system as two reactions always take place
in an electrochemical system. These reactions are oxidation (5) and reduction (6):
Red → Ox + ne−

(5)

Ox + ne− → Red.

(6)

During oxidation Red reacts to Ox by the loss of n electrons. Reduction is the
reverse reaction of oxidation as Ox reduces to Red by gaining n amount of electrons.
These reactions are also referred as anodic and cathodic reaction. Redox reactions
are driven by the change in Gibbs free energy of system ∆G. Magnitude of ∆G
describes the probability of how likely the system proceeds towards its equilibrium
state. The more negative value ∆G gets, the more likely the redox reactions occur.
The cell potential resulting from the reactions between two electrodes is given by
∆E =

−∆G
,
nF

(7)

where F is the Faraday constant (C mol−1 ). [64] In an electrochemical system redox
reactions can occur spontaneously when ∆G value is negative and chemical energy is
released. These cells are described as galvanic cells. When redox reactions are forced
by using external energy, the system is referred to electrolytic cell. Electrochemical
measurements are electrolytic because the wanted reactions are forced by using
external energy. [65]
Kinetics of the electrochemical reactions defines how quickly the system proceeds
towards equilibrium state. During redox reactions a current j passes through the
electrode due to electron transfer within the reacting species in the solution. Quantity
of current is related to the rate of the reaction and therefore it describes the kinetics
of the system. This is known as the Faraday’s law
j = nF r,

(8)

where j (A cm−2 ) is current density and r is the rate of reaction (mol cm−2 s−1 ). [65]
The electrode reaction Ox + ne− ↔ Red is composed of a series of steps (see Figure
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3) where the slowest steps determines the overall rate of reaction. This is also known
as the rate-determining step. The major processes that affect the rate of electrode
reaction are mass transfer of the species from bulk solution to the electrode surface,
adsorption of the species and electron transfer at the electrode, which is dependent
upon potential of the system. [64, 66]
It can be established that overall electrode reaction is dependent on cell potential,
mass transfer of solution species and electrode properties such as kinetics of ET.
These phenomenas are described in more detail in the upcoming sections. More
profound theory and derivation of presented equations can be found from works of
Bard [66] and Compton [67].

Figure 3: Different steps of electrode reaction. In some systems chemical reactions may occur before or after electron transfer. Reactions might be for example
dimerization or catalytic decomposition.

3.1.1

Electric double layer

Electrochemical reactions are heterogeneous as they take place at the electrodeelectrolyte interface. In the electrode surface region, electrolyte solution structure
deviates from the bulk solution due to the electric interaction between electrode and
electrolyte. This interface is called the electric double layer (EDL) that consists of
several layers.
The inner layer closest to the electrode surface contains both adsorbed solvent
molecules and specifically adsorbed anions. The electric locus of the anion sets the
thickness of the inner layer. This locus is called inner Helmholtz plane (IHP). Next
to the IHP is the outer Helmholtz plane (OHP) that contains more solvent molecules
and electrostatically adsorbed solvated cations. In these Helmholtz planes molecules
are in stationary state. [64, 66]
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Beyond the OHP is the diffuse layer which extends from OHP into the bulk solution.
In this layer molecules are distributed due to the effect of thermal motion and weak
electrostatic forces. The diffuse layer generally contains anions and cations. The
thickness of this layer depends on the total ionic concentration in the solution and it
is of the order of 10 to 100 µm. [65] Structure of the EDL is illustrared in Figure
4(a).

Figure 4: Schematic diagrams of (a) electric double layer structure and (b) its
equivalent circuit. In the circuit, components RΩ and W are added in addition to
EDL structure. RΩ is the bulk solution resistance and W is the Warburg impedance,
which describes the mass transport of the species.
Electrochemical events at the electrode-electrolyte interface are either Faradaic or
non-Faradaic processes. Processes abide by Faraday’s law, where quantity of reacted
species and measured current are interdependent. In Faradaic processes the quantity
of current changes when potential is changed in the system. Whereas in non-Faradaic
processes electron transfer does not occur. The surface itself is affected by the
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change of the potential, but no current over the interface is measured. Non-Faradaic
processes are for example adsorption and desorption. [64]
To understand how potential affects the electric double layer, electrode reactions at
the interface can be modeled with a simplified equivalent circuit. In the equivalent
circuit, Faradaic processes such as ET is represented by the resistance Rct and nonFaradaic processes such as double-layer capacitance Cdl . [64] An equivalent circuit is
shown in Figure 4(b), where mass transfer and the effect of bulk solution are also
included. The effect of mass transfer and solution resistance are described in more
detail in chapters 3.1.4 and 3.2.2.
3.1.2

Electrode potential

The cell potential E over electrodes was defined with equation (7). This potential
describes a situation where a infinitely large impedance is set between the electrodes
and no current passages through the system. E is defined with several names, for
example equilibrium cell voltage, electromotive force or open circuit voltage. In
case of defining potential E in standard state, it is referred to as standard electrode
potential E o . In this state the pressure of surrounding gases is 1 atm, temperature
25◦ C and activity a of the species is 1. However, equation (7) is inconvenient to
describe equilibrium state as the system rarely is in standard state. [64] With the
Nernst equation, the equilibrium potential Eeq is evaluated when temperature and
activity of the species deviate from standard state. It is expressed as

Eeq = E o +

RT aox
ln
,
nF ared

(9)

where R (J mol−1 K−1 ) is the ideal gas constant and T (K) is temperature [67]. In
standard state Nernst equilibrium potential is Eeq = E o . However in Nernst equation
activity a of the species are rarely know. Therefore using activity coefficient γ is
more convenient. With γ activity is defined as ai = γi c, where c (mol/l) is the
concentration of the species i. With γ Nerst equilibrium potential is expressed as

Eeq = Efo +

RT cox
ln
,
nF cred

(10)

RT γox
ln
.
nF γred

(11)

where Efo is the formal potential

Efo = E o +

Formal potential Efo is the quantity measured in electrochemical cell. [66]
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When external potential is applied over the electrochemical cell, the potential of
the electrode deviates from equilibrium. In this state the electrode is polarized.
Overpotential of the electrode is defined as

η = Eη − Eeq ,

(12)

where Eη is the polarized potential of the electrode. In case of Eη > Eeq anodic
reactions take place, whereas in state Eη < Eeq catodic reactions take place. Polarization of the electrode is a result of slow electrode reactions. Reaction kinetics are
mainly limited by electron transfer and mass transfer. If the speed of the reaction
was infinitely fast, electrode would not polarize and the potential of the electrode
would be Eeq . [64, 66]
3.1.3

Reaction kinetics

Faraday’s law defined in equation (8) state that the amount of reacted substance
at the electrode is directly proportional to the quantity of electrical charge passed
through the electrode. The reaction speed r describing the kinetics of redox reaction
at the electrode surface is given by
r = kc cox − ka cred ,

(13)

where k (cm s−1 ) is the electrochemical rate constant and c is the concentration
of oxidized and reduced species. Subscripts c and a indicate cathodic and anodic
reactions respectivly. At the equilibrium potential Eeq there is no net current i
flowing trough the cell indicating that the anodic and cathodic reactions occur at
the same rate, where r = 0 and cox = cred . Thus
k 0 = kc (E = Eeq ) = ka (E = Eeq ),

(14)

where k 0 is the formal reaction rate constant. [65] k 0 is an important parameter as
it describes kinetic facility of a redox couple on the electrode surface [66]. Characterization of electrode kinetics is done by defining k 0 . Relation between the formal
reaction rate constant and electrode kinetics will be addressed more thoroughly in
section 3.2.4.
If the electrode is polarized, a net current i passages through as kc =
6 ka . The relation
between overpotential and net current is given by the Butler-Volmer equation
h

i

i = ic − ia = nF Ak 0 cox eαF η − cred e(1−α)F η ,

(15)

where α is charge transfer coefficient. Butler-Volmer formula is the most fundamental
equation in electrochemical kinetics. It is used to describe heterogeneous reaction
kinetics, when the reaction is limited by the electron transfer. [66]
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3.1.4

Mass transfer

The redox reaction can only occur if the substance of interest is transported to the
electrode-electrolyte interface from the bulk solution. Mass transport can happen
through three different modes:
(1) Diffusion - movement of chemical species from higher concentration to lower
concentration driven by the concentration gradient.
(2) Migration - movement of charged particles in presence of an electric field.
(3) Convection - natural or forced flow of solution. Natural flow is caused by density
differences in the solution and forced flow is caused for example by mixing the
solution externally.
Electrochemical systems are designed so that contributions from migration and
convection are negligible. Therefore mass transport is mainly controlled by diffusion.
[64, 66]
The electrode-electrolyte interface a diffusion layer is formed with thickness δ. As a
result of the redox reactions the concentration of the solution changes only in this
layer. Outside of the diffusion layer the concentration of the electroactive species is
maintained at the value of bulk concentration c∗ (see Figure 5). Diffusional flux J
(mol cm−2 s−1 ) of the electroactive species is derived from Fick’s first law, where the
flux J at point x is presented by

J(x) =

dc
i
=D ,
nF A
dx

(16)

where D is the diffusion coefficient (cm2 s−1 ) and c is the concentration of the species
at point x. At the interface of diffusion layer and bulk solution, the distance from
the surface is x = δ. Therefore diffusional flux J is defined as

J =D

c∗
.
δ

(17)

Corresponding current at x = δ is derived from equations (16) and (17)

i=

nF ADc∗
= nF AmT c∗ ,
δ

where A (cm2 ) is the surface area of the electrode and the term

(18)
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mT =

D
δ

(19)

is the mass transport coefficient (cm s−1 ). Based on mT diffusion of the species to
the surface is controlled by the thickness of the diffusion layer. Higher flux and redox
current is achieved when the thickness of the layer decreases. [67]
In addition, mT has same units as the electrochemical rate constant k 0 . Thus direct
comparison can be done between these two quantities. The relation between the
relative speeds of electron transfer and mass transport provides information on the
electrode kinetics. This will be discussed further in section 3.2.4.

Figure 5: Diffusion layer model, where concentration of the specie is presented as
distance from the electrode surface.

3.2

Cyclic voltammetry

In this chapter cyclic voltammetry is described in more detailed as this method is
used in this work for the characterization of the ta-C+ND samples. The goal is to
present basics of CV and explain what information the experimental data provides.
3.2.1

Background

Cyclic voltammetry is a potential sweep method where a linear potential is applied
to the electrode as function of time. The waveform of the potential is illustrated in
Figure 6(a), where E1 is the starting potential. From this value potential is linearly
increased to potential E2 . At time ts when E2 is attained, the potential is linearly
decreased back to the starting value E1 . The rate at which the potential changes is
called the scan rate v (V s−1 ). Potential E at the electrode can be written as [67]
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0 < t < ts ,
t > ts ,

E = E1 + vt,

E = E1 + 2vts − vt.

(20)
(21)

During CV experiment response current is measured as function of potential. The
obtained diagram is called a cyclic voltammogram. In Figure 6(b) basic features of
the voltammogram are presented. When potential is swept into positive direction
from E1 to E2 , oxidation of the solution species is seen as an anodic current peak.
When scanning from E2 into negative direction, reduction of the oxidized species is
shown and cathodic current is measured. [67] If a simple electrolyte environment is
considered containing only dopamine, during forward scan DA oxidizes into DAQ
and at the reverse scan DAQ reduces back to DA. Potential interval values [E1, E2]
V is selected so that oxidation and reduction reactions of interest is shown.
The shape of the current peaks is a result of changing concentration of the reacting
species at the electrode surface as function of time. For example when the potential
achieves a value in which oxidation reaction starts, concentration gradient is formed
at the surface. As the forward scan potential increases, the reaction speed (current)
is increased too.

Figure 6: (a) The potential wave form applied into electrochemical cell and (b)
measured current as function of potential in cyclic voltammetry. For the cathodic
peak evaluation current is presented as function of time (red line).
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This also affects the concentration gradient. The current and concentration gradient
will increase until the gradient at the surface has reached its maximum. At this
point peak current value ipa is achieved. After this, the concentration gradient
does not change, but current will decrease as the diffusion layer at the electrode
increases. [64, 67]
3.2.2

Experimental setup

In electrochemical measurements a three electrode system is used including a working
electrode (WE), a reference electrode (RE) and a counter electrode (CE). Working
electrode is the electrode of interest. For example in this work WE is the ta-C +
ND electrode where the oxidation of DA takes place, so the potential of WE is
changed. External potential is applied between working electrode and reference
electrode, where RE is a material that does not polarize easily. Therefore RE acts as
a reference potential for the electrochemical system. Common reference electrode is
silver-silverchloride (Ag/AgCl).
Current passing through the electrochemical cell is measured between working electrode and counter electrode. Because CE does not affect the performance of the WE,
any conductive material is suitable for counter electrode. For example platinum and
graphite are generally used as CE. However it is required that the surface area of
CE is large enough compared to WE so that the area does not limit the amount of
reacting species and thus the current.

