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1. Introduction 

In western countries, approximately 27% of the population suffers from some form of mental 
or neurological disorder [1, 2]. Neurological disorders are considered to be related to abnor-
malities in neurotransmitter levels in the brain. The total cost associated with neurotransmit-
ter related disorders in 2010 was 798 billion euros in Europe alone, with the rates of inci-
dences expected to rise due to an aging population. As a result, developed countries face 
growing challenges due to the increasing burden on the healthcare sector by the rising costs 
of mental healthcare. 

As neurological disorders are related to abnormalities in neurotransmitter levels present in 
brain, treatment of these disorders, whether with medicine or deep-brain stimulation (DBS), 
aims to affect the turnover of different neurotransmitters [3, 4]. One example of a neuro-
transmitter is dopamine (DA), where abnormalities in DA levels have been shown to bring on 
Parkinson’s disease (PD) [5]. PD is treatment-resistant disorder and medication brings only 
temporary relief. Therapeutic benefits have been achieved using DBS with patients with 
treatment-resistant disorders. However, with different treatment methods for PD available, a 
key issue is the lack of knowledge about the real-time levels of neurotransmitters, namely DA. 
To date, treatments can only be adjusted by inspecting the patients symptoms [6], such as the 
presence of a tremor experienced with Parkinson’s disease. Therefore, there is a demand for 
real-time measurement of DA levels for understanding the effectiveness of neurological 
treatments. 

For the sensor to gather available real-time information, the sensor needs to fulfill the fol-
lowing requirements: (i) physiologically relevant sensitivity (5-700 nM for DA [7-9]), (ii) se-
lectivity between different neurotransmitters (see Table 5 in Section 3 for interfering ana-
lytes), (iii) biocompatibility and (iv) application compatibility (tailorability, patternability, 
CMOS compatibility and corrosion resistance). Carbon based sensors have been successfully 
demonstrated in neurotransmitter detection applications (see Table 8 in Section 3.3) and are 
biocompatible. Although the exact reasons that carbon based sensors are able to detect neu-
rotransmitters are not known, a widely-held hypothesis suggests specific oxygen functional 
groups might be required for successful DA detection [10]. However, the most attractive 
functional group for DA is still unknown. Nevertheless, modifying carbon-based sensors oxy-
gen functional groups is possible, making them an interesting material for neurotransmitter 
detection. In addition, carbon-based sensors offer cost advantages over other neurotransmit-
ter detection technologies, such as Pt based sensors. Even if the application demands the use 
of Pt [11-13], carbon nanofiber (CNF) based sensors require only a very thin (10 nm) Pt seed 
layer that has comparable functional properties to Pt-based sensors [14]. 

Although sensors based on single carbon allotropes have good characteristics towards neu-
rotransmitter detection [15-18] they are unable to meet application compatibility, listed as a 
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requirement for a successful sensor. It has been shown that by using hybrid carbon materials 
some of these shortcomings can be solved. [19-22] (and references from Table 8). Before pro-
ceeding to examine these results, it is important to make a distinction between the hybrid 
materials used in this thesis and those often reported in the literature. Hybrid materials pre-
sented in this work are considered to be true hybrids. This means, that the different carbon 
allotropes are combined together so that (i) coatings are expected to withstand in vitro and in 
vivo measurement conditions, (ii) material can be either first miniaturized and then pro-
duced as hybrid, or the hybrid coating can be attached to miniaturized sensor and (iii) the 
process is repeatable.  

Most hybrids presented in literature, called pseudo-hybrids in this thesis, are materials that 
are not considered application ready, even though publications show promising results both 
in the sensitivity towards DA and in the selectivity (see Table 8 in Section 3.3). Pseudo-
hybrids are often created by drop-casting or by grinding different carbon nanomaterials on 
Glassy Carbon (GC). Currently there are no publications showing any in vivo or miniaturized 
solutions aiming for in vivo measurements with pseudo-hybrids. This is likely due to fabri-
cating pseudo-hybrid to meet the in vivo or miniaturization requirements is not possible.  

There are a limited number of studies reporting true-hybrid carbon materials. The few of 
those that have reported neurotransmitter detection show promise, as they are capable of 
detecting multiple neurotransmitters simultaneously [Publications 1-2] and are application 
ready. Carbon hybrid nanomaterials, such as ta-C grown carbon nanotubes (CNT) and CNFs, 
are particularly interesting as their morphologies are tailorable. 

The focus of this thesis is the detailed structural [Publication 3] and chemical characteriza-
tion of sensor surfaces designed for the detection of DA [Publication 2]. Surface chemistry 
and atomic scale structural properties of electrode materials are investigated to try to offer 
explanations of (i) what oxygen functional groups are present on the given electrodes surface 
[Publications 4-5] (ii) what is the correlation between surface chemistry and electrochemical 
properties [Publication 4] (iii) how the properties of the electrode surfaces are affected when 
treated with nitric acid [Publication 5] and (iv) what role the metallic seed particles at the tips 
of the CNF play in the detection process of the neurotransmitters [Publication 5]. Additional-
ly, (v) the effects of ta-C layer deposited beneath metallic (Al/Fe/Mo or Ni) seed layers to 
CNT and CNF growth and morphology are investigated [Publications 1, 3 and 4]. 

This thesis is structured as follows: in the beginning the motivation for this work is shown. 
Next, the background of the used materials and their properties are explained. Then, to justi-
fy the selected hybrid materials the favorable properties are shown and the experimental 
methods used to investigate the materials are explained. After the experimental methods are 
explained the reader is taken to the results and discussion section, where the current work 
and its impact is summarized and the necessary next steps of the research are highlighted. 
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2. Selected methods of materials characteriza-
tion 

This section focuses on spectroscopy, microscopy and electrochemistry. These methods are 
used to study surface chemistry and structural features of the nanomaterials, which can then 
be correlated with the electrochemical performance. Spectroscopic methods discussed in this 
section are x-ray photoelectron spectroscopy (XPS) and x-ray absorption spectroscopy (XAS). 
In the microscopy methods scanning electron microscopy (SEM), transmission electron mi-
croscopy (TEM) and scanning transmission electron microscopy (STEM) are discussed. X-ray 
based spectroscopy and electron microscopy methods are selected for material characteriza-
tion to gain detailed information about the material’s surface chemistry and structure. The 
results of the material characterization is compared with the electrochemistry results to as-
sess the performance of different sensor surfaces. The methods are presented at a reasonable 
general level in order to give the reader means to understand the more detailed discussion 
about the results of the relevant techniques in the publications. 

There are many other methods for characterizing carbon-based materials that include tem-
perature programmed desorption (TPD), temperature programmed oxidation (TPO) com-
bined with mass spectrometry (MS), then Fourier transform infrared spectroscopy (FTIR), 
Raman, and elastic recoil detection analysis (ERDA) just to name a few. However, these other 
methods are not discussed as they are not used for key conclusions in this work. 
Literature review of carbon nanomaterial characterization provides an irregular and incon-
sistent picture of their properties. Publications often lack depth of detail to provide reasona-
ble amount of insight from materials studied to explain the results observed. Relevant data in 
these studies has been neglected, such as the impact arising from different material combina-
tions. Furthermore, the chemical and structural effects of i.e. heat - and acid treatments, are 
not investigated in detail. Thus, many publications can be said to be more technology than 
science oriented. This thesis shows that by undertaking detailed characterization studies it is 
possible to provide enough information about carbon nanomaterials to connect their proper-
ties and observed performance. 

2.1 Spectroscopy 

2.1.1 Short theory of x-ray based spectroscopy methods 

The photoelectric effect, Auger effect and x-ray fluorescence are represented graphically in 
Figure 1. In the photoelectric effect the incident x-ray beam excites an electron from an atom-
ic orbital, creating either a core-hole (if excited from the lowest atomic orbital) or a vacancy 
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on another shell. This excited electron, called now photo-electron, is observed at some de-
fined energy (binding energy) depending on the atom and atomic orbital it is being excited 
from.  

Based on the theories of Bohr and Pauli, when there is an electron missing from lower 
atomic orbitals and there are electrons at higher atomic orbitals, the lower atomic orbital 
must be filled before the higher atomic orbitals. The unstable state is resolved by an electron 
from a higher atomic orbital filling the core-hole (decay of the excited state). The Auger effect 
and x-ray fluorescence are both related to the decay of an unstable state.  

The absorption probability of an x-ray photon by an electron is governed by the atomic 
number (Z) of the investigated material. Absorption probability of an x-ray photon for high Z 
materials is higher than for low Z materials. The probability of emission is directly propor-
tional to the absorption probability. 

 

Figure 1. On the left photoelectric effect, where an incident x-ray (hv) is exciting an electron from the K-shell to 
the continuum, creating a core-hole. In the middle is the Auger effect, where the existing core-hole is filled by 
an electron from the L-shell, at the same time releasing energy and exciting another electron at L-shell. The 
right figure illustrates x-ray fluorescence, where a higher-shell electron fills the core-hole, resulting to an 
ejected well-defined x-ray K . 

2.1.2 X-Ray Photoelectron Spectroscopy (XPS) 

Material elemental composition can be characterized using XPS. These measurements are 
normally done using an Al K  or Mg K  [23] source for x-rays. These sources are used as they 
provide stable and sufficiently powerful x-rays where the energy of the beam is well known. 
After the x-rays are excited from a source, they are mirrored to a monochromator using Si 
mirrors. The monochromator is used to cut down an incident beam so that there is only sin-
gle wavelength of x-rays colliding with the sample. The x-ray beam is directed to the sample 
at a fixed angle that is instrument dependent. Excited photoelectrons from the sample are 
collected with a horse-shoe shaped detector. By altering the detectors magnetic flux, an se-
lected energies of interest can be collected from the sample. This result in the binding energy 
that is normally plotted with the x-axis of the XPS spectra. 
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Maximum resolution of the scan depends on the quality of the x-ray gun, the monochroma-
tor and the detector. However, scan resolution is governed mainly by the scan time, as de-
creasing the pass energy increases the resolution. XPS detection limit is roughly 0.1 – 1 at %.  

Normally two types of scans are taken from a sample, a wide scan and a high resolution 
scan(s). Example parameters for wide scan acquisition could be analyzator pass-energy 80 
eV, 1 eV step and the higher resolution spectra with analyzator pass-energy 20 eV, 0.1 eV 
step. Due to the high resolution scans taking longer than the wide scan, it is normal proce-
dure to do a wide scan to see the overall sample contents (the wide scan spectra should al-
ways be used for calculating the ratios of the elements found in the sample). Subsequently, 
higher resolution scans are performed from the energy region(s) of interest. 

High resolution scans can reveal the number of bonds that the given element has formed 
with other elements. There is a variety of literature about this phenomenon and the analysis 
of the resulting spectra. Here on the focus is on carbon and its bonding to oxygen. In order to 
extract other than qualitative information from the resulting spectra, it is required to do peak 
fitting. Figure 2 is an example of XPS spectra with peak fitting.  

XPS measurements require ultra-high vacuum (UHV) conditions that limits the types of 
samples that can be measured. If the sample is not solid, or undergoes outgassing under vac-
uum conditions, it presents a challenge to sample preparation. Majority of samples can be 
dried to some extent, however drying might alter the chemical nature of the sample, causing 
it to appear different from its initial state. 

One additional problem that is likely related to the UHV conditions is the visibility of the 
carboxyl functional group at the received spectra. There is currently no explanation for this 
phenomenon, however it is believed to be related to water vaporizing from the sample in the 
UHV environment altering the oxygen functionalities of the samples [24].  

In Figure 2, there is only one distinctive peak shape, centered at ~285 eV. Higher energy 
portion of the spectra where the nearly featureless tail has been fitted with two peaks, shows 
one key weakness of XPS measurements. Due to the lack of clearly defined peaks, it is diffi-
cult to objectively fit the higher energy peaks. This problem is exacerbated by the abundance 
of results in the literature that allow justification of the peak locations to vary. The two peaks 
have been selected to have wide full width half maximum (FWHM), as wider peaks covering a 
larger energy range cover a variety of different material combinations. This results in more 
ambiguous data, but could be considered more conservative way of fitting as the amount of 
bias is likely decreased.  

As already mentioned, the peak fitting procedure is of high importance. Thus, it is im-
portant to seek reliable literature related to the peak positions of different compounds. Addi-
tionally, the peak FWHM should be defined to be similar between the peaks in order not to 
make some peaks more valuable than others. What should be noted however is that due to 
chemical differences i.e. in carbon (amorphous carbon (a-C) vs pristine graphene) a chemical 
shift is expected between the two. This leads to a wider FWHM of the C-peak in the case of a-
C, as the structure has no long-range order. Thus, XPS-analysis is often challenging, not only 
due to the inconsistent literature, but also due to chemical shifts. A good approach to start 
the analysis is by comparing two bare (or background subtracted and normalized) spectra. If 
there are visible differences and there is a need for semi-quantitative information, then a 
peak fitting approach could be justified. If there are no clear difference in the spectra, seeking 
differences via fitting results might lead to a biased result. There is a large number of publi-
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cations about nanomaterials and their XPS results and some of this literature is reviewed in 
the following Table 1 and Table 2. 

During this thesis ab initio calculations have been used to both support and to rationalize 
experimental findings. Examples can be found from Publications 3 and 4 where calculations 
were used to support and verify experimental data. These issues are discussed in more detail 
later in the XAS –part of this Section as well as in the Section 2.4 Computational Methods. 

Table 1. Non exhaustive list of publications with XPS C1s peak assignments. 

XPS C1s peak energies and peak assignments (energy in eV)   Ref 
284.38–
284.53 285.11–285.5 286.21–

287.53 286–288.5 286.45–
287.92 

288.39–
289.54 

289–
291.6 

287.8–
290.2 [25] 

sp2 C=C sp3 C-C C-O  C–NHx >C=O -COO O-COO CHF 

284.6 286.0–286.3 287.3–287.6 288.8–289.1 290.5–291.2 - - - 

[26] Graphitized 
carbon 

Carbon in 
phenolic, 
alcohol, ether 
or C=N 

Carbon in 
carbonyl or 
quinine 
groups 

Carbon in 
carboxyl or 
ester groups 

Carbon in 
carbonate 
groups and/or 
adsorbed CO 
and CO2 

- - - 

284.6 285.1 286.2 287.2 288.9 - - - 
[27] 

Graphite sp3 Hydroxyl Carbonyl or 
ether 

Carboxyl or 
ester - - - 

285.1 286.4 287.8 288.9 - - - - 
[28] 

C C-OH C=O COOH - - - - 

284.6 286.2 287.6 289.2 - - - - 

[29] Graphite / 
Hydrocarbon 

Alcohol, 
phenol, ether, 
or peroxide 
carbon 

Carbonyl 
carbon 

Carboxylic 
carbon - - - - 

284.6 286.3 287.6 288.8 - - - - 
[30] Graphitic 

carbon Hydroxyl Carbonyl Carboxyl - - - - 

284.6 286.3 287.6 288.8 - - - - 
[31] Graphitic 

carbon 
Hydroxyl 
carbon 

Carbonyl 
carbon 

Carboxyl 
carbon - - - - 

285.0 286.4 287.7 288.9 - - - - 
[32] 

C-C C-O C-Cl O-C=O - - - - 

284.6 - - 289.0–289.4 - - - - 
[33] 

C1s - - Carboxyl 
carbon - - - - 

284.2 285.9 288.2 - - - - - 
[34] 

Bulk C1s Ether-like 
linkages 

Carboxylic 
acid groups - - - - - 

284.4 -   - - - - - 
[35] 

Graphite - - - - - - - 

284.4 - - - - - - - 
[36] sp2 hybridized 

atoms - - - - - - - 

284.3 - - - - - - - 
[37] 

C-C - - - - - - - 

284.6 - - - - - - - 
[38] 

C - - - - - - - 
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Table 2. Non exhaustive list of publications with XPS O1s peak assignments. 

