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By combining different allotropic forms of carbon at the nanoscale it is possible to fabricate
tailor made surfaces with unique properties. These novel materials have shown high
potential especially in the electrochemical detection of different biomolecules, such as
dopamine, glutamate and ascorbic acid, which are important neurotransmitters in the
mammalian central nervous system. Thus, more information about their material proper-
ties must be obtained in order to realize their high potential to the maximum. The results
presented in this review clearly point out that although there is an extensive amount of
data available on the structural, chemical and electrochemical properties on different car-
bon nanoforms, the data are scattered, often inconsistent and even contradictory. Hybrid
carbon nanomaterials are much less investigated than the individual allotropes, but based
on the existing data they possess extremely interesting electrochemical properties. Thus, it
is of utmost importance to carry out extensive step-by-step characterization of these mate-
rials by utilizing combination of detailed computational and experimental work. In this
way it will become possible to avoid approaches to material design that are based solely
on trial-and-error approach, which has, unfortunately, been more a rule than an exception.
� 2017 The Author(s). Published by Elsevier Ltd. This is an open access article under the CC

BY license (http://creativecommons.org/licenses/by/4.0/).
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1. Introduction

The grand challenges that our society is facing in the near future include (i) improving the health and wellbeing of the
world’s increasing population, and (ii) clean energy production and storage of electricity. For example, technological solu-
tions enabling personalized medical treatments are crucial to successfully meet the first challenge. This, among other things
requires new innovative material solutions that are not only tailored for specific purposes, but are also biocompatible. Like-
wise, to tackle energy and environmental issues, new materials are often required. For example, in fuel cell and battery tech-
nologies, electrode and catalyst materials can be considered as one of the most serious bottle necks in improving the current
state of the art.

As an example of the first grand challenge, let us consider neural disorders, which are a worldwide problem affecting
about 164.7 million people in the European Union member countries [1]. Out of these, 6.3 million have dementia and
1.25 million are Parkinson patients. Further, epilepsy affects about 2.64 million and different strokes about 8.24 million peo-
ple in the EU. The fact that the fraction of elderly people within the population is increasing rapidly is likely to increase the
incidence of the above mentioned diseases. It is known that neuronal communication in the brain relies on precisely con-
trolled dynamics of neurotransmitters, the molecules that are used for neuron-to-neuron signaling. Consequently, several
diseases of the brain are either due to or associated with changes in the spatial and temporal kinetics of the neurotransmit-
ters. Thus, both in the basic research as well as in the treatments of neurological diseases, approaches aiming to affect the
turnover and the amount of the neurotransmitters in the brain are widely used. Hence, it can be stated that accurate deter-
mination of neurotransmitter concentration changes is the key to understand the operation of treatments as well as to the
development of new approaches. This in turn requires new groundbreaking biocompatible active materials as well as clever
technological and system level solutions.

Another example given above is related to the advanced energy systems. It can be stated that meeting the demands for
production and consumption of electrical power is one of the major societal and technological challenges, especially when an
increasing portion of the electricity production is based on intermittent renewable sources, such as solar and wind power.
Electrochemical energy storage can be one solution for this problem. Moreover, increase in usage of off-grid portable devices
and electrifying traffic increase the need for electrochemical energy conversion and storage devices. Thus, newmaterials and
devices for these applications are urgently needed. Likewise in fuel cell technology efficient, cost effective and robust catalyst
materials are required.

Carbon is an extremely versatile material exhibiting a large number of unique properties. It exists as several different allo-
tropes that range from 1D to 3D structures that are used in numerous applications [2–8]. The literature on the characteri-
zation and applications of single carbon allotropes is extremely large and many of the fundamental properties of the various
allotropes have been extensively characterized [9–18]. However, as we will discuss in this review, there are no standard pro-
cedures to characterize the carbon nanomaterials before use, which makes the comparison of results from different groups
rather difficult. Properties such as detailed structure, amount of metallic nanoparticles, and ratio of sp2 to sp3 carbon, surface
functionalization and so forth are quite rarely investigated in depth or reported, especially in the more application oriented
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papers. Thus, it is often very hard to really understand the reasons for the observed behavior or to make any conclusion about
the fundamental factors behind the reported phenomena. As will be discussed in this review, this is the standard case in elec-
trochemistry in general and especially in sensor applications. In the latter field many of the reported structures are so com-
plex that it is impossible to pinpoint the key factors contributing to the electrocatalysis, for example. When this is combined
with the lack of detailed characterization of the materials used, making reasonable comparisons between the works carried
out in different groups becomes extremely challenging.