Figure 7: Electrochemical cell with a three electrode system. External potential is
applied between working and reference electrode, whereas the current arising from
redox reactions is measured between working and counter electrode.
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The three electrode system is used instead of the two electrode system because
in electrochemical measurements it is important to accurately control the applied
potential. In a two electrode system RE is also used as a CE. Thus current and
potential are measured with the same electrodes. The current passing through
may affect the potential stability. Therefore 3 electrode system is more reliable
for accurate measuring of the potential. However it is required that reference and
working electrode are placed near each other in the cell. The solution between RE and
WE acts as a resistance RΩ that causes an error to the applied potential (see Figure
4). This phenomena is called IR-drop which can be reduced by using conductive
electrolyte solution and placing RE close to WE. The RE is placed in the Luggin
capillary filled with solution. [64, 65] Configuration of three electrode system with
Luggin capillary is illustrated in Figure 7.
3.2.3

Water window and double layer capacitance

The water window defines the potential window limits where no Faradaic currents
occur. This window is referred as water window because generally water is the solvent
in the solution of the electrochemical cell. Potential limits are set by the electrolysis
of water where the evolution of oxygen starts at the anodic limit and hydrogen at
the cathodic limit. Water window and electrolysis of water are shown in Figure 8.
Defining working electrode’s water window is important as it show’s the potential
range where WE is stable. This is essential when the purpose of the working electrode
is to measure an analyte of interest from the solution. For example if the electrode’s
water window is [-0.6, 0.2] V it is not suitable for detecting dopamine as its oxidation
potential generally is +0.2 V. In this type of case Faradaic response of DA oxidation
is covered under oxygen evolution.

Figure 8: Voltammogram of water window with oxygen and hydrogen evolution.
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If the working electrode has its own characteristic Faradaic peaks, these can be
also seen from the water window measurements if pure solution is used. Generally
measurements are done in diluted acids such as sulfuric acid (H2 SO4 ) or perchloride
acid (HClO4 ).
Water window is also used for determining double layer capacitance Cdl . With cyclic
voltammetry when linear potential sweep is applied, the non-Faradaic current of the
system is
i = vCdl [1 − e−t/Rct Cdl ]

(22)

when at time t = 0 current i = 0. [66] Current quickly attains a steady state value
vCdl as term exp(−t/Rct Cdl ) approaches zero as function of time. From here it is
seen that the steady state current of water window is
i = vCdl .

(23)

With CV i and v are known quantities, thus double layer capacitance Cdl can be
evaluated.
3.2.4

Measuring electrode kinetics

CV is a useful tool for characterizing the kinetics of the electrode of interest. As
stated in previous sections, the formal reaction rate k 0 of electron transfer describes
the electrode kinetics. The electron transfer process is usually referred to ‘slow’ or
‘fast’ based on the rate costant k 0 . From a voltammogram, this seen as the change
of anodic and cathodic potential peak separation ∆Ep . In case of ‘slow’ behavior
∆Ep values are significantly larger than in ‘fast’ behavior. Estimating k 0 from ∆Ep
is discussed more in upcoming page.
Defining the behavior of electrode kinetics is done in relation to mass transport. In
case of ‘fast’ kinetics the system is described as electrochemically reversible, whereas
in ‘slow’ kinetics the system is described as electrochemically irreversible. The
relation between k 0 and mass transport coefficient mT is stated as
• reversible, when k 0  mT ,
• quasi-reversible, when k 0 ∼ mT and
• irreversible, when k 0  mT . [67]
In reversible behavior, electron transfer at the electrode of interest is fast enough that
all electroactive species brought at the surface are immediately oxidized or reduced.
Therefore the electrode reaction is limited by mass transfer. Estimated ∆Ep value for
reversible system is 59/n mV at 25◦ C [65]. In case of irreversible behavior, electrode
kinetics is limited by the electron transfer process itself. Species are brought to the
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Figure 9: Effect of the formal reaction rate constant k 0 on potential peak separation
∆Ep , where k 0 reversible > k 0 quasi−reversible > k 0 irreversible .
electrode surface much faster than they can actually react. The quasi-reversible
behavior is between reversible and irreversible kinetics. Effect of electrode kinetics
on potential peak separation ∆Ep is illustrated in Figure 9
Based on equation (19), rate of mass transport is defined by the thickness of the
diffusion layer. In CV the mass transport coefficient mT is also dependent on the
used scan rate v. Relation between mass transport coefficient mT and scan rate v is

s

mT ∼

D

Fv
.
RT

(24)

From this relation and equation (19) it can be understood that with slow scan
rates mass transport is slower as the diffusion layer thickness δ is larger. When
applying higher v, thickness of δ decreases and the mass transport increases. In
this case more species are brought to the surface from the bulk solution. As stated
before high rate of mT leads to more irreversible behavior if the rate of electron
transfer is not sufficiently high. Therefore it can be stated that high v leads to
greater electrochemical irreversibility meaning that even reversible systems turns
into irreversible with high enough scan rates. [67]
However in this work scan rates are max 1 V/s, thus reversible systems generally stay
reversible. If measured ∆Ep is dependent on the used scan rate, system behavior
is defined as quasi-reversible. In other words electrode kinetics is affected by the
electron transfer kinetics. Estimating the formal reaction rate constant k 0 from the

21
voltammogram can be done with the Nicholson method [68]. In this method potential
peak separation ∆Ep from experimental data is related to the parameter Ψ, which is
defined as
Ψ=

k 0 (D0 /DR )α/2
q

ΠD0 vnF
RT

(25)

where D0 is the diffusion coefficient of oxidized specie, DR is the diffusion coefficient
of reduced species and α is generally 0.5 at 25◦ . Peak separation ∆Ep corresponds
to a certain value of Ψ (see table 2). When Ψ is known, the formal reaction rate
constant k 0 can be estimated from the equation above assuming that other constants
are also known. However, Nicholson method is most suitable for quasi-reversible
systems where Ψ < 1. As shown in table 2, the error in estimating k 0 decreases with
larger peak separation as the variation in the parameter Ψ is smaller.
Electrode kinetics are measured with CV using different scanning rates with outer
sphere probes as electroactive species. These probes are usually one solvent layer
away from the surface and the electron transfer of these probes are not dependent on
the surface chemistry of the electrode. Therefore outer sphere systems can be treated
in a more general way than inner sphere system, where chemical interaction between
probe and surface are important. As outer sphere probes are not affected by the
surface chemistry, they give more information on the actual electron transfer over
the electrode regardless of the surface chemistry. Outer sphere probe is for example
ruthenium. [66]
Table 2: Dependency of peak separation ∆Ep on parameter Ψ at temperature 25◦ C.
[68]
Ψ
20
7
6
5
4
3
2
1
0.75
0.5
0.35
0.25
0.1

n x ∆Ep (mV)
61
63
64
65
66
68
72
84
92
105
121
141
212

22
3.2.5

Measuring dopamine and ascorbic acid

Cyclic voltammetry is the method used for detecting dopamine at the electrode
of interest, but it is also used for characterizing the electrode properties. For
dopamine detection, essential characteristics are high sensitivity toward DA and
ability to separate DA from interfering components. Sensitivity of the electrode is
determined measuring different concentrations of DA in phosphate buffer solution
(PBS). Selectivity is determined using PBS that contains both DA and an interfering
component, which in this work is ascorbic acid.
As both dopamine and ascorbic acid redox reactions are inner-sphere, there are strong
interaction between compound and the electrode surface. In this case reactions involve
specific adsorption of the analyte. [45,66] Therefore surface chemistry of the electrode
has important role in detecting of DA. With CV surface chemistry of these systems
cannot be evaluated, but it gives more information about the interaction between
the surface and the analyte. However, with different scanning rates it is possible to
estimate the electrode kinetics of the system. As stated in section 3.2.4, increasing
the scan rate v it is possible to see if the peaks separation ∆Ep changes. If so, the
speed of electron transfer is not sufficiently high and it is affected by the scan rate
v. Also evaluating the relation of anodic current peak with scan rate, it can be
established if electrode reaction is either adsorption or diffusion controlled. If ipa
is directly proportional to v, the reaction is adsorption controlled. If ipa is directly
proportional to square root of v [65], then the reaction is diffusion controlled [67].
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4

Carbon materials for dopamine detection

Several carbon allotropes have been investigated as a sensor material for detection
of dopamine, such as glassy carbon [69], graphene [7, 70, 71], carbon nanofibers [11],
carbon nanotubes [26, 72, 73], tetrahedral amorphous carbon [22], boron doped
diamond [73, 74] and pyrolytic graphite [75]. Every carbon allotrope has its own
characteristic properties. However it is difficult make comparison between different
carbon allotropes as materials under same category are fabricated with different
parameters. For example CNT electrodes can be fabricated by growing nanotubes
directly on the substrate for example with CVD and PECVD [11, 26] or preparing
CNT-paste by mixing mineral oil and commercial carbon nanotubes [76]. Thus, it is
highly unlikely that the properties of the CNT electrodes are the same. Additionally
carbon-based electrodes are mixed with polymers or metallic particles [74], which
further changes properties of the material.
Another problem with the found literature is that there is no protocol for DA
measurements. Generally cyclic voltammetry is used to measure high concentrations
of dopamine to state if the carbon electrode of interest can detect DA. Then the
actual evaluation of electrodes sensitivity and selectivity towards DA is carried out
with differential pulse voltammetry (DPV). [69–71, 75] In DPV external voltage is
applied as series of pulses with increasing amplitude, where current is sampled just
before the pulse and end of the pulse to remove capacitive charge (non-Faradaic
current) from the measured current [66]. Thus lower concentrations of DA can be
detected with DPV. Generally sensitivity is stated as a theoretical value called
limit of detection (LOD) [75]. This value is calculated from higher measured DA
concentrations. Therefore LOD does not describe the the real performance of
the electrode in experimental conditions. Furthermore DPV time resolution is
considerably lower [6, 13] when compared to CV, which enhances this methods
selectivity as there is more time for the redox reactions to occur. As the DPV time
resolution is low, it is not suitable method for in vivo where the measured events are
in sub-second timescale. Therefore electrode properties determined with DPV do
not meet the requirements for in vivo measurements.
For the reasons stated above, a non-exhaustive list of selected publications reporting
different carbon-based materials used for DA detection is presented in table 3. The aim
is to illustrate (i) variety of investigated carbon materials and (ii) how experimental
and theoretical values differ from each other. From table 3 it can be seen that carbon
nanotubes are selective material with CV. However sensitivity is not investigated as
high concentrations of DA is used. Only in one study sensitivity is measured with
CV, where the lowest detected DA concentration is 500nM. Furthermore pyrolytic
carbon [75] and some graphene [69, 71] electrodes are selective in presence of AA.
However in these papers sensitivity is not determined experimentally. From these
studies it can be seen that theoretical detection limit for DA is low, but actual
concentration used in experiments are remarkably higher.
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Table 3: A non-exhaustive list of different carbon based materials used for dopamine
detection in precence of ascorbic acid. Presented concentration for DA is the lowest
detected concentration with CV.
Electrode material
Glassy carbon (GC)

DA

Detection
(µM) limit (µM)
100
-

Nitrogen doped
graphene + GC

1000

0.25

Electrochemically reduced
graphene oxide (GO) + GC

500

0.5

3D graphene nanoflake

100

0.17

Boron doped diamond (BDD)

200

Hydrogen terminated BDD
CNF

(a)

Selective (c)
(µM)
(yes/no)
1000
no
AA

Reference
[69]

1000

(d)

[70]

5000

yes

[71]

1000

yes

[69]

-

1600

no

[73]

50

-

1000

no

[74]

1000

-

2000

no

[73]

40

yes

[75]

(a)

(a)

(a)

Edge plain
pyrolytic graphite (PG)

40

0.09

Multi-walled nanotube
(MWTN) + graphite

20

-

1000

yes

[72]

MWNT

110

-

1780

yes

[73]

ta-C

10

-

1000

no

[11]

ta-C+CNT

0.5

1000

yes

[26]

ta-C+CNF

0.5

1000

no

[11]

ta-C+ partially reduced GO

0.01

1000

no

[77]

0.0013

(b)

0.0026

(b)

(a) Measured with DPV
(b) Measured with CV
(c) Selectivity is determined by using CV
(d) DA and AA were not measured simultaneously

25

5
5.1

Detonation nanodiamonds
Synthesis of nanodiamonds

Nanodiamonds (ND) from detonation origin are produced by detonation of solid
explosives with a negative oxygen balance in non-oxidizing atmosphere. The resulting
product is called detonation soot, which contains a mixture of nanodiamond particles
with diameter of ∼4-5 nm, other carbon allotropes and impurities. To gain high
content of nanodiamond particles, post-synthesis steps are needed to separate nondiamond carbon and impurities from the detonation soot. This requires use of strong
liquid oxidants. [78,79] The structure and surface chemistry of ND is strongly affected
by every production step. Therefore the main steps of detonation synthesis and
post-synthesis are described in more detail during the following chapters.
5.1.1