XPS O1s peak energies and peak assignments (energy in eV)  Ref 
531.0–531.9 532.3–532.8 533.1–533.8 534.3–535.4 536.0–536.5  

[26] 
 Carbonyl oxygen of 

quinones 

Carbonyl oxygen 
atoms in esters, 
anhydrides and 
oxygen atoms in 
hydroxyl groups 

Non-carbonyl 
(ether-type) oxygen 
atoms in esters and 
anhydrides 

Oxygen atoms in 
carboxyl groups 

Adsorbed water 
and/or oxygen 

532.8–532.9  533.6–533.7  534.3  535.0–535.2  - 

[38] 
 

Doubly-bonded 
oxygen in esters, 
carbonates and 
acids 

Oxygen in isolated 
carbonyls, ethers 
and alcohols 

Singly-bonded 
oxygen in acids and 
esters 

Singly-bonded 
oxygen in car-
bonates 

- 

532.0 533.7 535.6 - - 

[29] 
>C=O, -C-O-C- 

>C-OH, adsorbed 
CO, adsorbed O2, 
bound H2O 

-O, from HO-C=O - - 

531.6 533.3 534.7 - - 
[30] 

O=C O-C H-O-H - - 

530.6 533.0 - - - 
[28] 

C=O, COOH C-OH - - - 

531.65–531.94 533.30–533.80 - - - 
[25] 

O=C O-C - - - 
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Figure 2. Example of high resolution XPS spectra (from ta-C grown CNF that has been treated with 10M HNO3 
for 5 minutes) with fitted peaks. Peak positions for the main C peak at ~285 eV, and two oxygen functionali-
ties at higher energies. The peak at ~286.5 eV is likely originating from C-OH and/or C-O-C groups, and the 
peak at ~288.5 eV from COOH functionalities. 

2.1.3 X-Ray Absorption Spectroscopy (XAS) 

In XAS the measurement principle and method are closely related to XPS. Both methods use 
x-rays to activate the measured material resulting in a signal that is then interpreted. Major 
differences between the XPS and XAS are that XAS requires an x-ray source whose energy 
can be altered. XAS is often done with a synchrotron lightsource, such as the Stanford Syn-
chrotron Radiation Lightsource, Max IV Laboratory Sweden and Australian Synchrotron to 
name a few. For the synchrotron to be suitable for materials characterization, such as the 
ones done in this thesis, soft energies are needed (energy ranges of for example 250 – 1200 
eV) so the transitions for low Z elements can be seen (such as carbon around 285 eV).  

In XAS measurements, the photoelectric effect (electron excitation to continuum), Auger 
effect and x-ray fluorescence can be studied (see Figure 1 in Section 2.1.1). In addition to 
these, it is possible to study electron excitations to empty valence states as well as to different 
continuum states. These empty valence states, along with the possible empty states in the 
continuum, are shown in Figure 3. In this Figure a diatomic molecule is shown, where the 
atom on the right is being affected by the incident beam. The transition described in the 
Figure (by an line drawn from the 1s-shell to continuum) is actually the same as is observed 
in XPS. In XAS transitions to all empty (obeying with the molecular orbital filling rules) 
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molecular orbitals are possible and the transition can be observed in the resulting spectra, as 
opposed to XPS where transitions to continuum are observed. An example is the transition to 
π* orbital, a pre-edge feature, that can be observed from the spectra shown in Figure 4 (a). 

 

Figure 3. Schematic potential for diatomic molecule and the possible valence – and continuum states where an 
electron can be excited to and observed when conducting an XAS measurement. Notice the difference be-
tween the observed photoelectric effect in XPS, where the only observed transition is the ionization of an 
electron to continuum. 

This near edge region (NEXAFS, Near Edge X-Ray Absorption Fine Structure) is indicated in 
Figure 3 along with the rest of the defining areas of an XAS measurement. The possibility of 
probing the empty states with high precision along with the ability to observe the effects on 
neighboring atoms of the material of interest are major advantages of the XAS technique. In 
Figure 4 two spectra are shown, on the left (a) an XAS spectra and on the right (b) XPS spec-
tra of the same material with dotted lines describing the observed carbon and carbon-oxygen 
compounds. 

 

Figure 4. Spectra collected from ta-C grown CNF. A comparison of XAS spectra (a) [Publication 5] and XPS 
spectra (b) where the similar carbon-oxygen functionalities are marked. Notice, that the sp2 π* in XAS and C-
C in XPS are not necessarily of the same origin. The first XPS-like (photoelectron) ionization is observed at 
energies above the ionization potential (IP) in the XAS spectra, at energies above ~292 eV (such as the sp2 
σ* transition marked to the spectra). 
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An important feature of XAS is the angular dependency of the measurements. By altering 
the angle between the sample and the beam, it is possible to observe the orientation of the 
bonds [39, 40]. This feature has been used in this thesis (Publications 4 and 5) to rule out the 
angular dependency so that the observed differences between the samples are not related to 
this. The angular dependency and its uses are discussed exhaustively in the literature [41-44]. 
Some XPS instruments allow the incident angle to be altered as well [45].  

Finally, the differences between the measurements of XPS and XAS are displayed in the 
Table 3. 

Table 3. Differences between XPS and XAS measurements. 

Differences between XPS and XAS XPS XAS 

Measures Ionized electrons (Photo-electron 
effect), Auger electrons 

Excited electrons (including ionized to 
vacuum, but also to valence band 
MO's as well as different continuum 
states), Auger electrons, X-Ray Fluo-
rescence  

Depth profiling Possible via background shapes post-
peak Directly possible TEY vs AEY 

At Stanford linear accelerator (SLAC) beamline 10 (station 10-1, see Figure 5 for the beamline 
overview), where the measurements for this thesis were done, the instrumentation allows the 
input of a tesla wiggler to cause the incident beam to wiggle. Wiggling causes the beam to 
oscillate with specific frequency and a cone of light is emitted at each of the oscillation maxi-
mum and minimum amplitudes that is superimposed onto each other thus amplifying the 
intensity at each oscillation. [46] 

The synchrotron beamline overview in Figure 5 is a rough outline of the SLAC Stanford 
synchrotron radiation lightsource (SSRL) synchrotron storage ring and beamline stations. In 
order to be able to hold the electrons in the elliptic ring there is need for bending magnets 
that are also used for the synchrotron light source. 
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Figure 5. Beamline overview of the SSRL beamlines at SLAC Stanford. 

In this instrument samples (mounted on an aluminum stick) in the UHV chamber can be 
exposed to an x-ray beam. Energy of the beam can be altered using a monochromator and slit 
to cut some given intensity of the beam. This way the x-ray sources energy is altered, and the 
detector measuring the signal / photons emitted from the sample stays static. In XAS the 
measure is how much energy is needed to excite for example an electron from C1s shell (K-
shell) to π-antibonding orbital π*, compared to the XPS where the measure is binding energy 
(how much energy needs to be put to the sample so that there is an electron excited out to 
vacuum). 

When carbon atoms are alone in the material, such as in highly ordered pyrolytic graphite 
(HOPG) where there are mainly sp2 bonds, the energy needed for the π* excitation is 285.3 
eV [47]. When other elements, such as oxygen, have reacted with carbon the energy required 
for the excitation of the electron is altered. A good rule of thumb is when other compounds 
react with carbon the energies of their bonds are higher than the sp2 bond. However, if the 
bonding environment is changed from highly ordered to less ordered, like in the case of 



Selected methods of materials characterization 

22 

amorphous carbon (a-C), it is possible that the energy needed for the π* transition is actually 
lower [Publication 4].  

The reader is directed to the discussion about the peak locations in both Publications 4 and 
5. The literature referred to in those publications is also listed here [48-59]. This literature is 
used to define some peaks that are shown in the following table. 

Table 4. Peak positions and assignments for the C1s spectra. [48-59] 

Peak position (eV) Assignment 

284.9 π* a-C sp2 
286.6 ketone/aldehyde 
287.5 C-H 
288.6 carboxyl 
289.8 sp3 
292.8 σ* a-C sp2 

An example of the resulting spectra is given in Figure 6, where peaks are fitted in order to 
quantitatively analyze the spectra. From Figure 6 it is evident that analyzing XAS spectra is 
vulnerable to similar issues as XPS. 

 

Figure 6. C1s XAS spectra of a 7 nm thick ta-C film showing fitted peaks for selected functionalities. Peak posi-
tions are justified based on the literature and the fitting is done using rigid constrains consisting of rule that 
the FWHM maximum is 1.5 eV. The black line is IP and the peaks post IP are only used to serve the fit with 
the exception of the σ* sp2 peak. [Publication 4] 

For both XPS and XAS the choice of the references for defining the peak positions affects the 
reliability of the analysis. By going through the literature and discussing with experts in the 
field there is a good chance to find relevant sources of information without a high level of 
bias. However, there lies a large problem with newcomers in the field, as the learning curve 
for the peak fitting is steep and the literature related to the peak positions varies considera-
bly. 

Peak fitting for XAS can be done with a variety of software, such as Athena/Artemis [60], 
PyMCA [61], Igor Pro, MATLAB and so on. Whatever procedures are used, they should be 
related to the basic foundations of the XAS fitting procedures discussed in depth and detail 
by Stöhr [41]. 
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It should be noted that the environment of the atoms in the sample matrix often alters the 
received spectra. That is why using reference samples for both XPS and XAS is important to 
see the level of shift due to the environment and the possibility of charging and the current 
condition of the device. Such references can be for example cellulose sheet that has been well 
characterized in the past, or a pure gold foil. It is best to hold the pure material (for example 
gold) in the UHV conditions at all times and purge it clean from any contaminants prior to 
the measurements if possible. Guidelines for the peak locations can also be acquired using 
atomistic simulations, as exemplified in Publication 4. This allows specific referencing for 
different carbon materials, such as ta-C, graphite and diamond. Atomistic simulations are 
further discussed later in this Section. 

One of the powerful features of XAS measurements is the possibility to collect several dif-
ferent measures, such as the total electron yield (TEY) and Auger electron yield (AEY), during 
the measurement. This allows analysis of the material bulk (surface + ~10 nm from the sur-
face, TEY) and the surface (1…3 nm from the surface, AEY) in a single scan from the same 
location with the same beam parameters. Comparing the TEY and AEY spectra allows a study 
of differences between the bulk and the interface of the material. This has been done in [Pub-
lication 4] with different ta-C films. 

An example of AEY and TEY spectra is shown in Figure 7 and it can be concluded that even 
when the ta-C thin films bulk contents (dashed lines, TEY spectra) show clear differences, 
their surfaces are nearly identical (solid lines, AEY spectra). The surface properties of the ta-
C films are further connected to electrochemical results by Palomäki et al. [62]. 
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Figure 7. XAS spectra (AEY and TEY) for two different ta-C thin films. The TEY spectra show differences in the 
bulk films, but the surfaces of the thin films appear similar, as observed from AEY spectra. [Publication 4] 

2.2 Microscopy 

2.2.1 Scanning Electron Microscopy (SEM) 

In SEM an electron source is used to produce an electron beam that is focused to the sample 
using magnetic lenses. The resulting micrograph is produced by the electron beam interact-
ing with the surface of the sample, producing different contrast for different elements as well 
as for providing accurate, visual topographical information. 

SEM is a widely used technique due to its versatility and applicability in large amount of 
different samples, often allowing considerably large samples to be imaged without complicat-
ed sample preparation. The carbon-based materials discussed in this thesis are usually ready 
for imaging directly, with no special sample preparation required. Some general require-
ments for the samples imaged using SEM are (i) they must be conductive (if not, they need to 
be coated with conductive material such as C, Cr, Au, Pt) in order to avoid charging due to the 
electron beam and (ii) samples must not outgas significantly so that there are no particles 
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released in the sample chamber of the SEM that could degrade the electron source (unless a 
special environmental SEM is used). 

With SEM one can gather morphological information about the structures grown and verify 
where the metal particles from the seed layer reside after growth (note, that if the particles 
are buried underneath carbon it is likely not possible to see them with SEM). The two imag-
ing modes in SEM that should be mentioned are SE (secondary electrons) and BSE (back 
scattered electrons) modes. Secondary electron emission is mainly dependent on the incident 
angle between electron beam and the sample. Thus, SE mode is efficient for topography stud-
ies. BSE emission on the other hand is mainly governed by the atomic number of the materi-
al, where light materials appear dark, and heavier materials bright and thus gives composi-
tional information. 

In addition to the visual image, SEM is often equipped with energy-dispersive x-ray spec-
troscopy (EDS) detector. EDS can be used to detect the characteristic x-rays emitted via the 
interaction between the electron beam and the sample. By collecting the characteristic x-rays 
an elemental map can be formed from the subjected area. EDS has detection limit of about 
1000 ppm and is optimal for quick, qualitative elemental analysis (acquisition time is 
minutes). Furthermore, EDS cannot detect low Z elements (Z<4 with windowless detector 
and Z<10 with Be window) [63]. For higher detection limits (down to 100 ppm) and at least 
equal low Z resolution (Z≥4) some SEM units are equipped with wavelength-dispersive spec-
troscopy (WDS) detector. WDS is based on detecting x-rays of specific wavelength diffracted 
by a crystal, unlike EDS where broad spectrum is observed simultaneously. Other differences 
between EDS and WDS is that WDS is much slower (requires tens of minutes acquisition 
time) and requires smooth, flat sample. 

2.2.2 Transmission Electron Microscopy (TEM) 

Like SEM, TEM imaging is based on electrons and their interaction between the area of in-
terest. However, there are significant differences between the two imaging environments. In 
TEM the electron beam passes through the sample and the image is produced based on sam-
ple’s interaction with the penetrating electron beam. The sample must be thin enough (<200 
nm) for the electrons to be able to pass through it, setting very specific sample requirements. 
[64]. However, the sample thickness requirement is also dependent on the material studied. 
Good rule of thumb is that a sample thinner than 100 nm can be considered a good sample 
[65]. Samples can be fabricated for example by focused ion beam (FIB) or by hand and fin-
ished using ion milling. Some TEM units are equipped with scanning transmission electron 
microscopy (STEM) mode, where the image is formed by scanning the sample with the elec-
tron beam in a raster, allowing different imaging modes. 

Micrograph quality depends on several factors, such as (i) the quality of the sample (ii) elec-
tron beam focus (iii) quality of the vacuum and (iv) electron beam energy. Many of these are 
device dependent. However, the electron beam focus is a variable that both device and opera-
tor contribute significantly. Thus, high quality atomic scale resolution micrographs require 
careful microscope alignment. 