The concept of carbon based hybrid nanomaterial is much less investigated than the individual allotropes of carbon. Our
definition of a true carbon based hybrid nanomaterial is as follows: a new material where integration of two or more carbon
allotropes with possible additions of selected metallic nanoparticles into a new hybrid has been carried out and which exhibits
emerging properties that go significantly beyond those of its building blocks. Further, the fabrication method of the hybrid must
be controllable and repeatable, allowing process scaling and device miniaturization. An example of a true hybrid material is a
structure where diamond like carbon (DLC) thin film is used as a functional substrate, Ni metal is deposited on top of that
and then CNF are grown on top of this structure. This results into a carbon based hybrid nanomaterial where CNF with Ni
particles at their tips are realized and the DLC film changes the CNF structure from tubular like CNF to platelet like CNF
by acting as an additional carbon source at the initial stages of the growth. In this way the CNF structure is tightly integrated
with the substrate, ensuring good electrical and mechanical connection. Moreover, as DLC can be patterned and it is CMOS
compatible, it is possible to fabricate devices out of these carbon based hybrid nanomaterials. On the other hand, a glassy
carbon electrode where CNTs have been deposited (pipetted) on the surface from an aqueous solution is not a true hybrid,
but can be classified as a pseudohybrid instead. It is clear that from the latter class of materials it is relatively difficult to
fabricate any devices.

What are the benefits of integrating different carbon allotropes together? Combination of different allotropic forms of
nanocarbons, such as graphene, carbon nanobuds, fullerenes, carbon nanotubes and nanodiamond, offers scientific and tech-
nological possibilities that are not achievable with any other single element or material. (i) Firstly, nanocarbon materials
possess the ability to form a feasible interface between living and non-living worlds. Thus, in the field of biomedical engi-
neering they will likely act as game changing materials. (ii) Secondly, carbon is abundant in nature and therefore it will never
become a critical material. (iii) Thirdly, various physicochemical properties of nanocarbons, such as thermal, electrical, elec-
trochemical, optical, biological and so forth, are not only excellent by themselves, but nanocarbon based hybrid materials can
be engineered to achieve the desired combination of functionalities.

We originally introduced the concept of these carbon based hybrid nanomaterials in 2015 in a short overview paper [19].
At the time most of the properties of these materials were only vaguely known and there were a great number of open ques-
tion related to, for example, processing and basic physicochemical features of the hybrid structures. Even the basic definition
as given above had not been formulated by then. During the last couple of years we and also others have carried out signif-
icant amount of in depth investigations and simulations in order to clarify at least some of the open questions discussed
above. Results from these investigations as well as some of the unique properties of these carbon based hybrid nanomaterials
are discussed, especially from the electrochemistry point of view, in Section 4.

The review contains five sections. After the introduction we will concisely cover, in Section 2, the literature data concern-
ing the physicochemical characterization of carbon nanomaterials, first focusing on individual allotropes and then on the
pseudo and true hybrid materials. Both experimental and computational results will be discussed. In Section 3 we will
review the fundamental electrochemical properties of individual carbon allotropes and also take a look at their use in sensor
applications. We will also cover some aspects related to health concerns of nanomaterials as well as look at some of the bio-
molecules of interest that have been used as target analytes for many carbon based sensors. In Section 4 we will critically
review the existing electrochemical data about carbon based hybrid nanomaterials and also present information about their
use as sensor materials. We will conclude the review with a summary and outlook for the future (Section 5). In all sections
we will try our best to present both experimental and simulation results as it is our firm belief that only by combining
detailed experimental work with in-depth multilevel simulations it is possible to gain fundamental understanding of these
complex phenomena. Simulation are present as a separate chapters in Section 2, whereas in sections from 3 and 4 they are
more tightly integrated into the discussion. Owing to the abundance of the literature on carbon nanomaterials, it is very
likely that we have missed some excellent papers during the writing of this review. We can assure that this has not been
carried out with purpose and we sincerely apologize if someone feels that we have disregarded any key contributions to this
field.
2. Building blocks of the hybrid carbon nanomaterials