Detonation synthesis

In detonation synthesis, the explosive itself provides both carbon source and energy
for the formation of detonation soot. Usually a mixture of 2,4,6-trinitrotoluene and
hexagon is used in a ratio from 40/60 to 70/30. [1, 78] Synthesis is carried out in a
closed detonation chamber (Figure 10) filled with a cooling medium. This medium
can be an inert gas or water (ice). When inert gas is used, process is referred as ‘dry’
synthesis. Respectively when water is used, process is called ‘wet’ synthesis. [80]
Synthesis of ND particles are divided in four different stages according to the motion
of the shock wave after detonation of an explosive charge [81]:
(1) The detonation of the explosive charge. During this stage nanodiamond particles
are formed. The temperature and pressure of detonation wave corresponds to
the region of thermodynamics of stability of diamond (P ≥ 10 GPa, T≥3000
K) [79].
(2) The flight of the explosion products (EPs) into the undisturbed cooling medium.
At this stage EPs temperature is quickly decreased via gas-dynamic cooling.
(3) The shock wave is reflected from the chamber walls. Reflection produces circulation and turbulent motion of the EPs with the cooling medium. During this
stage temperature increases.
(4) Heated EP-medium mixture is cooled down rapidly by a cold outer shell.
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Figure 10: Schematic diagram of a detonation chamber.
Average temperature and time dependency of these stages is presented in Figure 11.
From this figure, it can be seen how different cooling mediums affect temperature
during different stages. During stage (2), highest cooling rate is observed in vacuum
due to fast scattering of the EP. However, after the shock wave reflection temperature
in vacuum arises close to detonation temperature. For this reason no solid phase
carbon is left after synthesis. Therefore vacuum is not used as a cooling medium. [81]
The cooling kinetics of detonation synthesis is important parameter because it
determines structure and composition of the particles in the detonation soot. After
the first stage of detonation, the pressure and and temperature go trough the diamond
region of kinetics instability. In this region diamond starts to transform into graphite.
To preserve diamond phase of the particles, high cooling rate (3000-4000 K/min) is
required for the detonation synthesis. Formation of sp2 carbon cannot be prevent
completely, but with higher cooling rate there are less time for the graphitization of
the sp3 particles. [78]
In the detonation soot, ND particles are covered with sp2 carbon shells. It is shown
that the shell thickness differ between ‘dry’ and ‘wet’ synthesis [82]. During ‘dry’
synthesis (see Figure 12) EPs goes through the unstable region of diamond slower
than in ‘wet’ synthesis. Therefore the thickness of sp2 carbon shell is greater in ‘dry’
synthesis.
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Figure 11: Average EPs temperature during detonation stages in different cooling
mediums: (1) explosion of an explosive charge in vacuum, (2) explosion in a gaseous
medium, and (3) explosion of an explosive charge surrounded by a water shell. Tdet =
3270 K is the temperature of detonation (stage 1). [81]

Figure 12: P-T phase diagram for carbon and the cooling kinetics of explosion products
in the case of ’dry’ and ’wet’ synthesis [78].
5.1.2

Post-synthesis

With optimal synthesis conditions, detonation soot can contain 75wt% nanodiamond
particles [79]. The rest of the detonation soot is sp2 hybridized carbon and incombustible impurities such as metals and oxides. Metal impurities are originated from
the detonation chamber steel walls and the used explosive charge. [83] Due to high
content of impurities, purification of detonation soot is required to gain pristine
nanodiamond particles.
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Post-synthesis treatment of nanodiamonds is the most complicated and expensive
process in making pristine ND due to use of strong liquid oxidants. Chemical
purification step is based on the fact that sp2 carbon is oxidized easier than sp3
carbon [84]. Several types of liquid oxidants are used for removing sp2 carbon and
incombustible impurities from detonation soot, such as HNO3 , a mixture of H2 SO4 and
HNO3 , K2 Cr2 O7 in H2 SO4 , KOH/KNO3 , Na2 O2 , HNO3 /H2 O2 or HClO4 [78, 79, 83].
The most effective purification method available on industrial scale is based on
using aqueous solution of nitric acid. This purification process includes generally 10
steps [78, 80]:
(1) The preparation of detonation soot for chemical purification. This includes
mechanical removal of larger debris by sieving, magnetic separation and drying
to a definite humidity.
(2) The preparation of aqueous solutions of nitric acid. Solutions are prepared from
fresh concentrated acid and recycled acid from the purification process.
(3) The preparation of mobile homogenized detonation soot suspension in aqueous
solutions of nitric acid.
(4) Thermal oxidation of the suspension in a continuous mode under high pressure (810MPa). Oxidation is done in temperature 240◦ C. During this process sp2 carbon
is gasified, possible organic impurities are decomposed and metal impurities are
transformed into water-soluble salts.
(5) The separation of oxidation products. ND suspension is separated from nitric acid
and gaseous products (destruction products and nitric oxides) by sedimentation.
Nitric acid is returned for recycling, destruction products are subjected to reoxidation by air and nitric oxides are removed to acidic adsorption.
(6) The nitric acid recycle, where nitric oxides are re-oxidized and higher oxides are
absorbed to produce absorption acid.
(7) The ND washing from the acids in de-ionized water.
(8) Waste processing.
(9) The production of normalized stabilized ND suspensions in distilled water. The
final commercial ND product can be in an aqueous solution or a water-organic
medium.
(10) The production of dry homogeneous ND powder.
Industrial purification process discribed above is illustrated in Figure 13.
After purification, the final ND product still contains small fraction of non-diamond
carbon. Also nanodiamonds surface is functionalized due the oxidative chemical
treatments. The resulting ND purity can be high as ≥ 98.5 wt% [80]. These
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residuals give arise to electrostatic interaction and covalent bonds between ND
particles. [84, 85] Therefore agglomeration takes place in ND products, specially in
dry homogeneous ND powders. Size of the aggregates varies between submicron
and micron particles. [78] Deagglomeration of the ND aggregates can be done with
ultrasonic treatment, shock waves or by a milling process [78, 85].

Figure 13: Block diagram from nitric acid purification process. Modified from [78].

Figure 14: HRTEM images of (a) raw detonation soot containing non-diamond
structures and (b) purified nanodiamond powder [86].
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5.2

Structure of nanodiamonds

Nanodiamond structure and surface chemistry is heavily affected by every synthesis
step. So it is important to understand that characteristics of each ND product is a
result of its detonation synthesis conditions and purification method. However, every
nanodiamond particle contain these three structural elements (Figure 15 ):
(1) A core of sp3 crystalline diamond with a diameter of ∼4-6 nm. The core consist
70-90 % of all carbon atoms. [78, 80]
(2) Carbon shell around the core with thickness around 4-10 Å. This outer layer
contains 10-30 % of carbon atoms. Two alternative models are suggested for the
carbon shell structure:
i. ‘Bucky-diamond’ model where the core is covered with fullerene-type shell
of sp2 carbon. [87–91]
ii. Unstructured amorphous carbon outer layer with mixture of sp2 and sp3
hybridised carbon. [78, 92, 93]
The shell structure and thickness is affected by the cooling kinetics of the
detonation synthesis as mention in chapter 5.1.1.
(3) The surface layer is covered by a variety of functional groups [1, 84, 86, 92, 94].
These groups terminate the highly reactive dandling bonds of the ND surface.
The mass of hetero-atoms (H, O, N) may be up to 10 – 14 % of the total mass of
the particle. Oxygen is the main component of the surface groups (see table 4).

Figure 15: (a) Suggested structure of non-purified ND particle. The diamond core is
surrounded with fullerene-type of shell. [82] (b) HRTEM figure from higly ordered
diamond core with low fraction of non-diamond carbon. High purity of the ND particle
was gained together with acidic purification and ozone treatment. [95].
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Table 4: Elemental composition of ND powders based on the combustion microanalysis.
ND
Oxidant
sample
A [96] HClO4 + HNO3
B [96] HNO3 + H2 SO4
C [97] Perchloric acid

C%

N%

H%

S%

O%

85.87
1.95
87.58
2.14
81.5-82.0 1.35

0.6
0.62
1.0

∼11
0.16
∼10
∼15-16

Ignition
residue (%)
0.37
0.12
1.1-1.6

(a) Content of oxygen was estimated by subtractions

Due to the small size of ND particle, it has high surface-to-volume ratio. Therefore
nanodiamonds physical and chemical properties are strongly determined by its surface.
Surface chemistry of nanodiamond particles are widely investigated in number of
papers with characterization methods such as Fourier transform infrared spectroscopy
(FTIR) [86, 92, 94, 98, 99], X-ray photoelectron spectroscopy (XPS) [100] and thermal
programmed desorption (TDP) [101]. It is found that the surface groups and their
concentration depends on the used oxidative agent. Table 4 shows how different
oxidants effects on the elemental composition of ND powders. Although there are
considerable differences between samples, studies have shown that the main oxygencontaining functional groups after chemical purification are ≥C-OH (hydroxyl),
≥C-O-C≤ (ether or bridge oxygen), >C=O (ketonic),-COOH (carboxyl), -C(O)-OC≤ (ester or lactone) and –C(O)-O-(O)-C (cyclic acid anhydride) [92, 96, 97, 102].
Also hydrocarbons –CHx and nitrogen containing groups can be found from ND
particles surface [1, 86, 92, 94]. However, the ratios of the surface groups are not
evaluated in the found literature.

5.3

Stability of nanodiamond particles

At microscale graphite is carbons stable and diamond metastable form. The energy
difference between these two phases is only 0.002eV/atom, but due to the high
activation barrier (∼0.4eV/atom) high temperatures and pressures are needed to
diamond-graphite phase transformation. [1, 78] Triple point for graphite-diamondliquid is approximately 12 GPa/500 K [103]. Considering the stability of nanodiamond
particles, size of the particle need to be added as part of phase diagram. Shenderova [1]
build a 3D phase diagram from Viecellis results [104], where size of the particle is
added as a third parameter (Figure 16). Based on Viecellis calculations triple point
of ND particles shifts to lower temperatures and higher pressures compared to bulk
diamond. According to Shenderova [1], the nanodiamond phase is most stable phase
at ambient conditions.
On the experimental section of this thesis, some of the nanodiamond samples are heat
treated. Therefore stability of nanodiamonds under chancing temperatures must be
taken under evaluation. During annealing particles surface chemistry and structure
is changed. Two aspects that are affected by thermal annealing, are discussed below.
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Figure 16: Schematic 3-D phase diagram for carbon. [1].
5.3.1

Thermal stability of surface groups

Thermal stability of ND surface groups have been investigated in different atmospheres
and temperatures. It is found that the changes to the surface chemistry are dependent
on the annealing conditions. Thermal stability of surface groups have been studied
with FTIR [86, 99–101, 105, 106], thermogravimetric analysis (TGA) [86, 107], TPD
[101], XPS [100] and differential thermal analysis (TGA) [106].
When annealing is done in ambient air at low temperatures (350-450◦ C), ND surface
is oxidized and covered by oxygen-containing groups [86, 99, 100, 106]. According to
measured FTIR data, content of C=O, -OH and -COOH groups are increased after
oxidation. It is suggested that during oxidation ketones, aldehydes and esters on the
surface are converted into carboxylic acids, anhydrides and cyclic ketones [86, 100].
Also decomposition of -CHx groups was detected along with the increasing annealing
temperature up to 600◦ C [100, 106]. Effect of annealing in low temperature can be
seen from FTIR spectra which is show in Figure 17. At higher temperature range of
700-900◦ C, annealing is proposed to lead to progressive removal of -OH groups [108].
Decomposition of surface groups occurs in vacuum or inert gas at temperature range
300 – 900◦ C [101, 105, 107]. Butenko et al. [101] propose that at low-temperature
region of 227-627◦ C two prosesses occur in vacuum: (1) The condensation of different
oxygen-containing groups releasing water molecules, and (2) the decomposition of
acidic groups (carboxyl, anhydride and lactone groups) releasing CO2 and CO gases.
Ether and ketonic groups decompose at higher temperature region of 600-900◦ C.
Finally, decomposition of hydrocarbon groups is observed in temperature range of
700-1150◦ C. Decomposition of surface groups were measured with TDP and FTIR.
Results are presented in Figure 18.
In a inert gas atmosphere, decomposition of the surface groups was studied as a
weight loss with thermogravimetric analysis [107]. It was found that ND sample
weight decreased 3 % at 550◦ C and 11.5% at 900◦ C. Cataldo and Koscheev [107]
also suggested that weight loss is related to condensation of ND surface groups and
release of water molecules.
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Figure 17: FTIR spectra before and after oxidation with three different ND samples
with sp3 content of 50, 90 and 98 %. Oxidation was done at 425 ◦ C for 5 h. [86].
Surface groups of the ND particle do not only determine properties of the material,
but also stabilizes and prevents ND surface from graphitization [78]. Based on
computational modelling it was shown that after decomposition of surface groups, bare
diamond surface undergo more easily graphitization and ND surface is transformed
into more stable fullerene-like shell. [89, 90]
The effect of annealing to ND particles surface groups in different atmospheres are
summarized in table 5.

Figure 18: (a) TDP curves of CO, CO2 , H2 O and H2 gases originating from decomposation of surface groups during annealing. (b) FTIR spectra of ND surface groups
at low annealing temperatures. [101].
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Table 5: The effect of thermal annealing to ND particles surface chemistry.