In TEM there are two imaging modes, bright field (BF) imaging and dark field (DF) imaging 
(See Figure 8 for BF (bottom) and DF (top) micrographs taken from CNF grown using Pt 
seed). In BF imaging there is an aperture placed so that only the direct beam is allowed to 
pass to the imaging detector. In BF micrographs, heavy atoms, thick areas and crystalline 
areas appear with dark contrast (diffraction contrast and mass-thickness contribute to image 
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formation). In DF the aperture is placed so that direct beam is blocked, and one or more of 
the diffracted beams from the specimen are allowed to pass to the imaging detector forming 
the DF image. The bright areas in the DF micrographs are those whose diffraction patterns 
fulfill the Bragg condition. DF and BF micrographs can be considered as diffraction contrast 
images. 

In well-equipped TEM units, there is a possibility to use the high-angle annular dark field 
scanning transmission electron microscopy (HAADF-STEM) mode, to select (by electronics 
and whether or not the collected beam is displayed) either mode, DF or BF. The HAADF-
STEM mode is also called Z-contrast imaging, as the DF micrographs produced in this mode 
are very sensitive to scattering from high atomic number atoms. In the following Figure 8 
(top) HAADF, (bottom) BF-STEM micrograph is shown. 

TEM unit may be equipped with EDS detector that’s working principle is the same as dis-
cussed in the SEM Section. Additionally, some TEM units are equipped with electron energy 
loss spectroscopy (EELS) detector, which can be used to study the loss of electron energies 
when they pass the sample. EELS is similar to XAS (with soft x-ray energies) as it can be used 
to study valence and conduction band electronic properties, chemical bonding and surface 
properties of the material. EELS is especially useful in investigating carbon materials. 

 

Figure 8. A STEM micrograph showing HAADF (top) and BF (bottom) image, where the imaging mode has been 
changed mid-picture. The contract difference between different Z atoms is visible, in particular when looking 
at Pt. 
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When considering the conclusions that can be drawn from TEM or STEM micrographs, it is 
important to consider that as the sample size is very small (for example in the case of CNF, 
there might be 30 visible CNF in the sample, when there are hundreds of thousands to mil-
lions of fibers on the whole sample), there is a risk of error in the analysis. In addition, a TEM 
sample is a very thin 2D representation of a larger 3D structure. Notable for the TEM analysis 
is also that the samples have undergone a significant thinning process that could possibly 
tear harder or softer parts of the sample more easily than the other parts, thus producing a 
sample that is no longer a true representation of the original one. 

2.3 Electrochemistry 

Electrochemical methods offer possibilities for detection of a large number of different ana-
lytes, including many neurotransmitters. Some neurotransmitters cannot be directly detect-
ed, requiring enzymatic detection, where the electrode detects the product of the enzymatic 
reaction. In electrochemical measurements problems arise from interfering compounds oxi-
dizing and reducing at the same potential as the studied analyte. Some electrochemically ac-
tive and enzymatically detected neurotransmitters are listed in Table 5. 

Electrochemical methods utilized in this thesis are for evaluating the performance of the 
electrode materials. Using electrochemistry, it is possible to study the following properties of 
the electrode: (i) is the sensor material sensitive toward the given neurotransmitters (ii) is the 
sensor selective in presence of interfering agent(s) (iii) what are the electron transfer proper-
ties of the sensor (iv) does the sensor suffer from biofouling and (v) is the electrode perfor-
mance repeatable. 

Frequently used electrochemical measurement techniques are cyclic voltammetry (CV), 
amperomentry, differential pulse voltammetry (DPV), electrochemical impedance spectros-
copy (EIS), and chronoamperometry. In this thesis majority of the electrochemical measure-
ments are done using CV. Reasons for this is that CV can be used with high enough temporal 
resolution for in vivo measurements [66] and that the measurement method itself is rather 
simple (vs for example DPV which is heavily parameter dependent and time consuming). 

Cyclic Voltammetry (CV) 

In CV experiments, the potential of the working electrode is linearly swept between a starting 
potential and an ending potential with a definite switching potential. The scan rate (v) ex-
presses how fast the potential is swept within the potential limits. The resulting I/V curve is 
plotted and possible potential peaks can be attributed to the oxidation or reduction process of 
specific analytes in the solution (with some materials, such as Pt, there are also peaks arising 
from the material itself). The separation between the oxidation and reduction peaks of the 
same analyte determines the peak potential separation (ΔEp), which is a measure of the feasi-
bility of the reaction at the electrode surface. 

In addition to the parameters that can be extracted from the example voltammogram seen 
in Figure 9, there are additional factors of interest in the CV curves that help to define the 
materials feasibility and properties as electrode. One essential property of the electrode ma-
terial is that the reactions occurring during the CV measurement take place in the measured 
limits, meaning that the reactions happen inside the feasible water window of the material. 
Water window describes a materials ability to break water. Thermodynamically it is required 
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to have 1.23 V potential difference to break water and produce oxygen. In electrode applica-
tions, the water window means the kinetic water window that is dependent on the material, 
as some materials (such as platinum) are better at breaking water than others (such as ta-C). 
In the application of measuring neurotransmitters wide water window, thus inability to break 
water (by producing oxygen at the anodic and hydrogen at cathodic end) near the thermody-
namic limit, is considered as a good property. 

 

Figure 9. CV curve displaying some key characteristics extracted from the voltammogram, anodic and cathodic 
peak currents, peak separation and the peak positions for reduction and oxidation. 

Another essential property is the signal-to-noise ratio, meaning the peak (anodic or cathodic) 
current that arises above the background current of the electrode (see Figure 10 for illustra-
tion for water window and background current). The unavoidable presence of the back-
ground current is an additional complication of CV technique, in addition to unambiguous 
baseline determination needed to measure the height of the reverse peak, that make the 
method typically unsuitable for quantitative concentration measurements. Thus, other tech-
niques, such as amperometry, are required if exact concentrations are needed. However, in 
neurotransmitter measurements changes in concentrations and not the absolute values are of 
major interest, making CV a feasible tool for this type of research. 

 

Figure 10. CV curve displaying electrode measurements done for several samples, where the background cur-
rent and water window are measured. Measurements were done in 0.15 M H2SO4. [Publication 1] 



Selected methods of materials characterization 

29 

As noted earlier, an important property of the electrode is to be fast enough in its kinetics 
towards the analyte, so that the electrochemical reaction of interest takes place with as little 
barrier as possible. The electrode reaction kinetics is a non-trivial issue. Ultimately, an elec-
trode reaction can always be forced to act irreversibly by increasing the (v) to be large 
enough. This means, by increasing to a very high cycling speed, there is an abundance of re-
actant available, and the reaction with the electrode is governed by reaction kinetics. In Fig. 
11, examples of reversible (fast), quasi-reversible and irreversible (slow) reactions of simple 
single electron transfer are shown. Matsuda and Ayabe [67] described the transitions be-
tween reversible and irreversible reactions by using a parameter, Λ. They propose the three 
different ranges of reaction speed (that applies for stationary macroelectrodes): 

 

where numerical values relate to 298 K. In the following Figure 11 the above reactions are 
shown in an example CV curve. 

To connect the Matsuda and Ayabe parameter Λ to an experimental CV-curve more easily, 
introduction of Nicholson’s Ψ [68] function can be used. 

 

where Ψ is a quasireversible current function depending on the separation of the anodic and 
cathodic peaks in the CV curve (see Figure 9). 

 

Figure 11. Cyclic voltammograms illustrating reversible (solid blue line), quasi-reversible (black dotted line) and 
irreversible behavior (red dotted line). 
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2.4 Computational methods 

In this thesis, computational methods are used to support the experimental findings. Compu-
tational results are based on calculations done using the density functional theory (DFT)–
method. From computational methods, DFT is the best compromise between the quality and 
cost of the results. Generally, atomistic simulations require solving the wave function of the 
many-body electron system around the positive nuclei. 

In DFT the problem is simplified so that the exact wave function of the electrons is not cal-
culated, but rather the electron density, significantly simplifying the description of the prob-
lem. Using DFT the minimum energy state (ground state) of the system is calculated, where 
all the equilibrium properties of the system can be solved using further calculations. 

What makes the ab initio computational results so interesting and useful for linking the ex-
perimental data from our own studies, as well as the data from the relevant literature togeth-
er, is that the level of bias in ab initio computational studies is low. There is in principle no 
experimental input given to the system, rather the problem is solved purely from first princi-
ples. Thus, if the results obtained both by experimental and computational methods agree, it 
provides a strong indication that the results are correct. It should be mentioned, that the 
computational systems used are simplifications of reality with many compromises in size, 
time etc. Therefore, it is often advisable to identify trends and not exact numbers from the 
results. 

Computational methods are used in this thesis to support the discussion about the effects of 
the catalyst particle governing the CNF growth (catalyst particle reaction with adhesion layer 
and the fed carbon precursor gas). Computational methods are also used to calculate XAS 
spectra. Typically calculations are carried out for extreme cases (for example when looking at 
XAS spectra for ta-C, first pure sp2 graphite, then pure sp3 diamond and then a combination 
is calculated) to allow for the alignment of the calculations to see if the resulting extreme cas-
es are in line with the own experimental findings or results from the literature. For both the 
mentioned calculations a different cell size is used. It is important to note, that by increasing 
the cell size the calculation time is increased significantly. Thus, it is important to optimize 
the environment required to make a calculation efficient but reliable. For example in the case 
where the XAS spectra for ta-C are computed, it is essential not to use too small of a system 
(only several C atoms) as it would introduce short range order that is not observed in amor-
phous materials. 

2.5 Summary of the methods 

X-ray based characterization methods used in this thesis provide detailed structural and 
chemical information about the studied materials. As it was already noted, both XPS and XAS 
are vulnerable to data manipulation via the peak-fitting procedures. This has been taken in 
account throughout this thesis by consulting wide literature base for the reference peak posi-
tions. Additionally, computational methods have been used to verify the energy differences in 
the extreme cases of carbon (pristine sp2 and sp3 materials) to be used as XAS references. 

Both SEM and TEM are used to provide structural and morphological data from the sam-
ples. Non-destructive SEM is used to gain overview of the samples properties and TEM to 
gain more detailed information. TEM is not alone used to characterize the samples as the size 
of the studied area is small 2-D representation of the original. 
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By combining detailed structural characterization (with SEM and TEM) with detailed 
chemical studies (XPS and XAS) it is possible to provide enough data about the nanomateri-
als properties to connect it to their observed electrochemical performance. Furthermore, by 
combining these results with computational methods we have been able to reliably explain 
the differences between the ta-C surface and bulk properties. With computational methods 
the system size and modelling duration is often limited and might not represent a real exper-
imental environment. However, with converging results from both computational and exper-
imental studies the results are expected to be reliable.  

Electrochemical measurements have also been carried out. These studies were done to 
benchmark the materials applicability for neurotransmitter detection and also to characterize 
the electron transfer properties of the materials. Furthermore, the results from the x-ray 
based studies and findings of structural properties were connected to the observed electro-
chemical performance of the material.  

It is acknowledged that many of the results from the experimental studies are explained by 
literature, where the relevant literature (such as phase diagrams) is based on studies of bulk 
amounts of material rather than for nanoscale materials. 
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3. Background and requirements of carbon 
based sensor materials for neurotransmitter 
detection 

The exact functions of neurotransmitters in the nervous system of mammals are still widely 
unknown. Their complex behavior, variety and variable concentrations depending on the 
location of the nervous system, along with the difficulty of studying them in vivo, sets a true 
challenge for scientists.  

There are numerous neurotransmitters present in the brain, such as biogenic amines along 
with amino acids, peptides and gaseous neurotransmitters. A non-exhaustive list of neuro-
transmitters is presented in Table 5 that includes a short description of their function, elec-
trochemical activity and appropriate oxidation potential. Observing the amount of neuro-
transmitters that have similar oxidation potentials vs Ag/AgCl highlights the challenge of 
interfering compounds. Even though this thesis concentrates on electrochemical detection of 
DA, carbon based materials presented in this thesis may be viable for detection of many other 
neurotransmitters. Therefore, it is relevant to provide background information about the rest 
of the neurotransmitters. 

Table 5. Some important neurotransmitters, amino acids and neuropeptides, their functions, electrochemical activi-
ty and possible oxidation potential in vivo. Note, that the table describes the function of the given analytes in the 
brain. Many of these analytes can also be present in other locations of the body where their function is likely to be 
different from that of the brain. 
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5-700 nM, 845+-66 ng/g,  
n=5, postmortem rat 

Dopamine 
(DA) 

Brains "reward" system, motor 
control, executive functions  Y 200 [7, 69, 70] 

4 - 5784 pmoles/g, 
 n=1, postmortem human DOPAC Metabolite of DA Y 200 [70, 71] 

54 - 336 pmoles/g,  
n=1, postmortem human 

Norepineph-
rine 

Regulation of affective states, 
memory and learning, endocrine 
and autonomic functions 

Y 200 [71, 72] 

1.2 - 9.2 ng/g,  
n=3, 2 measurement per 
patient, substantia nigra, 
postmortem human 

Epinephrine 

Plays role in the rewarding sys-
tem, sensitivity towads environ-
mental stimuli and tonic regulation 
of the level of arousal 

Y 200 [70, 73] 

0.7 +- 0.15 ug/g,  
n=56, corpus striatum, 
postmortem rat 

Homovanillic 
acid Catecholamine metabolite Y 500 [70, 74] 
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12.25+-0.45 ug/g, postmor-
tem rat 

Tyrosine 
(derivatives) 

Building block of trace amines and 
many catecholamines Y 700 [70, 75-77] 

4+-4ng/g,  
n=5, postmortem rat L-DOPA Precursor for many catechola-

mines Y 400 [69, 70] 

2.26+-0.41 ug/g,  
n=20, rat postmortem 

Tryptophan 
(derivatives) 

Building block of serotonin and 
melatonin Y 800 [70, 78, 79]  

0.1 - 2.5 nmoles/g, n=21-
25, postmortem human Serotonin 

Regulation of appetite, sleep and 
mood, affects memory and learn-
ing 

Y 350 [70, 80] 

0.83 ug/g,  
n=1, postmortem rat; 266+-
22 ng/g,  
n=5 postmortem rat 

5-
Hydroxyin-
doleacetic 
acid 

Metabolite of serotonin Y 350 [69, 70, 81] 

32.8+-3.0 nmol/l,  
n=1, 10 measurement 
locations, in vivo microdial-
ysis, cat 

Adenosine 

Inhibition of neurotransmitter 
release, possibly affects sleep-
wake rhythm and might have role 
in chronic pain states 

Y, Y* 1200 [70, 82, 83] 

309+-47 ug/g,  
n=3, substantia nigra, 
control, 271+-15 ug/g, n=3, 
substantia nigra, Parkin-
son's Disease, postmortem 
human 

Ascorbic acid 

Antioxidizing agent, co-factor of 
catecholamine synthesis reac-
tions, collagen production and 
regulation of HIF-1α 

Y 200 [70, 84, 85] 

102 nmol/g,  
n=1, postmortem human Uric acid Affects memory and cognitive 

functions in long time scale Y 300 [70, 86, 87] 

1.88 +- 0.07 umol/g, n=5, 
postmortem cat GABA 

Inhibitory neurotransmitter control-
ling that nerve cells don't send 
impulses 

Y* - [70, 88, 89] 

3.0+-0.6 uM,  
n=8, in vivo rat,  
0.5 - 10 umol/L,  
n=40, postmortem human 

Glutamate 
Excitatory neurotransmitters con-
trolling that nerve cells do send 
signals 

Y* - [70, 89-91] 

23.0+-1.7 nmol/g,  
n=9, hippocampus, in vivo 
mouse 

Acetylcholine Plays a role in encoding new 
memories Y* -  [70, 92, 

93] 

16.6+-1.1 nmol/g,  
n=9, hippocampus, post-
mortem mouse 

Choline precursor of acetylcholine Y* - [70, 92] 

2.4+-0.1 mM,  
n=40, anesthesia, in vivo, 
rat;  
9.51 umol g-1,  
n=5, anesthesia, in vivo, rat 

Glucose Component of brains energy 
production  Y* - [70, 94] 

1.29+-0.19 umol g-1, n=5, 
postmortem rat Lactate Component of brains energy 

production  Y* - [70, 95] 

5.0+-1.3 uM,  
n=14 anesthesia in vivo, 
NZ white rabbit 

Glycine Inhibitory neurotransmitter in 
brainstem and spinal cord N - [70, 96] 

1.9 +- 0.3 uM, n=3, anes-
thesia, in vivo, substrantia 
nigra, rat 

Cysteine 

Ability to support the body's antiox-
idant and nitric oxide systems 
during stress, infections, toxic 
assault, and inflammatory condi-
tions  

Y^ - [70, 97, 98] 

Y, Y* = allows direct detection but enzymatic linkers have also been used 
Y* = requires a linker enzyme that produces for example hydrogen peroxide that can then be detected 
Y^ = can be detected, but inefficiently and unreliably 

Sensors for detecting DA transients near the synaptic cleft or extracellular concentration 
changes must have a short response time, as transients are expected to last only some milli-
seconds [99] and the extracellular concentration changes up to seconds [100]. From Table 6 
where different measuring methods are listed, it can be seen that only the electrochemical 
methods provide adequate temporal resolution among the listed techniques. 
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In addition to the large variety of different neurotransmitters present in the brain, it is pos-
sible that neurotransmitters metabolites are present that further complicate the measure-
ments. The metabolite of DA, DOPAC, has been reported to oxidize exactly at the same po-
tential as DA with carbon fiber (CF) electrode [101]. This raises a significant challenge for 
carbon based electrodes. However, like nearly all other groups, we have omitted DOPAC 
studies that are to be conducted later. 

3.1 Methods for detecting neurotransmitters 

As stated in the introduction and further explained in the previous section, this thesis con-
centrates on materials capable of measuring dopamine (DA) and a common interferent pre-
sent in the brain, ascorbic acid (AA) [70]. Dopamine levels are not only interesting due to 
Parkinson’s disease, as it is believed that abnormal levels of DA are related to variety of other 
neurological diseases and disorders [100]. 

Currently available methods for measuring the necessary in vivo concentrations of neuro-
transmitters are either slow or require active flow or removal of the medium from the brain. 
Removing fluid from the brain generally not done with live patients, as it is considered harm-
ful for the patient. Such measurements include liquid chromatography along with linkers 
(such as o-phthalic hemithioacetal (OPTA)-functionalized mesoporous silica) and then 
measuring the reactions of DA using nuclear magnetic resonance (NMR) where the reactions 
of the linked agent can be detected [102].  

Methods of detecting the neurotransmitters of interest can be divided to two categories, 
methods that can and cannot be used for in vivo measurements. These measurement meth-
ods are described in Table 6. All the methods that require extraction of medium from the 
brain are categorized under the general name microdialysis.  

Although microdialysis can be performed in functional animals, the acquired fluid must be 
further analyzed by i.e. liquid chromatography. In vivo microdialysis is only possible in strict 
laboratory conditions, as the instrumentation with required support devices cannot be minia-
turized and implanted. Thus it cannot be considered as a feasible measurement method for 
continuous observation of neurotransmitters levels in large scale studies. 
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Table 6. Different analysis methods for neurotransmitter detection and their listed advantages and disadvantages. 

Method Advantages Disadvantages Temporal reso-
lution 

Microdialysis Accurate, can be used to detect sev-
eral neurotransmitters 

Slow. Large probe for collecting the 
sample leads to tissue damage.  
Miniaturization of the device very 
difficult, not implantable. 

Tens of seconds 
to minutes 

Positron emission 
tomography (PET) No physical probes, no tissue damage 

Requires specific target compound for 
each neurotransmitter (non selective 
without, affects only glutamate if no 
other target used) 

Minutes 

Functional magnetic 
resonance imaging No physical probes, no tissue damage Slow, low spatial resolution (approxi-

mately 4mm) Minutes 

 Electrochemical 
measurements 

Generic for all electrochemical meth-
ods is the capability of the measure-
ment device to be miniaturizable.  

Depends on the method, see below    

Cyclic voltammetry Selective* + sensitive and extremely 
fast 

not as selective as microdialysis or 
differential pulse voltammetry 

Milliseconds to 
seconds 

Amperometry Very fast and sensitive for single 
neurotransmitters Nonselective Milliseconds to 

seconds 

Chrono amperome-
try Very fast and sensitive Not very selective Milliseconds to 

seconds 

Differential pulse 
voltammetry Very selective* and sensitive Slow Tens of seconds 

* = dependent on the electrode used as working electrode, allows selectivity if the electrode is capable of differentiating between 
the analytes 

3.2 Requirements for the sensor material for DA detection 

Performance requirements for the sensor are the following: (i) ability to detect DA in in vivo 
concentrations, (ii) DA detection must be possible in the presence of at least the common 
interferrent AA, (iii) needs to be resist biofouling, (iv) be biocompatible and (v) the perfor-
mance needs to be repeatable. 

Physical and chemical properties of the sensor surface should be good enough so none of 
the material’s properties cause any adverse effects on the possible implant location and at the 
same time should fulfill the required measurement needs. Desired properties for the sensor 
material are listed in Table 7. 

Table 7. Desired properties of electrode to detect neurotransmitters that is planned to be implanted in functional 
environment, such as in behavioral animal. 

Physical or chemical property Advantage 

Uniform and dense coating Pore-free, chemically inert 

Wide water window Possibility of detecting large amount of analytes with no risk of oxygen or 
hydrogen evolution 

Surface active sites High activity towards analytes in the solution, good electron transfer 

High electrical conductivity Allows good electron transfer though the electrode 

Patternability Selectively coat only desired areas of the electrode surface 

Miniaturizable Allows implantation and long term use of the sensor material with less trauma 

Mechanical robustness Allows implantation of the electrodes 

Biocompatibility No adverse effects to the tissue when implanted 

Corrosion resistance Sensor material wont degrade and be partially or totally released to the sur-
rounding tissue 
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The first condition is met when the sensor is able to detect a concentration lower than 700 
nM of DA [7, 103, 104] and the second requirement when the oxidation or reduction peak 
positions for DA and AA are far enough away from each other so that they appear as separate 
peaks in the voltammogram. Good peak separation is regarded to as at least 200 mV. It needs 
to be noted, that the above are minimum requirements for the sensor material to even to be 
considered for use in in vivo environment. The measurements need to be repeatable in the 
presence of the given neurotransmitters so that the signal is not attenuated significantly after 
the first scans. 

Additionally there are size requirements for the sensing device, as the sensor for real appli-
cations must be small (good size would be 200 μm or less in diameter, and 10 μm or less at 
the measuring head). This rules out many of the materials presented in the literature where 
the electrode fabrication is done by polishing a several millimeter thick Glassy Carbon (GC) 
or Pyrolytic Graphite (PG) electrode and applying a droplet of liquid with diluted nano-
materials (such as CNT, CNF, graphene or carbon nanohorns) or by mechanically embedding 
nanomaterials into a carbon rod. As already noted in Section 1, there are no liturature reports 
considering the use of GC or PG electrodes modified with nanomaterials for in vivo meas-
urements of neurotransmitters, even when they fulfill some of the selectivity and sensitivity 
requirements. It is expected that the GC or PG electrodes are thus not sufficient for in vivo 
measurements, as it would be extremely difficult to produce miniaturized electrodes from 
these materials. 

3.3 Materials used for neurotransmitter detection and their performance 

Work with carbon based sensors for in vivo neurotransmitter research started as early as 
1976 by Ralph N. Adams [105] using graphite paste and graphite-epoxy resin electrodes. A 
group led by R. Mark Wightman has conducted studies where carbon fiber electrodes have 
been used in real time in vivo studies [7, 99, 106]. Both sensors are unlikely to be applicable 
for device fabrication, but have demonstrated carbon materials to be fundamentally suitable 
for the application of neurotransmitter detection. 

In Table 8 selected electrode materials that are selective to at least DA + AA are shown, in 
addition to the lowest concentration of measured DA. Most of the materials are so called 
psedo-hybrids, and as seen from this table, it is clear that many of them show promising re-
sults towards the neurotransmitter detection. 
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Table 8. A non exhaustive list of different carbon-based materials and their analytical performance towards DA in 
presence of at least the common interferrent AA. 

Electrode material 
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Pyrolytic graphite (PG) DPV 1 0.11 25-500 – 2.5-30 [107] 

Edge plane PG 
CV 40 – 40 40 – 

[108] 
DPV – 0.09  0.5-60 0.1-100 – 

3D graphene nanoflake 
CV 100 – 1000 – 100 

[109] 
DPV 1 0.17 1000 – 100 

Nitrogen doped Glassy Carbon 
CV 1000 – – –  2 - 45 

[110] 
DPV 0.2 0.25 5-1300  – – 

Electrochemically reduced GO + 
GC 

CV 500 – 5000 – 500 
[111] 

DPV 0.5 0.5 500-2000 – 0.5-60 

CNF DPV 0.1 0.05 1000 0.25–10 – [112] 
ta-C + CNT CV 0.5 0.0013 1000 – – [Pub1] 
ta-C + CNF CV 0.5 –  1000 – – [Pub2] 

Pt + MWCNT + GC CV 500 – 500 – 500 [113] 
DPV 0.061 0.048 24.5-765 – 0.455-50 

GO + GC DPV 1 0.27 100 – – [114] 
Nitrogen doped porous carbon 
nanopolyhedra + GC DPV 0.5 0.011 0-4000 – 0-7000 [115] 

ta-C/PRGO 
CV 0.01 0.0026 1000 – – 

[116] 
DPV 0.1  – 100 – – 

Single wall carbon nanohorn 
(SWCNH) + GC LSV 0.2 0.06 0-400 – 0-10 [117] 

SDS-MWCNT + GC DPV 0.8 0.01 400-3500 –  4-30 [118] 
Chitosan+GR + GC DPV 5 5 1000 – – [119] 
MWCNT + GC DPV 0.5 0.5 400 – – [120] 
GO + HDPPy + GC (High Density 
Polypyrrole) DPV 0.5 0.001 125 – 330 [121] 

Fe3O4 + rGO + GC DPV 0.5 0.12 1000-9000 – – [122] 
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4. Carbon nanomaterials and hybrid carbon 
nanomaterials 

In this thesis carbon nanomaterials are defined to have at least one dimension that is less 
than 100 nm [123]. There is a wide variety of different carbon nanomaterials that fall under 
this category that have been used for a wide variety of applications. Applying these materials 
for electrochemical sensing of neurotransmitters is a phenomenon that started in the 1990’s 
[15]. The field of carbon-based nanomaterials and their applications has been revitalized of-
ten, as there have been many interesting articles related to new material characterization 
methods. Examples of these are the first findings of carbon filaments in 1890 [124], later on 
Russian scientists finding these carbon structures again in 1952 [125], Sumio Iijima’s paper 
concerning carbon nanotubes (CNT) in 1991 [126] that excited the scientific community by 
the use of carbon nanomaterials, then again in 2003 graphene was produced [127].  

The first true carbon hybrid materials were introduced in 2007 by Nasibulin et al. which 
were CarbonNanoBuds [128] and in 2014 the first ta-C+CNT hybrid. There is also a ND –
based CNT growth reported by Takagi et al. et al. in 2009 [129], CNT grown from porous 
diamond like carbon (DLC) [130] and boron doped diamond (BDD) [131] both in 2014. Addi-
tionally, graphene-type defects have been reported to be grown on the sidewalls of CNT [132, 
133] and graphene nanoribbons to be encapsulated in SWCNT [134]. 

Hybrid carbon nanomaterials are defined to be integrated structures where two or more 
carbon allotropes are combined via a production step that strongly bonds the materials to-
gether or produces a new material from a combined structure. Materials that are produced by 
drop casting, grinding or using similar methods to combine carbon materials are considered 
pseudo-hybrids. Example of a true hybrid material would be if a CNT or CNF is grown from a 
ta-C layer, from a nanodiamond/nanodiamonds or other process where the carbon nano-
materials are tightly integrated together. As mentioned, these types of materials are uncom-
mon and the first true hybrid material reports are found from the literature during the last 
decade [128-133, 135-137]. When these processes that produce true hybrid materials have 
matured, they will allow for better functionalization and application of carbon based nano-
materials as the properties of the materials can be tailored in nanoscale. Thus, answer the 
demands of specific applications.  

With carbon nanomaterials and their hybrids characterization and categorization lies a 
problem that was highlighted already in Section 2: there is a lack of standardized characteri-
zation undertaken providing insight to their properties. This leads to further issue that needs 
to be countered, a lack of clear terminology. An example of this can be taken from one of the 
simplest of carbon nanomaterials, the SWCNT. If one discusses the properties of the SWCNT 
(without providing more detail about its structure other than it is a SWCNT) we all know, 
that there is likely one rolled layer of graphene forming the tube and that’s it. Without infor-
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mation about the (i) amount of sidewall defects (ii) is the tube open or closed from the tip (iii) 
are the any possible metallic seed particles left in the structure (iv) what is the tube chirality 
(v) is the tube anchored to a surface (vi) length and possibly some other properties that are 
not listed above, it is impossible to reliably relate your SWCNT research with the rest of the 
results published about SWCNT. This issue is brought up in the literature by several authors 
[138], however there are still very few scientists, set aside journals, that would concentrate 
their efforts on understanding why the material functions as it does rather than enjoying the 
novelty factor of new material. Most publications are concentrating more on what the materi-
al can do without providing much insight into exactly why this material works as it does, 
what could be the physical and chemical structures and properties defining the material so 
that it is able to, for example, measure neurotransmitters. 

4.1 Tetrahedral amorphous carbon (ta-C) 

Characteristic properties of ta-C are its high sp3 fraction (more than 80%). Therefore it is 
diamond like having many diamond like properties. Tetrahedral amorphous carbon is a ma-
terial that has been investigated by many research groups due to its favorable properties, par-
ticularly in bearing applications [139-143]. For the neurological sensing applications ta-C has 
several favorable properties, such as (i) biocompatibility [144, 145] (ii) resistance to bacterial 
adhesion [146, 147] and (iii) wide water window [148, 149]. In addition to these ta-C is also 
completely CMOS compatible, patternable and relatively cheap and easy to deposit on nearly 
any given surface [150]. 