Initial sample
Purification

Surface chemistry

Annealed sample
Atmosphere

Ref

Annealing
temperature

Surface chemistry

Characterization
Surface
chemistry

Other
information

Method

[86]

-

-OH, -COOH, -CH3
and -CH2

Air

Up to
600◦ C

At 425◦ C: -CHx (a) , -OH(b) ,
-COOH, -C(O)-O-(C)-C,
cyclic ketone (c)

FTIR

At 425◦ C sp2 ↓
19 → 4%,
and sp3 ↑,
81% → 96%

Raman,
XANES,
TGA,
TEM

[100]

Chromic
anhydride
+ H2 SO4

-OH, C=O, -COOH,
-NH2 , -CH, -CH2 ,
-CH3

Air

350450◦ C

-CHx (a) , C=O, -COOH,
-C-O-C-, -C(O)-O-C-,
-C(O)-O-(O)C- (b)

FTIR,
XPS

After oxidation
sp2 carbon
vanish

XPS

[106]

H2 SO4
+HClO4

-OH, C=O, -CH2 ,
-C-O-C/-C-N-C*

Air

Up to
590◦ C

-CH2 (a) , C=O, -C-O-C/
-C-N-C (b) , -OH (d)

FTIR

-

-

[99]

HNO3
+ HCl

-OH, C=O,
-C-O-C, -CHx

Air

400 and
600◦ C

At 400◦ C: C=O, -CHx (a) ,
-COOH (c)
At 600◦ C: -OH and -COOH (a)

FTIR

-

-

[101]

H2 SO4
+ HClO2

-OH, -C=O, -COOH,
-C-O-C-, -C(O)-O-C,
-C(O)-O-(O)-C, -CHx

Vacuun

Up to
877◦ C

At 227-627◦ C: -COOH,
-C(O)-O-(O)-C, -C(O)-O-C (a)
At 597-877◦ C: C=O ,-C-O-C (a)
At 777-1127◦ C: -CHx (a)

FTIR
XPS
TDP

-

-

[105]

-

-OH, C=O, -COOH,
-C-O-C-, -CHx

Vacuum

550, 700,
800, 900
and 1100◦ C

At 550-800◦ C: -OH,
C=O, -COOH, -C-O-C (a) ,
-CHx (d)

FTIR

Above 550◦ C
sp2 ↑

Raman

[107]

-

-OH, -COOH, -NH

N2

Up to
900◦ C

Above 500◦ C: -C(O)-O-(C),
-C(O)-O-(O)C (c) , above
900◦ C all oxygenated groups
are released

FTIR
TGA

-

-

(a) Full or partial removal of surface groups from the ND surface
(b) Content of the surface group is increased
(c) The surface group is formed due to conversion of other oxygen-containing
surface groups such as C=O, -C(O)-O-C, -C-O-C, -COOH, -OH
(d) No significant change in surface group content

∗

Same adsorption band in FTIR spectra
↑ Content of carbon increases
↓ Content of carbon decreases
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5.3.2

’Low’ temperature nanodiamond graphitization

ND is a metastable form of carbon in ambient atmosphere and low temperatures.
With increasing temperature ND particles starts to graphitize, where sp3 carbon
is transformed into sp2 carbon. Transformation starts from outer surface layers
propagating deeper with increasing temperature. With high temperatures of 11001800◦ C, onion-like carbon (OLC) structures can be produced by annealing ND
particles in vacuum or in inert gas atmosphere [108–111]. In this work, interest is
directed into to lower annealing temperatures where early stages of graphitization
starts to occur. Results of low temperature graphitization in literary are strongly
dependent on experimental conditions and what characterization methods were
used [108, 110–112]. General trend is, that the size of the ND particle affects the
graphitization process. With small particles graphitization starts at lower temperature
than with larger particles [78].
Increase of sp2 content is first observed at temperatures of 550-600◦ C [105, 108, 110].
In vacuum, progressive increase of sp2 carbon was detected with NMR by increasing
temperature from 600◦ C to 800◦ C (see Figure 19) [108]. Average size of the annealed
ND particle was 5 nm. According to Panich et al. [108] at 800 ◦ C diamond core
is covered with more than single sp2 layer. Different result were found by Zou et
al. [110]. Based on their work HRTEM and Raman analysis, ND particle with same
size starts to transform into amorphous carbon from the particle edges. Diamond
phase was completely transformed into amorphous carbon at 750◦ C. Petit et al. [112]
did not observe phase transition from sp3 to sp2 until above 900◦ C by XPS. Below
900◦ C, the ND surface was suggested to reconstruct to graphitic domain without
altering the diamond core [112].
In argon atmosphere Cebic et al. [111] proposed the graphitization onset temperature
to be 600◦ C. Steps for the ND graphitization is illustrated in Figure 20. This
investigation was based on Raman spectroscopy. Again there are different result of
the onset temperature for phase transformation in argon atmosphere. According to
Chen et al. [113], ND phase transformation is detected above 800◦ C when the size of
ND particles decreases.

Figure 19: Sp3 /sp2 ratio and sp2 content presented as function of annealing temperature. Results are based on 13C NMR measurements. [108]

36
The variation of the graphitization onset temperature is difficult to explain when the
experimental condition and chacterazation methods are different between researchers.
However, it is suggested that graphitization process can be affected by the reactive
gases that are decomposed from the ND structure during annealing [78]. Oxygencontaining gases may have catalytic effect on diamond graphitization [114, 115].

Figure 20: Schematic of ND graphitisation to onion-like carbon under an inert gas
atmosphere.
Table 6: Low temperature graphitization of ND particles in different atmospheres.
Initial sample

Annealed sample

Characterization

Purification

Content of sp3
and sp2 carbon

Atmosphere

Annealing
temperature

Graphitization
onset temperature

Temperature effect on
sp2 carbon

Carbon
content

[108]

Oxidation in
air at 425◦ ,
boiling in
HCl + HNO3

Sp3 94 wt.%

Vacuum

600, 700,
800 and
1800◦ C

600◦ C

At 600-800◦ C: sp2 ↑ 23.4%,
at 1800◦ C: OLC is fabricated

NMR
EPR

[110]

H2 SO4
+ HClO4

-

Vacuum

From 500
to 1400◦ C

600◦ C

At 600◦ C: a-C formation starts, at
750◦ C ND transforms completely
into a-C, at 800◦ C OLC
formation starts

HRTEM
Raman

[112]

-

Only sp3 is
detected

Vacuum

700, 900
and 1100◦ C

700◦ C

Above 700◦ C sp2 ↑, above
900◦ C ND core starts to
graphitize

XPS

[111]

-

Sp3 /sp2 ratio
∼ 0.75

Argon

Up to
1000◦ C

600◦ C

See Fig. 20

Raman
TEM
TGA
XRD

[113]

-

Sp3 90 wt.%

Argon

300, 600,
800, 1000,
and 1150◦ C

800◦ C

Above 800◦ C sp2 ↑

XRD
Raman

Ref

↑ Content of carbon increases
↓ Content of carbon decreases
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5.4
5.4.1

Electrochemical properties
Origins of nanodiamonds electrochemical activity

Bulk diamond is an insulating material with a band gap of 5.47 eV. Regardless
of this insulating character, ND particles have shown remarkable electrochemical
activity towards several redox probes [116–118]. It is unanimously proposed that the
electrochemical behavior of ND particles arises due to the high content of oxygencontaining surface groups [92,98,105]. When surface-to-volume ration is high, surface
properties of the material becomes more dominant than the bulk properties [118].
It could be also assumed that conductive sp2 shell around ND has important role
in electrochemical behaviour of the material. However this is not speculated in any
publications found from the literature.
ND particles electrochemical behaviour is studied only in limited amount of papers.
In those papers ND particles are deposit as a surface layer on the other electrode
materials such as boron-doped diamond (BDD) [92, 117, 118], glassy carbon (GC)
[98, 105], gold [98] and platinum [116, 119]. Some experiments have been performed
2+/3+
with several types of redox probes including Ru(NH3 )6
[98], FeMeOH [118],
3−/4−
3−/4−
Fe(CN)6
[92, 98, 116, 117, 119] and IrCl6
[92, 117]. As there are considerable
differences between the reported studies, it can be concluded that nanodiamonds are
not well characterized material in electrochemical systems. However, in most of the
experiments it is shown that ND enhances redox currents.
The role of oxygen functionalities have been studied by modifying the surface chemistry of the ND particles. Holt et al. [98] measured three ND-gold electrodes with
2+/3+
different surface functionalization in 1 mM Ru(NH3 )6
. Type of ND powders
drop casted onto gold electrode were referred as ‘untreated’, ‘oxygenated’ and ‘hydrogenated’. ‘Untreated’ powder was used as received from the supplier. ‘Oxygenated’
powder was prepared by oxidizing untreated powder in air at 420◦ C for 5 h [86],
whereas ‘hydrogenated’ powder was prepared by heating in a H2 /N2 gas flow at
800◦ C for 2h. This procedure removed oxygen functionalities from the ND surface.
Measurements were done with DPV and results are presented in Figure 21. It is shown
that redox currents are enhanced when gold electrode is modified with ‘untreated’
2+/3+
and ‘oxygenated’ ND powder. In case of ‘oxygenated’ powder Ru(NH3 )6
redox
peaks and additional peaks at -0.5 V are slightly enhanced compared to ‘untreated’
powder. ‘Hydrogenated’ gold electrode did not show any remarkable difference compared to bare gold electrode. These results supports the theory that nanodiamonds
electrochemical activity is based on oxygen functionalities.
Zang et al. [105] used glassy carbon electrodes coated with ND powders annealed
in different temperatures. Annealing of the ND powders was done in vacuum at
temperatures 550, 700 and 850◦ C for 1 h. Due to the annealing surface groups were
3−/4−
expected to decompose. CV measurements were done in 0.01 M Fe(CN)6
with
scan rate of v = 20 mV/s (Figure 22(a)). From the measured voltammograms it can
be seen that ∆Ep of the electrode increases when annealing is applied to the ND
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2+/3+

Figure 21: Differential pulse voltammetry measurements of 1mM Ru(NH3 )6
in
0.1 M PBS pH 7 with gold (thin black line) and ND-modified gold electrodes (thick gray
line), where (a) is ’untreated’ ND powder, (b) ’oxygenated’ and (c) ’hydrogenated’. [98]

3−/4−

Figure 22: (a) CV results for annealed ND-GC electrodes in 0.01 M Fe(CN)6
.
◦
Samples were annealed in vacuum at 550-850 C [105]. (b) CV of 1 µM FcMeOH
in 0.1 M KCl pH 5.88 with different ND particle size. Before CV measurements
ND particles were oxidized in air to maximize the content of oxygen-containing
groups [118].
powder. This also indicates importance of oxygen-containing functional groups on
the ND surface for reversible redox reactions.
Also the role of oxygen-containing groups was studied by changing the size of ND
particles [118]. CV measurements were carried out in 1 µM FeMeOH with particle
sizes 5, 10, 100, 250 and 1000 nm. Increasing redox peak currents were observed in
the order 1000 nm < 250 nm < 100 nm < 10 nm < 5nm as shown in Figure 22(b).
These results were also related to the role of surface functionalities due the fact that
smaller particles have higher surface-to-volume ratio.
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Holt et al. [92, 98] have proposed that electrochemical activity of ND particles is
based on a ‘molecule-like’ redox reactions. It is suggested that specific surface group
molecular orbitals are overlapping on the surface of the ND particle. This gives arise
to electronic states with energies within the band gap of diamond (Figure 23(a)). In
other words, overlapping orbitals results as a delocalized electrons that are not tied
into one state. Arisen electronic states allows electrons to be injected or removed
from these surface states at specific potentials. Such surface states may originate
from localized sp2 carbon sites or overlapping C=O groups producing delocalized
π character due to unsaturated bonding. Schematic diagram of delocalization and
formation of surface states is illustrated in Figure 23(c). During electrochemical
measurements these surface states may be occupied by reduction at the electrode or by
a solution redox species (Figure 23(b)). Based on this theory ND is suggested to act
as a catalyst by regenerating solutions redox species. Proposed atalytic mechanisms
for redox probes are discussed more detailed in the next chapter.
According to Holt et al. [92] ‘molecule-like’ redox nature of ND is supported by result
that ND itself can undergo both oxidation and reduction reactions [92, 98]. Redox
activity of ND is shown in Figure 24(a), where ND modified boron-doped electrode
is scanned with DPV in 0.2 M PBS. However, the redox process of ND particles is
complex. From the voltammogram it can be seen that oxidation scans differs from
each other when scans are done more than once. Also not all oxidation reactions are
reversible. Complexity of ND particles is also supported by the fact that the ND
surface states are dependent on pH (Figure 24(b)).