Ta-C can be used as a sensing material and there are several articles publishing its qualities 
as sensor for neurotransmitter detection [148, 151, 152]. However, there are limitations with 
the material, such as inability to detect low enough concentrations of DA for in vivo purposes 
even in the in vitro environment, and its inability to differentiate between DA and AA when 
they are both present in the same medium. Thus, ta-C alone is not a feasible material for neu-
rotransmitter detection in vivo. As ta-C can be deposited on nearly any surface, is biocompat-
ible and resists bacterial adhesion, it can be used as a protective / insulating capsule. 

Using ta-C as a building block for the functional carbon hybrid materials is justified based 
on the above favorable properties. We have characterized the ta-C films in detail [148, 149, 
151-154] and have a DFT-based computational model built for ta-C [155], so simulating the 
material is also possible. 

4.2 Carbon nanotubes (CNT) 

Carbon nanotubes (CNT) have been used by a large number of different research groups for 
detecting neurotransmitters (Google Scholar search returns about 10300 results with search 
phrase “neurotransmitter+carbon+nanotubes”), including our group [Publication 1]. Fun-
damental differences between the application method of the CNT as a sensor are realized, as 
many groups are applying commercial CNTs to other carbon based materials especially via 
drop casting (see Table 8 in Section 3.3 and [156]). In the previous references, the attachment 
of CNTs on the surface of a substrate is different compared to if the CNTs are grown on/from 
the surface. It should be further highlighted here, that commercial CNT are often poorly 
characterized by the material provider and many of the providers listed in the publications 
are no longer operational. 
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In addition to the differences between the attachment and production methods of the CNT 
sensor surfaces there are large variations in the meaning of the term of CNT. CNT is a very 
broad category, as already discussed with the SWCNT example that includes everything from 
single walled carbon nanotubes, to multiwall, highly defective tubes where tens to hundreds 
of sidewalls with and without different defects in the structure. Thus, there is room for mis-
understandings and the literature should be approached with an open mind. 

Synthesis mechanisms and the starting materials govern the properties of the resulting 
tubes. This allows for tailored production of nanotubes at best and continuously changing 
results at worst, as the fabrication environment is vulnerable to contaminations and even 
small changes in the process can have effect on the resulting structures. Furthermore, this 
leads to a variety of different kinds of available CNT, that all have unique properties and 
structures. In addition to the modification of the CNTs via the production parameters, there 
are wide ranges of so called activation treatments for CNT. These are further discussed in 
section “4.7 Activation methods for carbon nanomaterials” 

Production methods of the CNT are further discussed in section “4.6 Production of graph-
ite-based carbon structures”. 

4.3 Carbon nanofibers (CNF) 

Carbon nanofibers (CNF) can be considered as a close relative of CNTs. Where the structure 
of the CNT is often built around one or more rolled graphite sheets. The CNF structure is 
more often a repetition of some type of graphite structure, such as bamboo-like, (where the 
fiber structure resembles something like a bamboo tree) fishbone, platelet or ribbon types 
(see Figure 12). When CNT or CNF are produced, they may be grown only from the seed ma-
terial, not anchoring them to any surface but rather collecting the produced bulk. Alternative-
ly, both CNT and CNF can be grown from a seed layer deposited on top of a substrate, where 
the nanostructures should be integrated. There are many limitations on what materials can 
be used as a substrate depending on the production environment of the nanomaterial. These 
production methods along with the activation methods are discussed in detail at the end of 
the Section 4. In this thesis carbon nanowires (CNW) reported in the literature are catego-
rized under CNF. 



Carbon nanomaterials and hybrid carbon nanomaterials 

42 

 

Figure 12. Figure 12: Different morphologies of CNT and CNF showing both seed –growth (c-e) and tip –growth 
(f-h). Alignment of the graphene sheets markedly affects the morphology of the resulting fibers. 
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4.4 Nanodiamonds (ND) 

Nanodiamonds are small particles having diameters ranging from ~4-6 nm, with sp3 dia-
mond core (70-90 % of the total carbon mass) [156] and fullerene-like sp2 [157] or amor-
phous sp2/sp3 [156] surface with some impurities. These impurities are mainly oxygen, but 
some nitrogen and hydrogen groups are also possible [158]. Total mass of the non-carbon 
surface groups may sum up to ~15 % [159]. It is possible to produce special type of NDs, 
namely detonation NDs, with desired surface functional groups [160]. Thus, ND are inher-
ently interesting due to their high surface-to-volume ratio and tailorable surface functionali-
ty. 

Nanodiamonds can also be used as a sensor material. One method of applying these for 
sensors is by coating a ta-C surface, drop-casting or spraying the diamonds on the surface. 
Diamonds can also be applied to the carbon source of the ta-C deposition process, where the 
nanosized diamonds will be integrated in the resulting film [137]. Alternatively, the diamonds 
can be used as a seed layer to grow carbon nanotubes or fibers. 

Nanodiamond based sensors suffer from similar problems as the ta-C sensors, they lack the 
ability to differentiate between the DA and AA, and need to be further investigated to realize 
if they are applicable as a sensor material for neurotransmitter detection. 

4.5 Partially reduced graphene oxide (PRGO) 

Partially reduced graphene oxide is very interesting material as it can be produced so that it 
contains much less metal than the common CNT or CNF and at the same time have nearly as 
good sensitivity and selectivity towards DA and AA [115]. The exact reasons for the PRGOs 
properties are still unknown, however through XAS spectra in the [115] it is possible to com-
pare this to other carbon –based materials investigated in this thesis. It is evident, that the 
PRGO has a large amount of different oxygen functional groups, unlike in the ta-C –grown 
CNF and bamboo-like CNF investigated in [Publication 5] that both represent specific car-
boxyl peaks observed from the raw spectra. 

4.6 Production of graphite-based carbon structures 

Seed materials for growth are Ni, Cu, Pd, Pt, Fe, Co, Mo, Al and a combination thereof [157-
162] [Publications 1 and 3]. The thickness of the seed material and possibly its roughness 
determine at least some of the properties of the resulting carbon filaments. In summary there 
are several different factors affecting the tube / fiber structure. These different properties are 
listed in the Table 9. 
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Table 9. Effects of growth parameters on the resulting carbon structures. 

Parameter Allowed values / materials Effect Ref 

Temperature 500 °C – 1300 °C (or even higher) Structure quality, growth speed 
defective – flawless [162-164] 

Seedlayer thickness (or seed 
particle size) 

Sub nanometer to tens of nanome-
ters 

Structure dimensions (width, 
length) [161, 165] 

Seedlayer uniformity Solid, isles, grains 
Structure dimensions (mainly 
diameter) and morphology, 
graphite, CNF, CNT 

[166] 

Seedlayer material Ni, Cu, Pd, Pt, Fe, Co, Mo, Al and 
their combinations 

Resulting morphology, struc-
ture dimensions [160, 162, 167] 

Precursor gases/etchant 
protectant ratio Hydrocarbons/ammonia Growth speed, amount of a-C 

formation [157, 168] 

Growth time Seconds to hours Structure size (if seed not 
terminated) [169, 170] 

Plasma reactor Yes / No 

Alignment of the nanostruc-
ture, if plasma is present 
alignment more often vertical 
(growth likely happens toward 
the plasma direction). Lower 
temperature growth possible. 

[157] 

There is a variety of methods for producing different graphite-based carbon nanostructures. 
In particular, CNT can be produced at least by laser evaporation/ablation, electric arcs and by 
soot processes with acetylene, benzene and ethylene. CNT and other carbon based nano-
materials can also be produced using chemical vapor deposition (CVD) processes. [171] Dis-
cussion in this section concentrates on CVD process as that is the method used in this thesis. 
CVD process is also interesting as it is scalable. Processes described here include hot-wall 
(tube-furnace) and cold-wall reactors. In the CVD process there is a carbon precursor gas 
bled into the reaction chamber/area, where the gas reacts with the seed material to produce a 
continuous structure. This method requires elevated temperatures (minimum around 500 °C 
all the way up to 1300 °C). The process also requires some level of vacuum or other methods 
of removing excess oxygen present in the reactor atmosphere (such as protective gas envi-
ronment).  

The resulting structure is governed by the device and the deposition parameters listed in 
Table 9. The most important parameters are (i) reactor type (ii) growth seed (iii) temperature 
and (iv) time. In Figure 13 two different hot-wall tube-furnace configurations and the cold-
wall CVD/PECVD reactor are shown. The CVD/PECVD reactor, as seen from the figure, can 
be exactly the same for both reactor types where the use of plasma is controlled by the user. 
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Figure 13. Different reactor types. (a) Top a tube-furnace, where the seed for the growth is injected in gaseous 
form and the resulting CNT/CNF are collected to a product chamber, not anchored on any substrate. (b) In 
the middle a tube-furnace where the seed is provided on a substrate and placed in the tube furnace, carbon 
precursor gas and etchant/dilutant gas fed to the chamber. (c) On the bottom a CVD/PECVD reactor. The 
significant difference between the tube-furnace setup is that the reactor is cold and the only the substrate is 
heated. Gas is provided via a showerhead to avoid gas flow gradients, aiming to provide equal distribution of 
gas over the substrate. 

The growth process is includes a variety of different reactions, where the previously stated 
parameters play an important role. Some guidelines for the growth can be concluded by liter-
ature and also via our own work. There are two types of growth mechanisms, tip –growth 
and seed –growth. In tip –growth the seed particle resides mainly at the tip of the resulting 
nanostructure, and in seed –growth the particle resides at the (i) surface of the substrate 
where the seeding material is deposited or (ii) at the center of a 2-dimensional growth like 
displayed in Figure 12 (c-d). The properties of carbon nanomaterials are defined to a large 
degree by the seed material and its ability to react with the carbon precursor gas, by the tem-
perature and the growth time (generally the lower the temperature the more defective the 
structure and the longer the growth the longer are the nanostructures). Additionally, the gas-
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es bled into the chamber (there are normally two different gases, reactor protector/etchant 
and carbon precursor) will have an impact on the structure of the resulting nanostructures. 
Here we will only discuss Ammonia and Acetylene, as they are the ones used in the present 
work. NH3 works as an etching agent to prevent excessive growth of amorphous carbon struc-
tures to the reactor surfaces and C2H2 as the carbon precursor and therefore both have im-
portant effect at least on the growth quality (amount of defects in the resulting structures) 
and growth rate [157]. 

When talking about the tip growth and the formation of the graphite sheets in these struc-
tures, the interaction between the carbon precursor gas and the seed particle is of significant 
importance. In some cases, it has been shown that the structure of the resulting nanomaterial 
will be governed strongly by how the particle moves. One example of this is publication by 
Helveg et al. [172] where they report an in situ TEM observation of growing carbon nano-
tubes. In this case, the seed particle is elongated until it reaches a critical length, and is then 
contracted back to its initial shape. The particle protrudes away from the surface and then 
continues its path, always moving further away from the last position. This growth results in 
bamboo-like structure, where the length of the bamboo-unit is about the critical elongation 
length of the seed particle. In the case where the seed structure of the nanomaterial is a plate-
let or fishbone type we believe that the particle is practically not elongating at all, but its 
shape determines the alignment and length of the graphite sheets. This is further discussed in 
our work [Publication 3], [62]. 

4.7 Activation methods for carbon nanomaterials 

As noted earlier in Section 1, it is likely that the targeted neurotransmitters are reacting with 
some surface functional groups on the given carbon nanomaterial. In order to increase the 
amount of oxygen functionalities on the surface of the materials, there are many different 
oxidation / activation methods available. Based on the literature, the treatments are often 
expected to increase the overall degree of oxidation of the material. In [Publication 5] we 
studied effects of HNO3 treatment to two different kinds of CNF. From those XAS results that 
are shown in [Publication 5] the two materials behave differently towards the nitric acid. 
Carboxyl functionalities in the ta-C grown fibers are decreased and the sp2 increased, where 
the bamboo-like fibers show the opposite effects. This is interesting finding, as based on the 
literature these treatments are expected to increase the oxygen functionalities of the material. 

Common ways presented in the literature for increasing the amount of surface functional 
groups is by treating the material with acids, electrochemically and by plasma etching. Nitric 
acid, sulphuric acid, hydrochloric acid and their mixtures [173] are used for chemically treat-
ing the material. Electrochemical oxidation is done by holding the material at some anodic 
potential or alternatively by cycling the material between some potential ranges. 

All the methods listed usually aim for at least one of the following (i) to increase the amount 
of surface functional groups (ii) etch away the metallic seed particle(s) and (iii) to remove 
excessive amorphous carbon (a-C) from the surface of the material. It is also possible that the 
desired end result is to open the CNT. [174]. Especially etching away the seed particle is in-
teresting, as it is not clear if the sensitivity and/or selectivity of the carbon-based materials is 
related to the residing seed particles. It is certain, that they play some role in the structures 
where they reside, but the literature is currently unable to answer to this. 
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4.8 Discussion of the non-hybrid materials 

Although there are many difficulties in describing both the functional groups and the reactive 
area of the surface with a high level of precision, such properties are being investigated by 
many groups. If the nature of the oxygen functionalities on the carbon material’s surface is 
unfolded, there is a chance of answering the question of what is the actual functional group or 
groups reacting with the given neurotransmitter.  

Much of the electrochemical properties of carbon nanomaterials are related to the oxygen 
functionalities. Many reports in the literature are completely omitting the effects of the seed 
materials used for the carbon nanomaterial growth. More often than not (there are currently 
only a few publications of non-metallic catalyst grown CNT [175, 176]) the seed particles re-
side at the root or tip of the carbon nanotube or –fiber and can even completely or partially 
reside on the body of the structure. Properties and effects of the metallic seed particles must 
be addressed in order to understand the true properties of the material in the given applica-
tion. There is a body of literature that focuses on removing metallic seed particles from the 
tubes or fibers [177-186]. However, there is unlikely any process that completely removes the 
metal residues from the tubes and fibers. 

In addition to the effects of the surface functionalities, it is evident that the surface struc-
ture and morphology plays a role in the detection process of neurotransmitters. Even if it 
would not directly cause the analyte to reach the surface, it is expected that the surface mor-
phology can lead to entrapment of the analyte molecules near the surface, thus enabling their 
detection more efficiently. This phenomena is further discussed in [Publication 1]. 

4.9 Hybrid carbon nanomaterials 

Hybrid carbon nanomaterials reported in the literature currently include CarbonNanoBuds 
grown on top of CNT using ferrocene reactor reported by Nasibulin et al. [127], ND grown 
nanotubes (nanodiamonds are not embedded on surface, but used as a seed in aerosol-type 
growth) [128], CNF grown from defective- and graphitic carbon [134], ta-C grown CNT [135] 
[Publication 1], ta-C grown CNF [Publication 3] and ta-C with embedded ND [136]. These 
will be discussed in detail in the following Section 5, but they are introduced here, as they are 
included in Table 10 so they can be benchmarked against single carbon allotropes and pseu-
do-hybrids. 

4.10 Summary of carbon nanomaterials 

As described in the Sections 2-4, there are many properties that are required from the mate-
rial to be usable in neurotransmitter detection. Table 10 lists the properties of different car-
bon based materials against those requirements. Table 10 lists overall properties and short-
comings of many promising materials (such as ta-C). This Table further shows the motivation 
to combine different carbon nanomaterials together to an integrated hybrid. 
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Table 10. A summary of different carbon based materials properties. 

Property 
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Uniform coating                     

Small surface roughness                     

Mechanical robustness                     

Wide water window                     

Surface active sites                     

High electrical conductivity                     

Biocompatibility                     

Corrosion resistance                     

Patternability                     

Miniatyrization N N N Y Y N Y N Y Y 

Implantable N N Y Y Y Y Y N Y Y 

Selectivity towards neurotransmitters (DA / AA) N N N Y Y Y N Y Y Y 

In vivo applicable? N N N Y Y Y N N Y Y 
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5. Next generation carbon based hybrid nano-
materials 

Carbon based hybrid nanomaterials show great promise in the field of electrochemistry as we 
can control both (i) the chemistry and (ii) geometry of the resulting material. For instance, by 
utilizing spaghetti like ta-C + CNT hybrid structure we are able to produce a carbon nano-
material platform that is excellent for DA detection [Publication 1] whereas if we need a plat-
form for enzymatic detection of glutamate we can use forest like ta-C + CNF hybrid [Publica-
tion 2]. This shows that the hybrid carbon nanomaterials offer tailorable and solution specific 
properties. 

Furthermore, based on what has been stated above it can be argued that there are many 
properties that have yet to be found for different applications including but not limited to, 
solving problems with medical devices (neurotransmitter detection), power solutions (batter-
ies, supercapacitors and solar cells), environment (water purification) and food industry 
(bacterial detection). 

5.1 ta-C + CNT 

The fact that there is only a single publication aside of our group about the ta-C + CNT hybrid 
shows that research on true hybrid materials is at the very early stage. These hybrids proper-
ties and applications are mostly unknown. Comparison of work by Robertson’s group in 2015 
[135] and our work [Publication 1] shows significant differences between what happens to the 
underlying ta-C layer. Recent publication from Cartwright et al. in 2015 discusses ta-C 
(100nm thick) grown CNT’s using Fe and Fe-Cu seed layers at low temperature of 500°C, and 
concludes that the ta-C layer used at the bottom is not damaged due to the growth process, 
indicating that the ta-C layer is protected by the Fe-Cu seed layer. In their study, no TEM 
micrographs are shown and due to this it is possible that even if there would be some degree 
of ta-C consumed in the growth process it could happen without the authors detecting it. 

Studies conducted by our group show that on both ta-C-grown CNT and CNF, when the ta-
C layer is ~7 – 15 nm thick (with sp3 ratio about 70%), it is significantly affected by the pro-
cess. In the case of ta-C + CNT the underlying ta-C layer is graphitized, and in the ta-C + CNF 
the layer is completely vacant after the growth process. The effect of the thin layer on the re-
sulting fiber structure is nevertheless significant, as the morphology of the fiber is completely 
different when the ta-C layer is not present. 

 
Similarities between these two works can be found: both hybrids seem to be grown by the 

tip-growth process, as the catalyst particle at the tip of the MWCNT has a cap of multiple 
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graphite sheets. Common for both processes is also the use of multilayer seed for growth. In 
fact, using only Fe as a seed resulted in either no growth at all, or poor growth in high (over 
700°C) temperatures [135].  

Based on the electrochemical experiments [Publication 1], ta-C + CNT hybrid structure 
combines properties of the two. This is interesting as the ta-C layer is heavily modified in the 
process. The combined properties are a wide water window of ta-C and sensitivity and selec-
tivity of the CNT.  

Seed layer placing (on top of ta-C or directly on adhesion promoter such as Ti, or directly on 
wafer), thickness, morphology and bonding structure (sp2/sp3 fraction) allows variety of 
combinations to be studied. It is expected that many completely new hybrid materials are 
introduced when solid carbon allotropes are further introduced to production processes of 
different carbon materials. 

5.2 ta-C + CNF 

Based on a wide literature review, our group is the first to report hybrid structure where CNF 
are grown on top of a ta-C layer. As was observed in the case of the ta-C + CNT hybrid, the 
carbon under the seed layer is graphitized. In the case of the Ni seed layer there is no trace of 
it remaining and the interface between the fibers and the substrate is clean of graphite-like 
particles that were observed in the ta-C + CNT hybrids case.  

The resulting fibers are remarkably different compared to their counterparts that had no ta-
C. The fiber structure in the case including ta-C consists of first horizontally stacked sheets 
up to ~80 nm in height, the graphene sheets alignment changing to almost perpendicular to 
the substrate at the tip. (see Figure 12 (h) in Section 4.3). In the case where there was no ta-C, 
the fibers have a bamboo-like structure (see Figure 12 in Section 4.3). This is further dis-
cussed in Publication 3.  

The two systems share exactly the same processing parameters where the only differences 
are (i) a different adhesion layer (Ti in ta-C and Cr in the other) and (ii) the Ni deposition 
method (filtered cathodic vacuum arc (FCVA) in ta-C and magnetron sputtering in the other). 
There is a possibility, that these differences cause some of the observed morphology changes, 
however it is expected that effect of the ta-C layer dominates.  

Following the hypothesis that the ta-C is working as additional carbon source and contrib-
utes significantly to the growth process, it is possible that further modifications of the mor-
phology of the fibers could be achieved by increasing the thickness of the ta-C layer. Further 
studies about the effect of both carbon and metal layer thicknesses are needed to understand 
their effects in detail. 

In addition to the morphological differences observed with TEM, there are differences in 
the oxygen functionalities of the fibers. XAS study for both as-grown and nitric acid treated 
fibers are reported in Publication 5. It should be addressed here that the two are very differ-
ent in their oxygen functionalities just after they are grown (especially looking at their sp2 π* 
intensity and carboxyl groups intensity). After nitric acid treatment the materials are more 
alike. In the ta-C grown fibers the sp2 π* intensity is increased and the carboxyl intensity de-
creased where on the bamboo-like fibers the other way around. This is very interesting, as it 
seems that resulting morphology has effect on the amount of oxygen functionalities. 
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It can be argued that by tailoring the carbon-metal seed layer it is possible to manufacture 
an integrated composite material that has selected morphology with application specific oxy-
gen functional groups. This will lead to materials that require less chemical post-processing. 
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6. Summary of the thesis 

In this thesis two completely new integrated hybrid carbon nanomaterials are presented 
[Publications 1 and 3] and their feasibility for neurotransmitter detection applications is 
demonstrated [Publications 1-3]. Individual materials used in the process along with the re-
sulting hybrids chemical and structural properties have been studied in detail [Publications 1, 
3-5], revealing that the properties of the hybrid materials are significantly improved com-
pared to the single allotropes [Publications 1-2]. Furthermore, the reported hybrid materials' 
chemical and structural features have been connected with their electrochemical properties 
[Publication 1 and 4]. Conclusions in this thesis are supported not only by experimental re-
sults, but also via computational methods [Publications 3-4].  

The ta-C + CNT hybrid (grown using ta-C + Al, Co, Fe tri-layer seed) showed promise as a 
neurotransmitter detection platform as it combined the favorable properties of the high sp3 
containing diamond-like carbon and those of the carbon nanotubes, greatly improving the 
electrochemical performance of this CMOS compatible sensor material. With the ta-C + CNF 
hybrid (grown using ta-C + Ni seed) we were able to modify the nanoscale morphology of the 
CNF demonstrating that it is feasible to fabricate a CNF on top of ta-C thin film. This hybrid 
material had similar advantages as the CNT counterpart; the favorable properties of the ta-C 
and CNF were combined for improving the electrochemical performance of the electrode. 
Both of the hybrid electrodes were capable of detecting physiologically meaningful concentra-
tions of DA and AA simultaneously. 

Structural and chemical properties of tetrahedral amorphous carbon thin films were inves-
tigated in considerable detail, allowing the authors to conclude that the surface properties of 
the ta-C thin films are independent of their bulk properties [Publication 4]. This finding 
brings some clarity to the debate in the literature about the surface properties of the ta-C thin 
films. Furthermore, this enables tailoring the surfaces for specific applications that can be 
helpful for electrochemical applications but also for industrial processes where ta-C coatings 
are used. 

This thesis also includes an in depth investigation of the effects of a short nitric acid treat-
ment on CNF with and without additional ta-C deposited under the Ni seed layer. The result-
ing oxidation state of the Ni seed particle at the tip of the CNF was also studied [Publication 
5]. This thesis clearly presents that nitric acid cannot be expected to remove metallic particles 
from carbon nanomaterials with a short treatment. Furthermore, by treating carbon nano-
materials with nitric acid the end result is not necessarily a more oxidized surface, but surface 
with more contribution from sp2 bonded carbon. This result calls for a further investigation 
of the effects of acid treatments on different carbon nanomaterials. 

Through this thesis there has been an initiative to combine experimental and computation-
al results to understand better carbon nanomaterials and their hybrids. The main results pre-
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sented in this thesis are (i) the significant structural differences between the bulk and surface 
regions of the ta-C thin films (ii) rationalization of the effects of HNO3 treatments on carbon 
nanofibers, (iii) fabrication of completely new hybrid carbon nanomaterials and (iv) demon-
strating that the hybrid carbon nanomaterials (ta-C + CNT and ta-C + CNF) realized are 
readily applicable for neurotransmitter detection in physiologically meaningful concentra-
tions and time scales. These results will help in further understanding and explaining the 
unique properties of the carbon nanostructures and bringing these materials closer to real 
applications in several scientific fields. 

 



55 

References 

1.Gustavsson, A., et al., Cost of disorders of the brain in Europe 2010. Eur Neuropsychopharmacol, 
2011. 21(10): 718-779. 

2.Murray, C.J., et al., The state of US health, 1990-2010: burden of diseases, injuries, and risk factors. 
JAMA, 2013. 310(6): 591-608. 

3.Lozano, A.M. and H. Eltahawy, How does DBS work? Supplements to Clinical neurophysiology, 
2004. 57: 733-736. 

4.Lyons, M.K., Deep brain stimulation: current and future clinical applications. Mayo Clin Proc, 
2011. 86(7): 662-672. 

5.Beaulieu, J.-M. and R.R. Gainetdinov, The physiology, signaling, and pharmacology of dopamine 
receptors. Pharmacological reviews, 2011. 63(1): 182-217. 

6.Okun, M.S. and P.R. Zeilman. Deep Brain Stimulation: Practical Guide for Patients and Families. 
2014; Available from: 
http://www.parkinson.org/sites/default/files/Guide_to_DBS_Stimulation_Therapy.pdf. 

7.Robinson, D.L., et al., Detecting subsecond dopamine release with fast-scan cyclic voltammetry in 
vivo. Clinical chemistry, 2003. 49(10): 1763-1773. 

8.Banks, C.E., et al., Electrocatalysis at graphite and carbon nanotube modified electrodes: edge-
plane sites and tube ends are the reactive sites. Chemical Communications, 2005(7): 829-841. 

9.Gooding, J.J., Nanostructuring electrodes with carbon nanotubes: A review on electrochemistry 
and applications for sensing. Electrochimica Acta, 2005. 50(15): 3049-3060. 

10.McCreery, R.L., Advanced carbon electrode materials for molecular electrochemistry. Chem. Rev, 
2008. 108(7): 2646-2687. 

11.Ernst, H. and M. Knoll, Electrochemical characterisation of uric acid and ascorbic acid at a 
platinum electrode. Analytica chimica acta, 2001. 449(1): 129-134. 

12.Frenguelli, B.G., et al., Temporal and mechanistic dissociation of ATP and adenosine release 
during ischaemia in the mammalian hippocampus1. Journal of neurochemistry, 2007. 101(5): 
1400-1413. 

13.Frenguelli, B.G. and M.J. Wall, Combined electrophysiological and biosensor approaches to study 
purinergic regulation of epileptiform activity in cortical tissue. Journal of neuroscience 
methods, 2016. 260: 202-214. 

14.Laurila, T., et al., Application-Specific Catalyst Layers: Pt-Containing Carbon Nanofibers for 
Hydrogen Peroxide Detection. ACS Omega, 2017. 2(2): 496-507. 

15.Britto, P., K. Santhanam, and P. Ajayan, Carbon nanotube electrode for oxidation of dopamine. 
Bioelectrochemistry and Bioenergetics, 1996. 41(1): 121-125. 

16.Pumera, M., Graphene-based nanomaterials and their electrochemistry. Chemical Society 
Reviews, 2010. 39(11): 4146-4157. 

17.Koehne, J.E., et al., Carbon nanofiber electrode array for electrochemical detection of dopamine 
using fast scan cyclic voltammetry. Analyst, 2011. 136(9): 1802-1805. 

18.Zhang, D.A., et al., Carbon nanofiber electrode for neurochemical monitoring. Molecular 
neurobiology, 2013. 48(2): 380-385. 

19.Raj, M.A. and S.A. John, Fabrication of electrochemically reduced graphene oxide films on glassy 
carbon electrode by self-assembly method and their electrocatalytic application. The Journal 
of Physical Chemistry C, 2013. 117(8): 4326-4335. 

20.Zhou, M., Y. Zhai, and S. Dong, Electrochemical sensing and biosensing platform based on 
chemically reduced graphene oxide. Analytical Chemistry, 2009. 81(14): 5603-5613. 



References 

56 

21.Wang, Y., et al., Aligned open-ended carbon nanotube membranes for direct electrochemistry 
applications. Sensors and Actuators B: Chemical, 2012. 174: 570-576. 

22.Chakraborty, S. and C.R. Raj, Amperometric biosensing of glutamate using carbon nanotube 
based electrode. Electrochemistry communications, 2007. 9(6): 1323-1330. 

23.Briggs, D., Handbook of X‐ray Photoelectron Spectroscopy CD Wanger, WM Riggs, LE Davis, JF 
Moulder and GE Muilenberg Perkin‐Elmer Corp., Physical Electronics Division, Eden Prairie, 
Minnesota, USA, 1979. 190 pp. $195. Surface and Interface Analysis, 1981. 3(4). 

24.Johansson, L.-S., Pesronal discussion. 2016. 
25.Okpalugo, T., et al., High resolution XPS characterization of chemical functionalised MWCNTs 

and SWCNTs. Carbon, 2005. 43(1): 153-161. 
26.Zhou, J.-H., et al., Characterization of surface oxygen complexes on carbon nanofibers by TPD, 

XPS and FT-IR. Carbon, 2007. 45(4): 785-796. 
27.Felten, A., C. Bittencourt, and J. Pireaux, Gold clusters on oxygen plasma functionalized carbon 

nanotubes: XPS and TEM studies. Nanotechnology, 2006. 17(8): 1954. 
28.Yang, D., et al., Chemical analysis of graphene oxide films after heat and chemical treatments by 

X-ray photoelectron and Micro-Raman spectroscopy. Carbon, 2009. 47(1): 145-152. 
29.Ilangovan, G. and K. Chandrasekara Pillai, Electrochemical and XPS characterization of glassy 

carbon electrode surface effects on the preparation of a monomeric molybdate (VI)-modified 
electrode. Langmuir, 1997. 13(3): 566-575. 

30.Martínez, M., et al., Sensitivity of single wall carbon nanotubes to oxidative processing: structural 
modification, intercalation and functionalisation. Carbon, 2003. 41(12): 2247-2256. 

31.Hiura, H., T.W. Ebbesen, and K. Tanigaki, Opening and purification of carbon nanotubes in high 
yields. Advanced Materials, 1995. 7(3): 275-276. 

32.Lee, W., et al., X-ray photoelectron spectroscopic studies of surface modified single-walled carbon 
nanotube material. Applied Surface Science, 2001. 181(1): 121-127. 