Figure 23: (a) Diamond band gap with possible surface states arising from surface
groups overlapping molecular orbitals. (b) Surface states may be occupied by reduction
at the electrode or by a solution redox species. (c) The formation of electronic surface
states on the surface of the ND particle. [92]
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Figure 24: (a) ND redox activity measured in 0.2 M pH 4 PBS with DPV. Mark
* in the voltammograms indicate reversible reactions. (b) ND oxidation reactions
dependency of pH. Both measurements were done with ND-modified BDD electrode.
[92]

5.4.2

Interaction with redox probes

It is shown that nanodiamond deposition on top of electrode materials enhances the
redox currents [98, 117, 118]. Only proposed explanation for this is Holt’s theory [98]
where nanodiamonds ’molecular like’ nature can regenerate redox species. On
this section ND particles feedback mechanism is discussed in more detail for redox
2+/3+
3−/4−
analytes Ru(NH3 )6
, FcMeOH and Fe(CN)6
. It should be noted that presented
explanations below are only theories, where the role of sp2 is not taken under
evaluation. Summary of electrochemical experiments performed with ND coated
electrodes is presented in table 7.
5.4.2.1

Ruthenium
2+/3+

ND effect on redox currents in 1 mM Ru(NH3 )6
in 0.1 M 7 pH PBS are shown
in Figure 21. As described before, ‘untreated’ and ‘oxygenated’ ND modified gold
electrodes enhances oxidation and reduction currents of ruthenium. To understand
the role of ND particles during redox reactions, behavior of ND particles were investigated in 0.1 M pH 7 PBS without any redox species with ND modified GC
electrode. [98] Result are shown in Figure 24. It can be seen that ND particles have
oxidation peaks at -0.4 V and -0.15 V. Also clear reduction peaks occurs at -0.4
V and -0.2 V. These reactions are not seen with blank GC electrode. Therefore it
is concluded that these redox peaks are ND particles characteristics oxidation and
2+/3+
reduction reaction in pH 7. Combining these findings with Ru(NH3 )6
results
Holt have suggested that during reduction following reactions can take a place:
−
2+
Ru(N H3 )3+
6 + e → Ru(N H3 )6 ,

N Dox + ne− → N D0 ,

E = −0.15V

E ∼ −0.2V

(26)
(27)
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Figure 25: DPV voltammograms for GC (black line) and ND modified GC (grey line)
electroed in 0.1 M pH 7 PBS. [98]
N D0 + ne− → N Dred ,

E ∼ −0.4V

(28)

where NDox is ND particle in its highest oxidation state in ‘oxygenated’ ND/gold
electrode (see Figure 21(b)). ‘Oxygenated’ sample is chosen because it has strongest
enhancement in reduction current. [98]
During reduction Ru(NH3 )2+
6 is produced as shown in equation (26). Also NDox
undergo reduction by receiving electrons from Ru(NH3 )2+
6 . During this reaction
2+
0
NDox is reduced into ND and Ru(NH3 )6 is oxidized back to Ru(NH3 )3+
6 . Through
this regeneration of ruthenium there are more Ru(NH3 )3+
available
for
reduction
6
reaction. Therefore reduction current is enhanced on the surface of ‘oxygenated’ ND
electrode. Proposed reaction is likely possible due to the fact that ND reduction
2+
potential (-0.2 V) is close to the Ru(NH3 )3+
6 /Ru(NH3 )6 couple redox potential (-0.15
V). The overall reaction is
3+
0
Ru(N H3 )2+
6 + N Dox ←→ Ru(N H3 )6 + N D

(29)

This catalyzed reaction can continue when NDox is regenerated by Ru(NH3 )3+
6 .
Another possible explanation for current enhancement in ruthenium is electrostatic
2+
interaction. Ru(NH3 )3+
are positively charged molecule than could
6 /Ru(NH3 )6
adsorb onto negatively charged ND surface. [98] However, it should be noted that
surface charge depends on the nature of the surface groups. As disscussed in section
5.2 functionalization depends on the used liquid oxidant used in the purification
process.
5.4.2.2

Ferrocenemethanol

Nanodiamond particles redox response in FcMeOH solution was studied with NDmodified BDD electrode [118]. Results with different size of ND particles are presented
in Figure 26(b) It is clearly shown that adding ND layer top of the BDD electrode,
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ferrocenemethanol oxidation and reduction currents are enhanced. The enhancement
2+/3+
is considerably higher than in Ru(NH3 )6
solution. According to Varley et al. [118]
the current enhancement is affected by two catalytic processes: (1) electron transfer
between the solution redox species and redox active groups on the ND surface; (2)
electron transfer mediated by FcMeOH+ adsorbed onto the ND surface.
The first process is similar to catalyzed feedback process in Ru(NH3 )3+
6 . During
reduction FcMeOH+ is spontaneously regenerated by oxidation of FcMeOH at the
ND surface. The overall reaction is proposed in following way
F cM eOH + N Dox ←→ F cM eOH + + N Dred

(30)

During oxidation the opposite reaction is proposed to take place. Similar redox
potentials are required for ND surface functionalities and FcMeOH for this mechanism
to be feasible. Varley et al. [118] proposed for this process to be thermodynamically possible, the ND oxygen-containing groups at the surface must undergo redox
reactions at a higher potentials than the redox probe. It was also suggested that
unsaturated ketone groups on the ND surface participate on the catalytic process
between ND particles and redox species. In addition it was shown that this process
depends on scanning speed, size of the ND particle, solutions pH and ion strength.
The second process is driven by electrostatic interactions between positive FcMeOH+
and negatively charged ND surface oxygen functionalities. Due to this interaction
redox probe can be adsorbed closer to ND surface. Therefore electron tunneling

Figure 26: Two proposed catalytic processes, where a) FcMeOH is regenerated by the
redox active surface groups on the ND surface and b) ET is mediated by adsorbed
FcMeOH+ . Modified from [118].

43
can take place between these two. It was suggested that the oxidized FcMeOH+
absorbs onto the ND surface and undergoes electron exchange with FcMeOH solution.
As a result FcMeOH is generated at the surface and FcMeOH+ in the solution.
Current is enhanced while regenerated FcMeOH oxidizes again at the surface. [118]
Both catalytic processes are illustrated in Figure 26.
5.4.2.3

Ferrocyanide
3−/4−

A similar mechanism is suggested for Fe(CN)6
regeneration on ND modified
BDD-electrode [117]. Below pH 8 enhancement of reduction current is observed.
Holt et al. [117] proposes that during reduction Fe(II) oxidizes immediately back
to Fe(III) at the ND surface. As continuous regeneration of Fe(II) at the ND and
BDD interface leads to enhanced reduction currents. However, reversed affect was
observed with ND coated GC electrode [105]. With ND-GC redox currents decreased
3−/4−
in Fe(CN)6
compared to plain GC electrode.
5.4.3

Dopamine detection with nanodiamond particles

As stated in chapter 5.4.1 electrochemical characterization of nanodiamonds is mainly carried out with outer sphere redox probes. Only one paper is published by
Peltola et al. [9] where ND particles are used for detection of dopamine. In this
research ta-C was fabricated with nanodiamonds by two different deposition methods:
drop-casting and spray coating. In drop-casting method heat treatment was used,
where fabricated samples were annealed at 85◦ C for 10 min. Four types surface
functionalized nanodiamonds were used in both deposition methods, where the
functionalization were hydrogen, amino, carboxyl and amino+carboxyl.
According to the research [9], deposition method had significant effect on the electrochemical behavior of ta-C+ND electrodes. With spray coated electrodes sensitivity
towards DA decreased significantly compared to drop-casted electrodes. Amino and
carboxyl terminated ta-C+ND electrodes did not detect dopamine at all, whereas
detection limit for hydrogen and amino+carboxyl terminated electrodes were 5 µM.
With drop-casted electrodes detection limit was in range 50-500 nM, where the
hydrogen terminated ta-C+ND had the lowest value and the carboxyl terminated
the highest value. Results are shown in Figure 27.
It is generally proposed that the electrochemical activity of ND particles arises due
to the high content of oxygen-containing groups [92, 105, 116]. Therefore low DA
detection limit of hydrogen terminated ta-C+ND electrode is in contrast with this
assumption. However, it must be underlined that in research [9] used electrode material and redox analyte are different from previous studies. Here inner sphere analyte
dopamine was used. Therefore it can be understood that the interaction mechanism between nanodiamonds and redox analyte is different from results presented in
previous sections.
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Figure 27: DA results with drop-casted and spray coated ND-electrodes. Subscripts in
ND refers to functionalization of the nanodiamond, where ’H’ is hydrogen, ’andante’
is amino+carboxyl, ’vox’ is carboxyl and ’amino’ is amino. [9]
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Table 7: Electrochemical experiments performed with ND coated electrodes.
Electrode

Modification

Method

Reference

Redox
probe

Solvent

Scanning
speed (mV/s)

Potential
range (V)

∆Ep
(mV)

Redox
reaction

ND effect on
the electrode

[120]

ND

-

CV

Ag/AgCl

0.01 M
Fe(CN6 )3−/4−

1 M KCl

10, 20, 50
& 100

[-0.7, 1.2]

∼ 100

Quasireversible

-

[116]

Pt wire(a)

ND heated
in vacuum

CV

SCE

-

0.1 M PBS

100

[-0.5. 1.8]

-

Pt wire(a)

ND heated
in vacuum

CV

SCE

0.01 M
Fe(CN6 )3−/4−

0.5 M KCl

10, 20, 50, 100,
200 & 500

[-0.4, 0.9]

72 - 122

Quasireversible

-

[119]

Pt wire(a)

ND heated
in vacuum

CV

SCE

0.01 M
Fe(CN6 )3−/4−

0.1 M KCl

10, 20, 50, 100
& 200

[-0.2, 0.6]

70 - 284

Quasireversible

-

[105]

Pt wire(a)

ND heated in
vacuum at
550, 700 &
850◦ C

CV

Ag/AgCl

-

0.1 M KCl

100

[-1.0, 2.5]

-

-

When T ↑,
anodic and
catodic
reactions ↓

ND/GC(b)

ND heated in
vacuum at
550, 700 &
850◦ C

CV

Ag/AgCl

0.01 M
Fe(CN6 )3−/4−

0.1 M KCl

20

[-0.4, 0.8]

ND → ∼100
550◦ C → ∼450
700◦ C → ∼350
850◦ C → -

-

-

ND/BDD(b)

Oxidized in
air at 425◦ C

DPV

Ag/AgCl

-

0.2 M PBS,
pH 5, 6, 7,
8 and 9

10

[0, 0.7]

-

-

-

ND/BDD(b)

Oxidized in
air at 425◦ C

CV

Ag/AgCl

1 µM
Fe(CN6 )3−/4−

0.2 M PBS,
pH 5, 6, 7,
8 and 9

10

[0, 0.5]

∼ 70

-

ND/Gold(b)

-

DPV

Ag/AgCl

1 mM
Ru(NH3 )3+
6

0.1 M PBS

-

[-0.7, 0.5]

-

-

iredox ↑

ND/Gold(b)

Oxidized in
air at 420◦ C

DPV

Ag/AgCl

1 mM
Ru(NH3 )3+
6

0.1 M PBS

-

[-0.7, 0.5]

-

-

iredox ↑

ND/Gold(b)

Hydrogenated
in H2 /N2 gas
flow at 800◦ C

DPV

Ag/AgCl

1 mM
Ru(NH3 )3+
6

0.1 M PBS

-

[-0.7, 0.5]

-

-

No effect

ND/BDD(b)

Oxidized in
air at 425◦ C

CV

Ag/AgCl

1 µM
FcMeOH

0.1 M KCl,
pH 5.88

20

[0, 0.5]

∼ 30

-

iredox ↑

ND/BDD(b)

Oxidized in
air at 425◦ C

CV

Ag/AgCl

1 µM
FcMeOH

0.1 M KCl,
pH 5.88

1, 2, 50, 100,
200 and 500

[0, 0.6]

-

Quasireversible

-

ND/BDD(b)

Oxidized in
air at 425◦ C

CV

Ag/AgCl

1 µM
FcMeOH

0.1 M K2 HPO4
& KH2 PO4 ,
pH 5, 6, 7, 8
and 9

5

[0, 0.6]

∼ 30

-

Ref

[117]

[98]

[118]

(a) Microcavity electroded was prepared by placing a Pt wire inside of a glass tube and filling
the microcavity with ND particles
(b) ND particles were dropcasted top of the electrode

-

At pH 8 and 9

iox ↑, at pH 5,
6 and 7 ired ↑

iredox ↑,
strongest at
pH 5,weakest
at pH 9

↑ Quantity is increased
↓ Quantity is decreased
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6
6.1
6.1.1

Experimental
Fabrication of the electrodes
ta-C

The ta-C samples were fabricated on p-type conductive Si wafer (Ultrasil) with
0.001–0.002 Ωcm resistivity. Before deposition wafer was cleaned by standard RCA
cleaning method. First, 20 nm titanium interlayer was deposit on the Si wafer to
improve adhesion of ta-C [20]. Deposition of Ti was carried out with magnetron
sputter (DC-MS). After this step, 7 nm of ta-C film was deposit on top of the Ti.
Carbon deposition was performed by pulse filtered cathodic vacuum arc (p-FCVA).
Deposition of Ti layer was carried out under the following conditions: discharge power
fixed at 100 W, total pressure 0.67 Pa and argon gas flow rate 28 sccm. Deposition
was done at a distance 220 mm in room temperature, where time for deposition was
350 s. ta-C film deposition was carried out with p-FCVA system (Lawrence Berkeley
National Laboratory) equipped with a 45◦ bent magnetic filter. Filter was used to
reduce contamination of the macroparticles. As a carbon source, two graphitic rods
(Goodfellow) with purity 99.95 % were used as the cathodes. The 2.6 mF capacitor
bank was charged to 400 V. Pulses were triggered at 1 Hz frequency where resulted
arc current had amplitude of 0.7 kA and pulse width of 0.6 ms. For 7 nm t-C layer
360 pulses were applied. Deposition was done under vacuum, where total pressure
was below 1 x 10-4 Pa. Wafer was placed in a rotating holder to form homogeneous
film during deposition.
6.1.2

ta-C+ND

ta-C+ND samples preparation was carried out with a spraying technique. First
carboxyl functionalized nanodiamond-water suspension (Carbodeon uDiamond, Carbodeon) with concentration of 5 wt-% was diluted with ethanol to 0.05 wt-%. The
deposition was done on top of ta-C samples with a painting gun. Pressured air (3.5
mbar) was used as a carrying gas. Spraying of nanodiamonds on ta-C surface was
performed ten times from a distance of ∼10 cm.