33.Hou, P., et al., Multi-step purification of carbon nanotubes. Carbon, 2002. 40(1): 81-85. 
34.Baker, S.E., et al., Covalently bonded adducts of deoxyribonucleic acid (DNA) oligonucleotides 

with single-wall carbon nanotubes: synthesis and hybridization. Nano letters, 2002. 2(12): 
1413-1417. 

35.Okotrub, A., et al., Fluorinated cage multiwall carbon nanoparticles. Chemical Physics Letters, 
2000. 322(3): 231-236. 

36.Dettlaff-Weglikowska, U., et al., Chemical functionalization of single walled carbon nanotubes. 
Current Applied Physics, 2002. 2(6): 497-501. 

37.Feldtner, N., et al., Novel carbon materials obtained by reactions of C 60 fullerene with 
phosphorus at high temperature. Journal of non-crystalline solids, 2004. 333(3): 301-306. 

38.Rosenthal, D., et al., Combined XPS and TPD study of oxygen-functionalized carbon nanofibers 
grown on sintered metal fibers. Carbon, 2010. 48(6): 1835-1843. 

39.Brouder, C., Angular dependence of X-ray absorption spectra. Journal of Physics: Condensed 
Matter, 1990. 2(3): 701. 

40.Gandhiraman, R.P., et al., X-ray Absorption Study of Graphene Oxide and Transition Metal Oxide 
Nanocomposites. The Journal of Physical Chemistry C, 2014. 118(32): 18706-18712. 

41.Stöhr, J., NEXAFS Spectroscopy. Vol. 25. 1992, Berlin and Heidelberg: Springer. 
42.Schiros, T., et al., Connecting dopant bond type with electronic structure in N-doped graphene. 

Nano letters, 2012. 12(8): 4025-4031. 
43.Ayzner, A.L., et al., Ultrafast electron transfer at organic semiconductor interfaces: Importance of 

molecular orientation. The journal of physical chemistry letters, 2014. 6(1): 6-12. 
44.Lee, V., et al., Substrate hybridization and rippling of graphene evidenced by near-edge X-ray 

absorption fine structure spectroscopy. The Journal of Physical Chemistry Letters, 2010. 1(8): 
1247-1253. 

45.Huang, L., et al., Synchrotron radiation x‐ray absorption of ion bombardment induced defects on 
diamond (100). Journal of applied physics, 1994. 76(11): 7483-7486. 



References 

57 

46.Hedman, B., et al., Sulfur K-edge X-ray absorption studies using the 54-pole wiggler at SSRL in 
undulator mode. Nuclear Instruments and Methods in Physics Research Section A: 
Accelerators, Spectrometers, Detectors and Associated Equipment, 1986. 246(1-3): 797-800. 

47.Brühwiler, P., et al., π* and σ* Excitons in C 1 s Absorption of Graphite. Physical review letters, 
1995. 74(4): 614. 

48.Larciprete, R., et al., Dual path mechanism in the thermal reduction of graphene oxide. Journal of 
the American Chemical Society, 2011. 133(43): 17315-17321. 

49.Díaz, J., et al., Enhanced secondary electron yield from oxidized regions on amorphous carbon 
films studied by x-ray spectromicroscopy. Journal of Vacuum Science & Technology A, 1999. 
17(5): 2737-2740. 

50.Urquhart, S., et al., Analysis of polyurethanes using core excitation spectroscopy. Part II: Inner 
shell spectra of ether, urea and carbamate model compounds. Journal of Polymer Science Part 
B: Polymer Physics, 1995. 33(11): 1603-1620. 

51.Outka, D., et al., NEXAFS studies of complex alcohols and carboxylic acids on the Si (111)(7× 7) 
surface. Surface science, 1987. 185(1): 53-74. 

52.Ishii, I. and A. Hitchcook, The oscillator strengths for C1s and O1s excitation of some saturated 
and unsaturated organic alcohols, acids and esters. Journal of Electron Spectroscopy and 
Related Phenomena, 1988. 46(1): 55-84. 

53.Solomon, D., et al., Carbon (1s) NEXAFS spectroscopy of biogeochemically relevant reference 
organic compounds. Soil Science Society of America Journal, 2009. 73(6): 1817-1830. 

54.Hoffman, A. and A. Laikhtman, Photon stimulated desorption of hydrogen from diamond surfaces 
via core-level excitations: fundamental processes and applications to surface studies. Journal 
of Physics: Condensed Matter, 2006. 18(30): S1517. 

55.Raty, J.-Y., et al., Quantum confinement and fullerenelike surface reconstructions in 
nanodiamonds. Physical review letters, 2003. 90(3): 037401. 

56.Shpilman, Z., et al., A near edge X-ray absorption fine structure study of oxidized single crystal 
and polycrystalline diamond surfaces. Diamond and Related Materials, 2014. 45: 20-27. 

57.Dennis, R.V., et al., Near-edge x-ray absorption fine structure spectroscopy study of nitrogen 
incorporation in chemically reduced graphene oxide. Journal of Vacuum Science & Technology 
B, 2013. 31(4): 041204. 

58.Lee, D., et al., The structure of graphite oxide: investigation of its surface chemical groups. The 
Journal of Physical Chemistry B, 2010. 114(17): 5723-5728. 

59.Urquhart, S. and H. Ade, Trends in the carbonyl core (C 1s, O 1s)→ π* C= O transition in the near-
edge X-ray absorption fine structure spectra of organic molecules. The Journal of Physical 
Chemistry B, 2002. 106(34): 8531-8538. 

60.Ravel, B. and M. Newville, ATHENA, ARTEMIS, HEPHAESTUS: data analysis for X-ray 
absorption spectroscopy using IFEFFIT. Journal of synchrotron radiation, 2005. 12(4): 537-
541. 

61.Solé, V., et al., A multiplatform code for the analysis of energy-dispersive X-ray fluorescence 
spectra. Spectrochimica Acta Part B: Atomic Spectroscopy, 2007. 62(1): 63-68. 

62.Palomäki, T., et al., Electron Transport Determines the Electrochemical Properties of Tetrahedral 
Amorphous Carbon (ta-C) Thin Films (submitted). Electrochimica Acta, 2016. 

63.Goldstein, J., et al., Scanning electron microscopy and X-ray microanalysis: a text for biologists, 
materials scientists, and geologists. 1992, new York, N. Y. 10013 USA: Plenum Press, New York. 

64.AB, N.M. The Transmission Electron Microscope - Preparation of Specimen. 2017 2017 [cited 2017 
12.02.2017]; Available from: 
https://www.nobelprize.org/educational/physics/microscopes/tem/preparation.html. 

65.Hua, J., Personal Discussion. 2016. 
66.Agnesi, F., et al., Wireless Instantaneous Neurotransmitter Concentration System–based 

amperometric detection of dopamine, adenosine, and glutamate for intraoperative 
neurochemical monitoring. Journal of neurosurgery, 2009. 111(4): 701. 



References 

58 

67.Matsuda, H. and Y. Ayabe, Zur Theorie der Randles‐Sevčikschen Kathodenstrahl‐Polarographie. 
Zeitschrift für Elektrochemie, Berichte der Bunsengesellschaft für physikalische Chemie, 1955. 
59(6): 494-503. 

68.Nicholson, R.S., Theory and Application of Cyclic Voltammetry for Measurement of Electrode 
Reaction Kinetics. Analytical Chemistry, 1965. 37(11): 1351-1355. 

69.Wagner, J., et al., Simultaneous Determination of 3, 4‐Dihydroxyphenylalanine, 5‐
Hydroxytryptophan, Dopamine, 4‐Hydroxy‐3‐Methoxyphenylalanine, Norepinephrine, 3, 4‐
Dihydroxyphenylacetic Acid, Homovanillic Acid, Serotonin, and 5‐Hydroxyindoleacetic Acid in 
Rat Cerebrospinal Fluid and Brain by High‐Performance Liquid Chromatography with 
Electrochemical Detection. Journal of neurochemistry, 1982. 38(5): 1241-1254. 

70.Robinson, D.L., et al., Monitoring rapid chemical communication in the brain. Chemical reviews, 
2008. 108(7): 2554-2584. 

71.Fornstedt, B., E. Rosengren, and A. Carlsson, Occurrence and distribution of 5-S-cysteinyl 
derivatives of dopamine, dopa and dopac in the brains of eight mammalian species. 
Neuropharmacology, 1986. 25(4): 451-454. 

72.Wang, Y.-M., et al., Genetic approaches to studying norepinephrine function: knockout of the 
mouse norepinephrine transporter gene. Biological psychiatry, 1999. 46(9): 1124-1130. 

73.Mefford, I., et al., Epinephrine distribution in human brain. Neuroscience letters, 1978. 9(2): 227-
231. 

74.Westerink, B.H. and J. Korf, Influence of drugs on striatal and limbic homovanillic acid 
concentration in the rat brain. European journal of pharmacology, 1975. 33(1): 31-40. 

75.Gibson, C.J. and R.J. Wurtman, Physiological control of brain catechol synthesis by brain tyrosine 
concentration. Biochemical pharmacology, 1977. 26(12): 1137-1142. 

76.Lindemann, L. and M.C. Hoener, A renaissance in trace amines inspired by a novel GPCR family. 
Trends in pharmacological sciences, 2005. 26(5): 274-281. 

77.Broadley, K.J., The vascular effects of trace amines and amphetamines. Pharmacology & 
therapeutics, 2010. 125(3): 363-375. 

78.Fernstrom, J.D., Role of precursor availability in control of monoamine biosynthesis in brain. 
Physiological Reviews, 1983. 63(2): 484-546. 

79.Knott, P. and G. Curzon, Free tryptophan in plasma and brain tryptophan metabolism. 1972. 
80.Wester, P., et al., Serotonin concentrations in normal aging human brains: relation to serotonin 

receptors. Neurobiology of aging, 1984. 5(3): 199-203. 
81.Curzon, G. and A.R. Green, Rapid method for the determination of 5‐hydroxytryptamine and 5‐

hydroxyindoleacetic acid in small regions of rat brain. British journal of pharmacology, 1970. 
39(3): 653-655. 

82.Fredholm, B.B., et al., Adenosine and brain function. International review of neurobiology, 2005. 
63: 191-270. 

83.Porkka-Heiskanen, T., R. Strecker, and R. McCarley, Brain site-specificity of extracellular 
adenosine concentration changes during sleep deprivation and spontaneous sleep: an in vivo 
microdialysis study. Neuroscience, 2000. 99(3): 507-517. 

84.Riederer, P., et al., Transition metals, ferritin, glutathione, and ascorbic acid in parkinsonian 
brains. Journal of neurochemistry, 1989. 52(2): 515-520. 

85.Harrison, F.E. and J.M. May, Vitamin C function in the brain: vital role of the ascorbate 
transporter SVCT2. Free Radical Biology and Medicine, 2009. 46(6): 719-730. 

86.Iriyama, K., et al., Postmortem changes in uric acid and ascorbic acid in human cerebral cortex 
tissues excised after cardiac death. Biochemical medicine and metabolic biology, 1986. 36(2): 
186-193. 

87.Euser, S., et al., Serum uric acid and cognitive function and dementia. Brain, 2009. 132(2): 377-
382. 

88.Böhlen, P., S. Huot, and M.G. Palfreyman, The relationship between GABA concentrations in brain 
and cerebrospinal fluid. Brain Research, 1979. 167(2): 297-305. 



References 

59 

89.Petroff, O.A., Book Review: GABA and glutamate in the human brain. The Neuroscientist, 2002. 
8(6): 562-573. 

90.During, M. and D. Spencer, Extracellular hippocampal glutamate and spontaneous seizure in the 
conscious human brain. The lancet, 1993. 341(8861): 1607-1610. 

91.Miele, M., et al., The determination of the extracellular concentration of brain glutamate using 
quantitative microdialysis. Brain research, 1996. 707(1): 131-133. 

92.Chung, S.Y., T. KOKUBU, and S. YAMAMOTO, Administration of Phosphatidylcholine Increases 
Brain Acetylcholine Concentration and Improves. memory, 1995. 125: 1484-1489. 

93.Hasselmo, M.E., The role of acetylcholine in learning and memory. Current opinion in 
neurobiology, 2006. 16(6): 710-715. 

94.Silver, I.A. and M. Erecinska, Extracellular glucose concentration in mammalian brain: 
continuous monitoring of changes during increased neuronal activity and upon limitation in 
oxygen supply in normo-, hypo-, and hyperglycemic animals. The Journal of neuroscience, 
1994. 14(8): 5068-5076. 

95.Gardiner, M., et al., Influence of blood glucose concentration on brain lactate accumulation during 
severe hypoxia and subsequent recovery of brain energy metabolism. Journal of Cerebral 
Blood Flow & Metabolism, 1982. 2(4): 429-438. 

96.Baker, A., et al., Changes in extracellular concentrations of glutamate, aspartate, glycine, 
dopamine, serotonin, and dopamine metabolites after transient global ischemia in the rabbit 
brain. Journal of neurochemistry, 1991. 57(4): 1370-1379. 

97.Han, J., et al., Inhibitors of Mitochondrial Respiration, Iron (II), and Hydroxyl Radical Evoke 
Release and Extracellular Hydrolysis of Glutathione in Rat Striatum and Substantia Nigra. 
Journal of neurochemistry, 1999. 73(4): 1683-1695. 

98.Dekhuijzen, P., Antioxidant properties of N‐acetylcysteine: their relevance in relation to chronic 
obstructive pulmonary disease. European Respiratory Journal, 2004. 23(4): 629-636. 

99.Wightman, R.M., L.J. May, and A.C. Michael, Detection of dopamine dynamics in the brain. 
Analytical Chemistry, 1988. 60(13): 769A-793A. 

100.Grace, A.A., Phasic versus tonic dopamine release and the modulation of dopamine system 
responsivity: a hypothesis for the etiology of schizophrenia. Neuroscience, 1991. 41(1): 1-24. 

101.Gonon, F., et al., In vivo electrochemical detection of catechols in the neostriatum of 
anaesthetized rats: dopamine or DOPAC? 1980. 

102.Pradhan, T., et al., Chemical sensing of neurotransmitters. Chemical Society Reviews, 2014. 
43(13): 4684-4713. 

103.Venton, B.J. and R.M. Wightman, Psychoanalytical electrochemistry: dopamine and behavior. 
Analytical Chemistry, 2003. 75(19): 414 A-421 A. 

104.Heien, M.L., et al., Real-time measurement of dopamine fluctuations after cocaine in the brain of 
behaving rats. Proceedings of the National Academy of Sciences of the United States of 
America, 2005. 102(29): 10023-10028. 

105.Adams, R.N., Probing brain chemistry with electroanalytical techniques. Analytical Chemistry, 
1976. 48(14): 1126A-1138A. 

106.Wightman, R., et al., Real-time characterization of dopamine overflow and uptake in the rat 
striatum. Neuroscience, 1988. 25(2): 513-523. 

107.da Silva, R.P., A.W.O. Lima, and S.H. Serrano, Simultaneous voltammetric detection of ascorbic 
acid, dopamine and uric acid using a pyrolytic graphite electrode modified into dopamine 
solution. Analytica chimica acta, 2008. 612(1): 89-98. 

108.Kachoosangi, R.T. and R.G. Compton, A simple electroanalytical methodology for the 
simultaneous determination of dopamine, serotonin and ascorbic acid using an unmodified 
edge plane pyrolytic graphite electrode. Analytical and bioanalytical chemistry, 2007. 387(8): 
2793-2800. 



References 

60 

109.Shang, N.G., et al., Catalyst‐free efficient growth, orientation and biosensing properties of 
multilayer graphene nanoflake films with sharp edge planes. Advanced functional materials, 
2008. 18(21): 3506-3514. 

110.Sheng, Z.-H., et al., Electrochemical sensor based on nitrogen doped graphene: simultaneous 
determination of ascorbic acid, dopamine and uric acid. Biosensors and Bioelectronics, 2012. 
34(1): 125-131. 

111.Yang, L., et al., Simultaneous determination of dopamine, ascorbic acid and uric acid at 
electrochemically reduced graphene oxide modified electrode. Sensors and Actuators B: 
Chemical, 2014. 193: 166-172. 

112.Rand, E., et al., A carbon nanofiber based biosensor for simultaneous detection of dopamine and 
serotonin in the presence of ascorbicacid. Biosensors and Bioelectronics, 2013. 42: 434-438. 

113.Dursun, Z. and B. Gelmez, Simultaneous determination of ascorbic acid, dopamine and uric acid 
at Pt nanoparticles decorated multiwall carbon nanotubes modified GCE. Electroanalysis, 
2010. 22(10): 1106-1114. 

114.Gao, F., et al., Highly sensitive and selective detection of dopamine in the presence of ascorbic 
acid at graphene oxide modified electrode. Sensors and Actuators B: Chemical, 2013. 186: 380-
387. 

115.Gai, P., et al., Simultaneous electrochemical detection of ascorbic acid, dopamine and uric acid 
based on nitrogen doped porous carbon nanopolyhedra. Journal of Materials Chemistry B, 
2013. 1(21): 2742-2749. 

116.Wester, N., et al., Partially Reduced Graphene Oxide (PRGO) Modified Tetrahedral Amorphous 
Carbon (ta-C) Thin Film Electrodes as a Platform for Nanomolar Detection of Dopamine. The 
Journal of Physical Chemistry C, 2017. 

117.Zhu, S., et al., Simultaneous electrochemical determination of uric acid, dopamine, and ascorbic 
acid at single-walled carbon nanohorn modified glassy carbon electrode. Biosensors and 
Bioelectronics, 2009. 25(4): 940-943. 

118.Zhang, J., et al., Selective determination of dopamine, ascorbic acid and uric acid at SDS-
MWCNTs modified glassy carbon electrode. Int. J. Electrochem. Sci, 2014. 9(3): 1264-1272. 

119.Wang, Y., et al., Application of graphene-modified electrode for selective detection of dopamine. 
Electrochemistry Communications, 2009. 11(4): 889-892. 

120.Wang, Z., et al., Carbon nanotube-modified electrodes for the simultaneous determination of 
dopamine and ascorbic acid. Analyst, 2002. 127(5): 653-658. 

121.Qian, T., et al., In situ polymerization of highly dispersed polypyrrole on reduced graphite oxide 
for dopamine detection. Biosensors and Bioelectronics, 2013. 50: 157-160. 

122.Peik-See, T., et al., Simultaneous electrochemical detection of dopamine and ascorbic acid using 
an iron oxide/reduced graphene oxide modified glassy carbon electrode. Sensors, 2014. 14(8): 
15227-15243. 

123.Vajtai, R., Springer handbook of nanomaterials. 2013: Springer Science & Business Media. 
124.Schutzenberger, P. and L.C.R. Schutzenberger, Acad Sci Paris, 1890. 111. 
125.Radushkevich, L.V. and V.M. Lukyanovich, Образующегося При ТерМическоМ РазлоЖении 

Окиси Углерода На ЖелезноМ Контакте. Soviet Journal Phys. Chem., 1952. 26: 88-95. 
126.Iijima, S., Helical microtubules of graphitic carbon. nature, 1991. 354(6348): 56-58. 
127.Novoselov, K.S., et al., Electric field effect in atomically thin carbon films. science, 2004. 

306(5696): 666-669. 
128.Nasibulin, A.G., et al., A novel hybrid carbon material. Nature Nanotechnology, 2007. 2(3): 156-

161. 
129.Takagi, D., Y. Kobayashi, and Y. Homma, Carbon nanotube growth from diamond. Journal of the 

American Chemical Society, 2009. 131(20): 6922-6923. 
130.Silva, T.A., et al., Electrochemical Performance of Porous Diamond-like Carbon Electrodes for 

Sensing Hormones, Neurotransmitters, and Endocrine Disruptors. ACS applied materials & 
interfaces, 2014. 6(23): 21086-21092. 



References 

61 

131.Zanin, H., et al., Porous boron-doped diamond/carbon nanotube electrodes. ACS applied 
materials & interfaces, 2014. 6(2): 990-995. 

132.Parker, C.B., et al., Three-dimensional arrays of graphenated carbon nanotubes. Journal of 
Materials Research, 2012. 27(07): 1046-1053. 

133.Henry, P.A., et al., Enhanced electron transfer kinetics through hybrid graphene-carbon 
nanotube films. Electrochemistry communications, 2014. 48: 103-106. 

134.Talyzin, A.V., et al., Synthesis of graphene nanoribbons encapsulated in single-walled carbon 
nanotubes. Nano letters, 2011. 11(10): 4352-4356. 

135.Rinaldi, A., et al., Dissolved carbon controls the initial stages of nanocarbon growth. Angewandte 
Chemie International Edition, 2011. 50(14): 3313-3317. 

136.Cartwright, R., et al., Low temperature growth of carbon nanotubes on tetrahedral amorphous 
carbon using Fe–Cu catalyst. Carbon, 2015. 81: 639-649. 

137.Iyer, A., et al., Nanodiamond embedded ta-C composite film by pulsed filtered vacuum arc 
deposition from a single target. Applied Physics Letters, 2016. 109(20): 201905. 

138.Serp, P., M. Corrias, and P. Kalck, Carbon nanotubes and nanofibers in catalysis. Applied 
Catalysis A: General, 2003. 253(2): 337-358. 

139.Ronkainen, H., et al., Tribological characterisation of hard carbon films produced by the pulsed 
vacuum arc discharge method. Diamond and related Materials, 1992. 1(5): 639-643. 

140.Tiainen, V.-M., Amorphous carbon as a bio-mechanical coating—mechanical properties and 
biological applications. Diamond and Related Materials, 2001. 10(2): 153-160. 

141.Dearnaley, G. and J.H. Arps, Biomedical applications of diamond-like carbon (DLC) coatings: A 
review. Surface and Coatings Technology, 2005. 200(7): 2518-2524. 

142.Hauert, R., A review of modified DLC coatings for biological applications. Diamond and related 
materials, 2003. 12(3): 583-589. 

143.Ronkainen, H., et al., Differentiating the tribological performance of hydrogenated and 
hydrogen-free DLC coatings. Wear, 2001. 249(3): 260-266. 

144.Kaivosoja, E., et al., Enhancement of silicon using micro-patterned surfaces of thin films. 
European cells & materials, 2009. 19: 147-157. 

145.Kaivosoja, E., et al., Osteogenesis of human mesenchymal stem cells on micro-patterned surfaces. 
Journal of biomaterials applications, 2011. 27: 862-871. 

146.Kaivosoja, E., et al., Spectroscopy in the analysis of bacterial and eukaryotic cell footprints on 
implant surfaces. Eur Cells Mater, 2012. 24: 60-73. 

147.Levon, J., et al., Patterned macroarray plates in comparison of bacterial adhesion inhibition of 
tantalum, titanium, and chromium compared with diamond‐like carbon. Journal of 
Biomedical Materials Research Part A, 2010. 92(4): 1606-1613. 

148.Laurila, T., et al., New electrochemically improved tetrahedral amorphous carbon films for 
biological applications. Diamond and Related Materials, 2014. 49: 62-71. 

149.Laurila, T., et al., Diamond-like carbon (DLC) thin film bioelectrodes: Effect of thermal post-
treatments and the use of Ti adhesion layer. Materials Science and Engineering: C, 2014. 34: 
446-454. 

150.Robertson, J., Diamond-like amorphous carbon. Materials Science and Engineering: R: Reports, 
2002. 37(4): 129-281. 

151.Kaivosoja, E., et al., Glutamate detection by amino functionalized tetrahedral amorphous carbon 
surfaces. Talanta, 2015. 141: 175-181. 

152.Palomäki, T., et al., Electrochemical reactions of catechol, methylcatechol and dopamine at 
tetrahedral amorphous carbon (ta-C) thin film electrodes. Diamond and Related Materials, 
2015. 59: 30-39. 

153.Tujunen, N., et al., Electrochemical detection of hydrogen peroxide on platinum-containing 
tetrahedral amorphous carbon sensors and evaluation of their biofouling properties. Materials 
Science and Engineering: C, 2015. 55: 70-78. 



References 

62 

154.Protopopova, V., et al., Ultrathin undoped tetrahedral amorphous carbon films: The role of the 
underlying titanium layer on the electronic structure. Diamond and Related Materials, 2015. 
57: 43-52. 

155.Caro, M.A., et al., Atomic and electronic structure of tetrahedral amorphous carbon surfaces 
from density functional theory: Properties and simulation strategies. Carbon, 2014. 77: 1168-
1182. 

156.Hu, F., et al., Study on the application of reduced graphene oxide and multiwall carbon 
nanotubes hybrid materials for simultaneous determination of catechol, hydroquinone, p-
cresol and nitrite. Analytica chimica acta, 2012. 724: 40-46. 

157.Meyyappan, M., et al., Carbon nanotube growth by PECVD: a review. Plasma Sources Science 
and Technology, 2003. 12(2): 205. 

158.Martin-Gullon, I., et al., Differences between carbon nanofibers produced using Fe and Ni 
catalysts in a floating catalyst reactor. Carbon, 2006. 44(8): 1572-1580. 

159.Jung, Y.J., et al., High-density, large-area single-walled carbon nanotube networks on nanoscale 
patterned substrates. The Journal of Physical Chemistry B, 2003. 107(28): 6859-6864. 

160.Halonen, N., et al., Three-dimensional carbon nanotube scaffolds as particulate filters and 
catalyst support membranes. Acs Nano, 2010. 4(4): 2003-2008. 

161.Moisala, A., A.G. Nasibulin, and E.I. Kauppinen, The role of metal nanoparticles in the catalytic 
production of single-walled carbon nanotubes—a review. Journal of Physics: condensed 
matter, 2003. 15(42): S3011. 

162.He, M., et al., Selective growth of SWNTs on partially reduced monometallic cobalt catalyst. 
Chemical Communications, 2011. 47(4): 1219-1221. 

163.Nasibulin, A.G., et al., Carbon nanotubes and onions from carbon monoxide using Ni (acac) 2 
and Cu (acac) 2 as catalyst precursors. Carbon, 2003. 41(14): 2711-2724. 

164.Moisala, A., et al., Single-walled carbon nanotube synthesis using ferrocene and iron 
pentacarbonyl in a laminar flow reactor. Chemical Engineering Science, 2006. 61(13): 4393-
4402. 

165.Nasibulin, A.G., et al., Correlation between catalyst particle and single-walled carbon nanotube 
diameters. Carbon, 2005. 43(11): 2251-2257. 

166.Zhang, Z., et al., Select pathways to carbon nanotube film growth. Advanced Materials, 2001. 
13(23): 1767-1770. 

167.Meng, G., et al., Controlled fabrication of hierarchically branched nanopores, nanotubes, and 
nanowires. Proceedings of the National Academy of Sciences of the United States of America, 
2005. 102(20): 7074-7078. 

168.Nasibulin, A.G., et al., Studies on mechanism of single-walled carbon nanotube formation. 
Journal of nanoscience and nanotechnology, 2006. 6(5): 1233-1246. 

169.Li, X., et al., Bottom-up growth of carbon nanotube multilayers: unprecedented growth. Nano 
letters, 2005. 5(10): 1997-2000. 

170.Ci, L., et al., Ultrathick freestanding aligned carbon nanotube films. Advanced Materials, 2007. 
19(20): 3300-3303. 

171.Ajayan, P.M. and R. Vajtai, Properties and applications of carbon nanotubes, in Carbon Filaments 
and Nanotubes: Common Origins, Differing Applications? 2001, Springer. 315-330. 

172.Helveg, S., et al., Atomic-scale imaging of carbon nanofibre growth. Nature, 2004. 427(6973): 
426-429. 

173.Kordás, K., et al., Inkjet printing of electrically conductive patterns of carbon nanotubes. Small, 
2006. 2(8‐9): 1021-1025. 

174.Srivastava, R.K., et al., Functionalized multilayered graphene platform for urea sensor. Acs Nano, 
2011. 6(1): 168-175. 

175.Liu, B., et al., Metal-catalyst-free growth of single-walled carbon nanotubes. Journal of the 
American Chemical Society, 2009. 131(6): 2082-2083. 



References 

63 

176.Huang, S., et al., Metal-catalyst-free growth of single-walled carbon nanotubes on substrates. 
Journal of the American Chemical Society, 2009. 131(6): 2094-2095. 

177.Wu, Z., C.U. Pittman, and S.D. Gardner, Nitric acid oxidation of carbon fibers and the effects of 
subsequent treatment in refluxing aqueous NaOH. Carbon, 1995. 33(5): 597-605. 

178.Rosca, I.D., et al., Oxidation of multiwalled carbon nanotubes by nitric acid. Carbon, 2005. 
43(15): 3124-3131. 

179.Kuzmany, H., et al., Functionalization of carbon nanotubes. Synthetic Metals, 2004. 141(1): 113-
122. 

180.Li, J., et al., Surface functionalization and characterization of graphitic carbon nanofibers 
(GCNFs). Carbon, 2005. 43(14): 2883-2893. 

181.Lakshminarayanan, P.V., H. Toghiani, and C.U. Pittman, Nitric acid oxidation of vapor grown 
carbon nanofibers. Carbon, 2004. 42(12): 2433-2442. 

182.Datsyuk, V., et al., Chemical oxidation of multiwalled carbon nanotubes. Carbon, 2008. 46(6): 
833-840. 

183.Dumitrescu, I., P.R. Unwin, and J.V. Macpherson, Electrochemistry at carbon nanotubes: 
perspective and issues. Chemical Communications, 2009(45): 6886-6901. 

184.Pumera, M., Carbon nanotubes contain residual metal catalyst nanoparticles even after washing 
with nitric acid at elevated temperature because these metal nanoparticles are sheathed by 
several graphene sheets. Langmuir, 2007. 23(11): 6453-6458. 

185.Gerber, I., et al., Theoretical and Experimental Studies on the Carbon‐Nanotube Surface 
Oxidation by Nitric Acid: Interplay between Functionalization and Vacancy Enlargement. 
Chemistry–A European Journal, 2011. 17(41): 11467-11477. 

186.Tchoul, M.N., et al., Effect of mild nitric acid oxidation on dispersability, size, and structure of 
single-walled carbon nanotubes. Chemistry of Materials, 2007. 19(23): 5765-5772. 

 




	Aalto_DD_2017_072_Sainio_verkkoversio