6.2
6.2.1

Characterization
HRTEM

Nanodiamonds surface structure was examined by high-resolution transmission
electron microscopy (HRTEM). HRTEM was carried out with a double-aberration
corrected microscope JEOL JEM-2200FS (JEOL) operating at 200 kV. The HRTEM
micrographs were recorded with a Gatan 4k x 4k UltraScan 4000 CCD camera.
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6.2.2

Annealing and RGA

Vacuum annealing was performed to investigate the role of ND surface groups. In
vacuum surface groups decompose during annealing which is expected to have an
effect on the electrochemical properties of the nanodiamonds [93,97]. 600◦ C degrees
was selected as the annealing temperature. In this temperature decomposition
of oxygen containing groups is assumed to take a place [97] without graphitizing
nanodiamonds surface [100] or changing ta-C properties. For further discussion, see
sections 5.3 and 5.4.
For the annealing p-type silicon wafer was diced in half and fabricated with as received
ND suspension diluted with ethanol. For both half wafers 10 ml of 0.05wt-% ND
suspension was drop casted. Samples were dried at room temperature. Annealing of
Si+ND samples was carried out at two different times. After fabrication and 6 weeks
later. Annealing was carried out with vacuum furnace Red Devil M (R.D. Webb
Company). First ND coated half wafer was placed in a furnace, and the chamber
pressure was pumped down to ∼2e−7 mbar. The chamber was heated to 600◦ C for 1
hour with ramp speed of 10◦ C/min. After annealing chamber let to cool down over
night. Chamber pressure was increased back to 1mbar with N2 flow (5 sccm).
At annealing step removal of water and oxygen containing gases were recorded using
Transpector MPH100M (Inficon) residual gas analyzer (RGA). Spectrum was scanned
from 0 to 50 amu with dwell time of 128 ms.
ta-C+ND samples for cyclic voltammetry experiments were annealed with same specs
as Si+ND.
6.2.3

Cyclic voltammetry

Cyclic voltammetry was carried out with CHI potentiostat in a three-electrode cell (see
Fig. 8). As a reference electrode Ag/AgCl (Radiometer Analytical) electrode was used.
A graphitic rod was used as a counter electrode. Electrochemical characterization of
ta-C and ta-C+ND electrodes are performed using several solutions, where surface
area of both electrodes were A=0.03141 cm2 .
Water window and electric double layer capacitance was measured in 0.1 M perchloric
acid (VWR Chemicals). Limits of water window was determined by using threshold
current of 200µA/cm2 [26]. The double layer capacitance Cdl of the electrodes was
calculated from three different voltammograms where scan rates 10, 50 and 400
mV/s was used. From each voltammogram Cdl was examined based on equation (23).
Presented values of Cdl in table 8 are averages from the three voltammograms with
different scan rates.
Electrode kinetics were examined by using outer sphere probe ruthenium which is
2+/3+
considered to be insensitive to the electrode surface chemistry. 1 mM Ru(NH3 )6
solution was prepared by dissolving 0.0318g of 98% hexaammineruthenium(III) chlo2+/3+
ride (Sigma-Aldrich) into 100 ml 1mM of potassium chloride (Merck). Ru(NH3 )6
measurements were carried out at scan rates 10, 50, 100, 200 and 400 mV/s for

48
both ta-C and ta-C+ND electrodes. The formal reaction rate k 0 was calculated by
using Nicholson method [68]. k 0 is estimated for every scan rate, where the final k 0
presented in table 8 is the average of these values.
The sensitivity and dopamine kinetics at ta-C and ta-C+ND electrodes were studied
by measuring DA in different concentrations. First 10mM DA solution was prepared
by dissolving 0.18964g of dopamine hydrochloride (Sigma-Aldrich) into 100 ml of
PBS with pH 7.4. 10 mM stock solution was further diluted with PBS to obtain
series of dopamine concentrations of 1nM to 1mM. Scan rate used was 50 mV/s in
all concentrations for both electrodes.
Selectivity was evaluated by using 1mM AA solution containing varying concentrations of DA. First 10mM AA stock solution was prepared by dissolving 0.1779g of
L-asborcid acid (Sigma-Aldrich) into 100 ml of PBS. DA and AA stock solution
were further diluted with PBS to obtain 1mM AA with dopamine concentrations of
1µM, 10µM, 100µM and 1mM. Additionally plain 1mM AA was also used in CV
measurements. Scan rate 50 mV/s was used for all concentrations for both electrodes.
Kinetics of DA and DA+AA was further examined for ta-C+ND electrodes by using
different scan rates. Effect of scan rate v on dopamine redox reaction was measured in
100µM DA solution with scan rates 10, 50, 100, 200, 400 and 1000 mV/s. In addition
DA+AA kinetics were measured in two different 1 mM AA solutions containing
either 100µM or 1mM DA. For 1 mm AA + 100µM DA solution scan rates of 50,
100, 200, 400 and 1000 mV/s were used, whereas measurements in 1mM AA + 1mM
DA were carried out with scan rates of 50, 400 and 1000 mV/s.
PBS was purged with N2 for 30 minutes before preparing DA and AA solutions
to prevent premature oxidation of DA. Additionally N2 line was applied into the
electrochemical cell to remove oxygen from the environment. Before DA and DA+AA
measurements electrodes background current were stabilized by cycling them in PBS
for 20 cycles.
All measurements were performed at room temperature in a Faraday cage. IR
compensation was not done for CV results as measured current range was from
nanoampere to microampere. With this current range IR-drop is not insignificant.
In all voltammograms presented results are first cycles of the measurement if not
specified differently.
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7
7.1

Results
HRTEM

Figure 28: Cross-sectional HRTEM figure from ta-C+ND electrode.
Cross-sectional HRTEM micrograph of ta-C+ND electrode is presented in Figure
28. Every deposited layer is seen from the micrograph, where the thickness of Ti
and ta-C layers are approximately 20 nm and 7 nm. On top of ta-C, deposited
nanodiamonds are seen as crystalline structures. One ND particle is marked with a
white circle as an example. Based on micrographs scale, estimated diameter of the
ND particle is ∼5 nm. The result is in the same size scale as stated in section 5.2.
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7.2

Vacuum annealing of nanodiamonds

Figure 29: Partial pressure as function of temperature for two ND samples measured
at time periods I and II, where removal of (a) H2 O, (b) CO and CO2 is shown.
Vacuum annealing was carried for two ND samples. ND sample that was annealed
after the fabrication is referred as I, whereas sample annealed 6 weeks after the
fabrication is referred as II. Using RGA, evaporation of water, carbon monoxide and
carbon dioxide were observed for sample I below +600◦ C. Removal of water from
the nanodiamonds was seen below +100◦ C, whereas evaporation of CO and CO2
appears at temperature range 400-550◦ C. Removal of CO and CO2 is most likely due
to the decompostion of the oxygen containing surface groups. For further discussion,
see section 5.3.1. With sample II observed evaporation of H2 O, CO and CO2 were
significantly lower.
Based on the differences in RGA output of water, it is concluded that over time
the amount of water in the ND film is decreased even in ambient air at room
temperature.This effect may be due to the use of ethanol as a solvent in ND suspension
dilution. Right after ND fabrication, ethanol may absorb water from the ambient air.
Over time ethanol and water evaporates from the ND structures and less water is
seen with RGA. Furthermore ND surface chemistry is likely altered as less CO and
CO2 evaporates from the longer aged nanodiamonds during vacuum annealing. As
used ND suspension is commercially available, it is assumed that surface chemistry
of as received nanodiamonds remains constant. After deposition of ethanol diluted
suspension on top of silicon, surface chemistry seems less stable. The shape of
RGA output for samples I and II are similar, but the partial pressures are different.
As the nature of the RGA output remains the same, it is most likely that the
amount of oxygen-containing surface groups on ND surface decreases over time.
However, performing annealing treatment to nanodiamonds may modify samples
surface chemistry to be more alike. This effect is observed with other carbon allotropes
such as carbon nanofibers with HNO3 treatment [121].
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7.3
7.3.1

Cyclic voltammetry
Comparison of ta-C and ta-C+ND electrodes

As stated in introduction ta-C has some promising properties for electrochemical
detection of DA. However, ta-C itself is not senstive [22] or selective [26] enough for
DA detection in vivo. In previous studies it is shown that combining ta-C with other
carbon allotropes such as carbon nanotubes [26] or carbon nanofibers [11], sensitivity
and selectivity towards dopamine can be improved. Here effect of nanodiamonds on
the surface of ta-C is shown and compared to plain ta-C electrode.
2+/3+

In Figure 30 voltammograms in HClO4 , Ru(NH3 )6
, DA and DA+AA solutions are
presented for ta-C and ta-C+ND electrodes. Electrodes measured in same solutions
are shown in the same graph to visualize the differences between ta-C and ta-C+ND.
Observed values from the measurements are shown in tables 8 and 9.
Water windows for ta-C and ta-C+ND electrodes were 3.49 V and 3.01 V (Figure
30(a)).±200 µA/cm2 was used as a limit value. Before the limit values ta-C background current is stable and no Faradaic reactions occur, whereas with ta-C+ND
sample oxidation and reduction peaks are observed at around 0.6 and -0.1 V. Additionally with both samples broad reduction peak is seen around -0.75 V. Calculated
electric double layer capacitance’s were 16.0±3.6 and 25.2±13.2 µF/cm2 for plain
ta-C and ta-C+ND. As seen from the voltammogram, Cdl is larger for ND coated
ta-C. However calculated margin of error with ta-C+ND Cdl is higher than with
ta-C. Also plain ta-C Cdl is considerably lower compared to other studies results,
where estimated values are 105±5 [22] and 62.2±18.6 µF/cm2 [26].
2+/3+

The potential peak separation ∆Ep in 1mM Ru(NH3 )6
for ta-C decreases from 68
mV to 62 mV as the scan rate increases from 10 to 400 mV/s. For ta-C+ND similar
behavior was observed as electrodes ∆Ep decreased from 66 mV to 60 mV. Deviations
of ∆Ep in both electrodes at different scan rates are small, this it is assumed that
the deviation is in the range of accuracy of measurements. As shown in Figure
30(b) ∆Ep of the electrodes is not dependent on scan rate v. Limit value 59 mV
of reversible systems was not achieved, but still electrodes show reversible behavior
as ∆Ep did not increase with increasing scan rate. Based on Nicholson method the
formal reaction rate k 0 for ta-C is 0.165±0.141 cms−1 and for ta-C+ND 0.114±0.110
cms−1 . High calculated margin of error for both k 0 indicates that using Nicholson
method for k 0 approximation is not reliable when ∆Ep is near to reversible system
limit 59/n mV (see page 21). Only clear difference between ta-C and ta-C+ND
2+/3+
electrodes in Ru(NH3 )6
is the enhanced redox currents at scan rates of 50, 100,
200 and 400 mV/s, where increase of cathodic current peak ip,c is slightly stronger
than in ipa .
Hybrid electrode sensitivity towards dopamine was low as 100 nM DA, whereas plain
ta-C did not detect dopamine until 500 nM and above (Figure 30(c)). Increase of
Faradaic current was observed with increase of dopamine concentration with both
electrodes. At small concentrations of DA, background current of ta-C+ND hybrid
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Figure 30: Comparison of ta-C and ta-C+ND samples, where figures shows (a) water
2+/3+
windows, (b) electron transfer kinetics in Ru(NH3 )6
, DA results at (c) low and
(d) high concentrations, (e) ∆Ep in 1mM DA as function of cycles, (f) DA and
DA+AA results for both samples, (g) DA+AA results for ta-C and (h) DA+AA
results for ta-C+ND.
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2+/3+

Table 8: Experimental parameters from HClO4 and Ru(NH3 )6

Sample
ta-C
ta-C+ND

Water
Cdl
window (V)
(µF/cm2 )
3.49
16.0±3.6(a)
3.01
25.2±13.2(a)

k

measurements.

∆Ep (mV)
Scan rate v (mV/s)

0

(cms−1 )
(b)

0.165±0.141
0.114±0.110(b)

10

50

100

200

400

68
66

64
62

64
62

62
62

62
60

(a) Average of Cdl values from scan rates 10, 50, 400 mV/s
(b) Average of k 0 values from scan rates 10, 50, 100, 200 and 400 mV/s

Table 9: DA and DA+AA experiments parameters for ta-C and ta-C+ND samples.
Sample

DA detection ∆Ep (mV),
limit (nM)
100µM DA

∆Ep (mV),

Eox (mV),

Eox (mV),

1mM DA

1mM DA

1mM AA

Selective towards
AA (yes/no)

Cycles 1(10)

Cycles 1(10)

ta-C

500

202

294 (409)

373(471)

650

no

ta-C+ND

100

176

280 (350)

367(425)

560

no

electrode is increased compared to ta-C electrode. This result is an agreement with
the values of Cdl . Electrodes response and passivation at higher DA concentration
(1mM DA) shows clear differences (Figure 30(d,e)). Both samples were cycled in DA
for 10 cycles. ta-C anodic current peak at cycles 1 and 10 are considerably enhanced
compared to ta-C+ND electrode. In addition during cycling dopamine oxidation
potential Eox with ta-C electrode increases from 373 to 471 mV. Respectively at the
ta-C+ND Eox,DA increases from 367 to 425 mV. When compering just Eox,DA values
between electrodes, no significant difference is observed. However when investigating
the ∆Ep values as function of cycles (Figure 30(e)), clear deviation is observed
between plain ta-C and ta-C+ND. At cycle 1 ∆Ep for ta-C and ta-C+ND are 294
and 280 mV. Respectively at cycle 10 ∆Ep increases to values 409 and 350 mV.
Kinetics at the ta-C electrode decelerate more than at the hybrid electrode.
Selectivity between DA and AA is not achieved with neither of the electrodes as only
one oxidation peak is observed in solution containing both analytes (Figure 30(f)).
However the behavior of the electrodes is different in the DA+AA solution. At the
ta-C+ND DA+AA oxidation occurs at same potentials with DA and the response
current is considerably higher compared to ta-C electrode. Also at the plain ta-C
DA+AA oxidation is observed at more anodic potentials compered to ta-C+ND. In
addition, increase of current and shift of oxidation potential to cathodic direction is
seen more clearly at the ta-C+ND response when the concentration of dopamine is
increased in the AA solution (Figure 30(g,h)).
Based on the observed results nanodiamonds at the ta-C surface improves sensitivity
towards dopamine and the resistance against passivation. As dopamine is surface
sensitive redox system, oxidation of DA requires an spesific adsorption step on the
electrode surface. Therefore strong interaction between dopamine and electrode
has important role on the sensitivity. Thus, it seems that the surface properties of
ta-C+ND are more attractive for DA oxidation than plain ta-C. This may be due

54
to the different surface chemistry and/or changed morphology of the surface of ND
compared to ta-C. These properties possibly alter the passivation resistance of the
electrode surface. It is difficult to evaluate why the passivation of the hybrid electrode
is weaker compared to plain ta-C as the phenomena itself is poorly understood.
As stated above, selectivity towards dopamine in presence of AA is not achieved by
adding nanodiamonds on the ta-C surface. At ND surface regeneration of DA is
considerably stronger than in plain ta-C surface. As catalysing mechanism of AA is
still under debate, it cannot be said why this effect is stronger at ND surface on than
ta-C. As DA and AA both are surface sensitive redox analytes, surface chemistry of
the samples most likely determines the reaction.
Deposition of nanodiamonds most likely increases the surface area and roughness of
the ta-C electrode. The increased surface area may be the cause of enhanced redox
2+/3+
currents in Ru(NH3 )6
. As discussed in section 5.4.2.1, Holt et al. [92, 98] have
proposed that ND oxygen containing functional groups may regenerate ruthenium
during reduction reaction and enhance quantity of ip,c . However, with ta-C+ND
both anodic and cathodic currents are enhanced compared to ta-C.
Overall addition of ND on top of the ta-C improves electrodes properties towards
DA detection. However when measurements were repeated in DA and DA+AA
solutions, nanodiamond coated electrodes performance was not repeatable. More
detailed behavior of ta-C+ND hybrid electrodes are discussed in chapter 7.4.2.
7.3.2

More detailed study of ta-C+ND electrodes

During this work it was found that nanodiamonds properties at the ta-C surface
were not repeatable. It was observed that experiments done in a same day with
different ta-C+ND samples had similar behaviour, whereas measurements performed
in different days showed considerable deviation between the results. Therefore time
dependency of the ta-C+ND samples results are included as one observed parameter.
Number of measurements done in different solutions are presented as function of
time in Figure 31, where experiments are divided in five time periods. In the figure
’0’ indicates the fabrication of ta-C+ND samples and the period is presented as one
month.
From Figure 31 it can be seen that there were inconsistencies in amount of experiments done for each sample-analyte pair. This is due to that the initial hypothesis was
that the ND-coatings are stable and their properties would not change significantly.
However when ND behavior was realized, focus was directed into repeating dopamine
measurements with untreated ta-C+ND and annealed ta-C+ND-600 samples. Nanodiamonds vacuum annealing was done to investigate the role of oxygen containing
surface groups in detection of dopamine. Assumption was that during the annealing
decomposition of oxygen containing surface groups would occur. In CV this was
expected to be seen as a degradation of electrochemical behavior towards dopamine.
For further information, see sections 5.3.1 and 5.4.1.
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Here DA results of ta-C+ND and ta-C+ND-600 electrodes are presented. In addition,
effect of scanning rate and deviation in DA+AA results are shown for untreated
ta-C+ND. As there are lot of results, only some of the selected ones are presented.
Every sample is color coded based on the period when the measurement was done.

Figure 31: CV experiments as function of time. Number in the figure indicates the
repetition of the measurement during te one time period.

Table 10: Observed behaviour of different parameters in DA and DA+AA measurements and their reproducibility.

Reproducibility
Measurements

Poor

Mediocre

Good

DA
(with untreated
samples)

•

Sensitivity
• ipa (1mM, 100µM & 10µM)
• ∆Ep (10µM)
• Extra reduction peak
at -0.2 V

•
•
•
•
•

’Quinone’ peak (a)
Eo,x (1mM & 100µM )
∆Ep (1mM & 100µM)
Backgroung current
Ered (b)

DA
(with annealed
samples)

• ipa (1mM, 100µM
& 10µM)

•
•
•
•

’Quinone’ peak (a)
∆Ep (1mM)
Sensitivity (c)
Background current

DA+AA
(with untreated
samples)

• ipa (in all solutions)
• Eox (1mM AA
+ 100µM
• Linear response to
addition of DA

• Eox (1mM AA,
• Eox (1mM AA
10µM DA+1mM AA
+ 1mM DA)
& 1µM DA+1mM AA)
• DA shifts Eox to
cathodic direction

(a) ’Quinone’ peak only appears at time period IV
(b) In concentrations where reduction is observed
(c) If no ’quinone’ peak is observed

• ∆Ep (100µM & 10µM)
• Oxidation pre-peak at
100µM & 10µM
• Extra reduction at -0.25V
• Ered (b)

56
7.3.2.1

Dopamine measurements with ta-C+ND electrodes

Three type of trends in DA detection was observed with ta-C+ND samples in three
different time periods III, IV and V. Voltammograms in PBS and different DA
concentrations with these samples are shown in Figure 32(a-c). With sample III
clear oxidation peak is observed for DA which increases as function of concentration.
Detection limit for III is 100 nM DA. Sample measured in period IV shows reversible
redox reaction in PBS. As PBS does not contain any reactive analyte, redox reactions
could be caused by some reactive group on the ND surface. Oxidation peak has same
position as sample III Eox,DA (Figure 32(d)). As seen from Figure 32(b) response
of DA is covered behind the characteristic peak of the material IV. Anodic current
increases as concentration of DA is increased, but as there are no peaks for DA
oxidation. Therefore detection limit is difficult to evaluate. ta-C+ND measured in
period V shows that nanodiamonds own redox reaction on the surface has disappeared.
For DA more broad oxidation peak is observed in 500 nM and above. Deviation of
the ta-C samples in different time periods are shown in Figure 32(d) and table 15.
Passivation of the samples were investigated in 1 mM DA for cycling every sample
for 10 cycles (Figure 32(e)). Eox,DA for samples III, IV and V were 280, 306 and 274
mV at cycle 1. At cycle 10 increase of ∆Ep were 70, 84 and 94 mV. Trend in DA
oxidation potential and in increasing ∆Ep (Figure 32(f)) is similar between samples.
Observed differences in ta-C+ND samples were the magnitudes of their oxidation
peak currents. V has highest current values for DA oxidation, whereas III current
quantity is the lowest. Also V has the strongest reduction peak for DA. Observed
values for DA measurements are listed in table 15.
Variation in observed results is most likely caused by changes in the nanodiamonds
surface properties, which can be related to the RGA results (see section 7.3). Why
and how this change proceeds is unknown. RGA indicates that samples stored in
ambient room temperature for longer time have less water in them. Additionally,
amount of carboxyl functionalization may decrease as surface groups are possibly
transformed into other oxygen-containing functional groups under ambient air as
discussed in section 7.3. Furthermore, the reversible redox peak with sample IV
may be caused by a ’quinone’ group on ND surface that can participate on redox
reactions [122, 123]. However without any surface characterization it cannot be said
what causes redox reactions with sample IV.
Current changes between samples III, IV and V is most likely due to the change in
the surface area and in amount of nanodiamonds on the ta-C surface. By observing
ta-C+ND electrodes with eye, ND layer on top of ta-C does not seem to be uniform.
Therefore it can be expected that there are different amounts of nanodiamonds top
of ta-C. Also it is possible that with some samples ta-C is not fully covered on
ND layer and oxidation of DA may take place on both ta-C and ND surface, which
can cause changes in the electrochemical performance of the electrodes. In addition
nanodiamonds may agglomerate on top ta-C which can cause changes in current
density or in other features such as oxidation potential or sensitivity towards DA.
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Figure 32: Dopamine results for three ta-C+ND samples measured at time periods
III, IV and V. Behavior in low DA concentrations shown for (a) ta-C+ND -III,
(b) ta-C+ND -IV and (c) ta-C+ND -V. Figure (d) show comparison of these three
electrodes behaviour at 1µM DA. Passivation is presented (e) as 1st and 10th cycle
in 1mM DA and (f) ∆Ep as function of cycles.
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7.3.2.2

Dopamine measurements with annealed ta-C+ND electrodes

Annealed ta-C+ND-600 samples measured in time periods IV and V are presented
in Figure 33. In period IV reversible redox reaction is again seen in PBS at ∼0.2 V
as with untreated ta-C+ND sample (see Figure 34(b)). When DA concentration is
increased, it can be observed that DA shifts oxidation peak to more cathodic values
in concentrations of 500nM, 750nM, 1µM and 10µM (Figure 33(a)). Detection limit
of DA cannot be evaluated as response of small dopamine concentrations are covered
behind ’quinone’ peak. In addition at 10µM another oxidation and reduction peak is
observed at approximately 0.1 and 0.15 V. Also strong reduction is seen at -0.35 V
at concentration 250 nM of DA and above. Similar behavior is also observed with
sample measured at V (Figure 33(b)). At 10 µM two oxidation peaks are present
at around 0.2 V. Also two reduction peaks are observed at 0.15 V and -0.35 V.
However with sample ta-C+ND-600-V ’quinone’ peak is not seen. Oxidation of DA
is detectect at 50 nM. Shape of the oxidation peak is sharp and the quantity of
Faradaic current increases as the concentration increases. Moreover DA kinetics at V
are reversible as the reduction reaction is seen already in 250 nM with ∆Ep =62 mV.
Figures 33(c) and 33(d) shows that double redox peaks are seen with both samples
at concentrations of 10 and 100 µM of DA.
Behaviour of both samples in 1 mM DA are shown in Figure 33(d,f). Dopamine
oxidation is observed for IV at 90 mV and for V at 74mV. Increase of ∆Ep during 10
cycles are 78 and 122 mV. Based on the change of ∆Ep , sample V passivates more
strongly which is also seen from the larger decrease of current density. At cycle 1 V
has clearly higher current density then IV, but after 10 cycles current densities of
DA oxidations are similar. In addition at cycle 10 extra oxidation peak is observed
with both samples at -0.2 V.
Again ’quinone’ peak appears with sample measured at IV and disappears at V.
Contrary to hypothesis, annealing of the ta-C+ND samples improves electrodes
kinetics and sensitivity towards DA. With RGA carbon monoxide and carbon
dioxide are detected during annealing, which indicates decomposition of some oxygencontaining surface groups. Based on the literary data carboxyl, anhydride and lactone
groups decompose below 600◦ C, whereas ketonic and ether groups requires higher
temperature [101, 105]. However without more detailed surface characterization
it can’t be concluded what is the actual surface chemistry of nanodiamonds after
annealing. In addition to this, during annealing ND surface may undergo phase
transformation after decomposition of surface groups, where the quantity of sp2
increases (see sections 5.3.1 and 5.3.2). Also if the surface of ta-C is exposed from
under ND layer, some changes may occur in ta-C itself.
Peak observed at lower cathodic potential before DA oxidation (Figure 33(c,e)) may be
caused by strong adsorption of DA oxidation product DAQ. Furthermore reduction at
-0.25 V could be due to the reduction of dopaminechrome into leucodopaminechrome.
If these two proposed reaction take place at first cycle in DA, solution should already
contain oxidation products before electrochemical oxidation of DA. This may happen
as DA can spontaneously oxidize under alkaline solutions [104]. However in Figure
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33(d) additional oxidation is seen at cycle 10. This response is most likely oxidation
of LDC into DAC. To investigate adsorption peak behavior in more detail, different
scan rates can be used. If pre-peak before DA is caused by adsorption, ipa is linearly
dependent on v.

Figure 33: Dopamine results for annealed samples measured at IV and V. Behavior
in low DA concentrations shown for (a) ta-C+ND-600-IV and (b) ta-C+ND-600-V.
Observed adsorption peak in concentration of 10 and 100µM presented for (d)taC+ND-600-IV and (e) ta-C+ND-600-V. Passivation behavior of both samples is
presented in 1mM DA as (d) 1st and 10th cycle and (f) ∆Ep as function of cycles.
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7.3.2.3

Comparison of untreated ta-C+ND and annealed ta-C+ND-600
electrodes

Comparison of untreated ta-C+ND and annealed ta-C+ND is displayed in Figure 34
and in table 15. Comparison between measurements in low concentrations of DA is
done for samples that are measured at the same time period. From these results it is
observed that sensitivity towards DA is improved. At the same time shifting in DA
oxidation to more cathodic potentials is seen. Kinetics are also faster with annealed
samples as reduction for DA product is seen already at 1µM with low ∆Ep . In
1mM ∆Ep for annealed samples are 74 and 90 mV, where as for untreated ta-C+ND
observed values were 215 and 229 mV. In addition, there are clear difference in the
passivation of the samples (Figure 34(d)). Passivation of annealed ta-C+ND-600 is
less severe than for untreated ta-C+ND. Another clear difference is that additional
adsorption and reduction peaks are not seen with untreated ta-C+ND samples.
As no surface characterization is done with annealed ta-C+ND samples, reliable
evaluation of reasons why annealing improves electrodes properties towards DA or
why additional redox reactions occur can not be done. To understand the changes
between samples, characterization of surface chemistry and content of hybridized
carbons are needed. For example these characterizations can be done with XPS,
XAS, FTIR and Raman spectroscopy. Also CV should be done in other redox probes
2+/3+
than only DA. Ru(NH3 )6
experiments would provide information if electron
transfer properties of the hybrid electrode is changed during annealing.
Based on present knowledge and speculation, (i) content of sp2 carbon may increase
during annealing, (ii) impurities from the vacuum furnace improves electrochemical
properties of the electrode or (iii) decompositon or transformation of carboxyl groups
from nanodiamonds could create more attractive surface for DA oxidation. Changes in
carboxyl groups are assumed as the as received ND suspension is carboxyl terminated.
Also it could be possible that some changes occur in ta-C during annealing.
Table 11: Experimental values for dopamine measurements with untreated and annealed ta-C+ND electrodes.
Detection
limit (nM)
Sample
ta-C+ND - III
ta-C+ND - IV
ta-C+ND - V
ta-C+ND-600 - IV
ta-C+ND-600 - V

∆Ep (mV),

∆Ep (mV),

Eox (mV),

10µM

1 mM DA

1mM DA

Cycles 1(10)

Cycles 1(10)

100
(a)
500

170
(a)
205

280 (350)
306 (390)
274 (368)

367 (425)
391 (457)
367 (443)

(a)
50

18
14

90 (168)
74 (196)

229 (287)
215 (307)

(a) DA response overlapping with ’quinone’ peak
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Figure 34: Comparison of dopamine results between untreated and annealed ta-C+ND
electrodes. Behavior at low concentrations of DA are done with samples measured at
(a) IV and (b) V. Passivation of the electrodes in 1 mM DA shown as (c) 1st cycles
and (d) ∆Ep as function of cycles.

7.3.2.4

DA+AA results with ta-C+ND samples

Here samples measured in periods II and III are presented (Figure 35). There are
some deviation between these two samples, but neither of one is selective towards
DA in presence of AA. Differences between II and III, is that II oxidation current
has more linear response when DA concentration is increased. Also with II oxidation
potentials are more cathodic than with III. In 1mm AA + 1mM DA solution Eox for
II and III are 365 and 391 mV, whereas for 1 mM AA 557 and 643 mV. Addition of
DA in AA solution shifts oxidation potentials towards cathodic values. Additionally,
differences in current densities are again observed. From Figure 35(d) catalyzing
mechanism of AA is seen for sample III. ipa for solution 1mM AA + 1mM DA is
significantly higher than peak current for plain DA or AA, which supports theory of
AA catalyzing mechanism (see section 2.2.2).
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Figure 35: DA+AA measurements for (a) ta-C+ND-II and (b) ta-C+ND-III, where
(c) comparison of the samples is presented and (d) results of DA, AA and DA+AA
is shown for ta-C+ND-III.
7.3.2.5

Effect of scan rate

To investigate reaction kinetics of the ta-C+ND electrodes, different scan rates were
used in DA and DA+AA solutions (Figure 36). Experiments were done at time
period III. Dopamine kinetics were tested in 100 µM solutions, where scan rates 10,
50, 100, 200, 400 and 1000 mV/s were used (Figure 36(a)). ∆Ep values for used v
are listed in table 16. It is observed that in DA solution ∆Ep increases as function of
v. This indicates that speed of electron transfer is not sufficiently high. The relation
of anodic peak current is shown in Figure 36(b). As ipa is directly proportional to
square root of v, DA reaction is diffusion controlled.
In DA+AA measurements aim was to test if DA and AA can be separated by using
different scan rates (Figure 36(c,d)). In 1mM AA + 100µM DA used potential
window is too narrow, as at higher scan rates clear oxidation peak is not observed.
Also ipa does not increase as function of scan rate. Response of anodic current is more
random. However in 1mM AA + 1mM DA same potential window was used and
clear oxidation peaks are observed at scan rates 50, 400 and 1000 mV/s. Increasing
the DA concentration, DA+AA oxidation potential shifts to more cathodic direction.
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However, oxidation peaks for DA and AA cannot be separated with higher scan rates.
At least with not scan rates used in this work. This indicates that both analytes
reactions kinetics are limited and affected by the scan rate.

Figure 36: Effect of scan rate on DA and DA+AA solutions. ta-C+ND-III was
measured in (a) 100µ DA solution, where (b) anodic peak current ipa was directly
dependent on square root of v. Kinetics of DA+AA was measured in solution of (c)
1mM AA + 100µM DA and (d) 1mM AA + 1mM DA.
Table 12: Potential peak separation ∆Ep values at different scan rates v in solutions
100µM DA and 1mM AA + 1mM DA.
∆Ep (mV)
Scan rate (mV/s)
Sample
Solution
ta-C+ND -III
100 µM DA
ta-C+ND -III 1mM DA +1mM AA
(a) No reduction observed

10
(a)

50

100

200

400

1000

176

-

(a)

196
-

220 250
418

288
474
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Discussion

Based on the found literature, it is difficult provide any reliable explanation for
electrochemical behavior of the nanodiamonds. In literature there is inadequate
information of the nanodiamonds synthesis and characteristics. As discussed in section
5.1, cooling medium used during detonation synthesis affects ND sp2 shell thickness,
whereas the post-synthesis liquid oxidant determines the surface functionalization
of the nanodiamond. These specs are rarely given in the literature, which indicates
that the properties of the used nanodiamonds are not well known.
Among the inadequate characterization, there are inconsistencies in the electrochemical experiments found from the literature. For example in Holt’s publications,
several electrode materials are used together with nanodiamonds. These materials
are GC [98], BDD [92, 117] and gold [98]. Instead of doing profound characterization
for one specific nanodiamond hybrid electrode, measurements are carried out with
+2/+3
several electrodes in limited amount of redox probes, such as Ru(NH3 )6
and
3−/4−
Fe(CN)6
. Based on these results, Holt’s ’molecular-like’ theory proposes that
enhanced redox currents arises from interactions of the redox probe and the ND
surface groups [92]. However, theory is based on the results with outher sphere
probes and according to Bard [66] these analytes are not dependent on the electrodes
surface chemistry. To investigate the role of ND surface groups, inner sphere redox
probes should be used.
Additionally, ND electrochemical activity does not only arise from the oxygencontaining surface functionalization as in this work performance of ta-C+ND electrode
improved considerably due to vacuum annealing. Against the initial assumption,
decomposition of some of the surface groups did not diminis the electrochemical
activity of nanodiamonds. However, without any characterization of surface chemistry
and sp2 /sp3 ratio it is difficult to evaluate what actually causes enhanced behavior
towards DA. It is likely that the conductive sp2 shell around the nanodiamonds has
an important role in the the electrochemical behavior. It is possible that during
annealing the content of sp2 increases, which enhanced the sensitivity and kinetics
towards DA. However, role of the surface chemistry can’t be left out as it affect the
adsorption process of the inner sphere probes such as dopamine.
Furthermore, the unstable behavior of nanodiamonds is not brought up in any paper
found from the literature. No information is given how many times experiments
are repeated in the publications, thus it is difficult to evaluate if the results are
reproducible or if only the ’best’ ones are chosen for publications.
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Conclusion

CV results with hybrid ta-C+ND electrode were equally good or improved compared
to plain ta-C electrode. Enhanced behavior with ta-C+ND was seen in DA measurements, where (i) the passivation of the electrode was reduced and (ii) sensitivity
towards dopamine was improved. However, selectivity towards DA in presence of
AA was not achieved with ND coating. Furthermore, major challenge in ta-C+ND
electrochemical characterization was that CV measurements were not reproducible
over time in DA and AA solution.
Annealing of the ta-C+ND improved electrodes electrochemical properties towards
DA. Following enhancements were observed in DA solutions: (i) sensitivity, (ii)
reaction kinetics and (iii) reduced passivation. Unstable behavior of ta-C+ND
electrodes were also seen with annealed samples. However, annealing improved
experiments repeatability as was seen in table 10.
As CV was the only characterization method in this work, it is hard to evaluate what
causes the unstable behavior of ta-C+ND or why the properties are improved towards
DA during annealing. To investigate these phenomenas more, next steps would be (i)
extensive characterization of surface chemistry (XPS, XAS, NMR) and morphology
(HRTEM, Raman), (ii) simulations of the system for example with density functional
theory and (iii) CV experiments with several redox probes using different scan rates.
Especially for investigating possible adsorption peak and electrode passivation in
DA solution, using different scan rates provides information of the nature of these
phenomenas. Furthermore, to study the changing properties and time dependency
of ta-C+ND electrodes, the experiments need to be performed more systematic.
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A

CV results for all measured samples
Table 13: Water window experiments in HClO4 .

Sample
ta-C
ta-C+ND
ta-C+ND
ta-C+ND
ta-C+ND

-

’Quinone’ peaks
(yes/no)
no
III-I
yes
III-II
yes
III-III
yes
V-I
no

Water window (V)
Scan rate (mV/s)
10
50
400
3.49 1.03
3.47 3.47 2.54
3.46 3.43 2.20
3.45 3.42 2.21
3.01
-

(a) Water window limits 200 µA/cm2
2+/3+

Table 14: ∆Ep and k 0 values in Ru(NH3 )6

k o (cms−1 ) (a)
Scan rate (mV/s)

∆Ep (mV)
Scan rate (mV/s)
Sample
ta-C
ta-C+ND - II
ta-C+ND - IV-I
ta-C+ND - IV-II

10

with different scan rates.

50

100

200

400

66 62
64 62
68 64
70 68

62
62
64
66

62
58
62
62

60
60
62
60

10

50

100

200

400

0.011 0.094 0.134 0.189 0.397
0.0197 0.0945 0.1336 0.3653 0.3973
0.0056 0.0441 0.624 0.189 0.2672
0.0065 0.0176 0.0347 0.1890 0.3973

(a) k 0 values were calculated with Nicholson method

Table 15: Experimental values for dopamine measurements with untreated and annealed ta-C+ND electrodes.
Detection
limit (nM)

∆Ep (mV),

∆Ep (mV),

∆Ep (mV),

Eox (mV),

10µM

100µM

1 mM DA

1mM DA

Cycles 1(10)

Cycles 1(10)

270 (-)
280 (388)
256(332)
280 (350)
258 (360)
370 (526)
306 (390)
274 (368)
90 (168)
84 (172)
106 (224)
126 (270)
74 (196)

361 (-)
369 (455)
349 (409)
367 (425)
347 (433)
431 (561)
391 (457)
367 (443)
229 (287)
223 (289)
239 (323)
249 (357)
215 (307)

Sample
ta-C+ND - I
250
124
ta-C+ND - III
100000
212
ta-C+ND - III-II
100000
192
ta-C+ND - III-III
100
170
ta-C+ND - IV-I
(a)
(a)
ta-C+ND - IV-II
(a)
(a)
ta-C+ND - IV-III
(a)
(a)
ta-C+ND - V
500
205
ta-C+ND-600 - IV-I
(a)
18
ta-C+ND-600 - IV-II(b)
(a)
18
ta-C+ND-600 - V-I
100
18
ta-C+ND-600 - V-II(b)
50
40
ta-C+ND-600 - V-III
50
14
(a) DA response overlapping with ’quinone’ peak
(b) After annealing samples was stored in ambient air

142
216
180
176
162
172
190
34
34
36
56
34
for 1h

’Quinone’
peak
(yes/no)
no
no
no
no
yes
yes
yes
no
yes
yes
no
no
no
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Table 16: ∆Ep at different scan rates in solutions 100µM DA and 1mM AA + 1mM
DA.
∆Ep (mV)
Scan rate (mV/s)
Sample
ta-C+ND
ta-C+ND
ta-C+ND
ta-C+ND
ta-C+ND
ta-C+ND

Solution
-III-I
-III-II
-III-III
-III-I(b)
-III-II(b)
-III-III(b)

100 µM DA
100 µM DA
100 µM DA
1mM DA +1mM AA
1mM DA +1mM AA
1mM DA +1mM AA
(a) No reduction observed
(b) Samples were not selective

10
(a)
(a)
(a)

-

200

400

1000

176 196 220
216 236 260
180 196 222
286
(a)
(a)
-

50

100

250
296
250
424
426
418

288
338
298
476
526
474