In this section we will go through, with a considerable detail, the data available in the literature about selected properties
of different nanocarbon allotropes. The focus will be on the properties that are most relevant to the electrochemical appli-
cations, thus including morphology, surface chemistry and electrical properties. We have divided this Section 2 into two
major parts, the other one being about experimental information and the other one about computational studies. As will
be discussed in Section 3.1 the electrical properties that contribute to the electrochemical behavior of these carbon based
materials are arising not only from the electrode material, but from the whole electrode stack, including substrate, any adhe-
sion or interlayers as well as from the active film itself. Therefore in the experimental part (Section 2.1) we focus on mor-
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phology and surface chemistry and leave the electrical properties of the allotropes to computational part (Section 2.2) and
the electrochemical part (Section 3).
2.1. Physicochemical properties of different nanoforms of carbon

In this section we look at the state of art of the physicochemical characterization of various carbon nanoforms. First we
will go through the literature data about the individual building blocks, namely those of diamond-like carbon (DLC), carbon
nanotubes (CNT), carbon nanofibers (CNF), reduced graphene oxide (RGO) and nanodiamonds (nDs). After that we will con-
centrate on the existing data on different carbon based hybrid nanomaterials found from the literature. The characterization
data on hybrid carbon materials is divided into two groups, namely true hybrids and pseudo hybrids according to our def-
inition of these two types of materials given in Section 1. Since we are especially interested in any correlation between the
surface properties of carbon nanomaterials and their electrochemical performance the data presented in the following tables
will concentrate in the themes related to these questions: (i) morphology of the carbon nanostructures at the nanoscale and
at the macroscale, (ii) surface chemistry, (iii) location and possible removal of (usually) metallic catalyst particles and (iv) the
effect of different acid treatments on the surface chemistry and the amount and nature of the catalyst particles.

Tables 2.1–2.4 introduce the data on individual carbon nanoforms and Table 2.5 provides the similar information about
different hybrid materials. Tables include also comments and observations related to the different investigations. After the
results have been presented we proceed to find the possible trends from the data related to our specific points of interest and
try to also indicate possible gaps in the current knowledge that would be needed to be filled when electrochemical applica-
tions are considered.
2.1.1. Diamond like carbon thin films
There is a significant amount of characterization work done for diamond like carbon (DLC). Especially the authorative

work published by Robertson in 2002 [9] and the references therein summarize the data about the electronic structure as
determined by EELS and Raman and other properties of different kinds of DLC films very extensively up to the publication
year. Much of the literature about DLC films has been aimed for their more typical application fields, which are as protective
coatings for surfaces in bearings and other similar environments, where especially mechanical properties are of considerable
interest. Thus, data on these properties has been steadily accumulating and is also reported to a significant extent in [9].
However, from [9] it is also evident, that the nature of the oxygen functionalities of the different DLC films were not well
characterized and the amount of X-ray based studies (XPS and XAS especially) was quite small at the time. This again might
be a result of the fact that in the more traditional focus areas of DLC coatings these features were not of primary interest.
Based on what has been stated above in Table 2.1 the focus is mainly on (i) advances in the characterization of DLC thin films
after 2002 and (ii) on sp3/sp2 ratios and surface chemistries of the DLC thin films. The latter stems from the fact that, as dis-
cussed in Section 3.1.1, both of these properties are very important from the electrochemical behavior point of view. It is to
be noted that we have not included data on hydrogen containing DLC films in Table 2.1 owing to the reasons explained in
more detail in Section 3.1.1.

As the surface functionalities of the DLC thin films are expected to play crucial role in their electrochemical properties,
especially in biosensing applications {as important analytes dopamine (DA) and ascorbic acid (AA) are surface sensitive inner
sphere redox probes (ISR)}, characterization of these properties is essential to understand the applicability of these films as
well as their behavior. However, based on the data from Table 2.1 it is evident that even though there are several spectro-
scopic studies that exist in the literature the results are often inconclusive. For example, in [22] and in [25] the fitting of the
spectra is somewhat unambiguous especially considering the fitting of the oxygen functionalities, thus leaving many open
questions regarding the surface chemistry. In [21] on the other hand the spectroscopy is carried in great detail, but as the DLC
film used was a commercial one without a detailed fabrication history, the exact nature of the starting material remains
unclear. Further, in [20] although detailed chemical information showing that there was a high amount of sp2 type of carbon
at the surface region together with high concentrations of oxygen was reported, there were no attempts to probe the surface
with XPS or XAS to analyze to which functional groups the oxygen would be associated with.

To partially fill in the above stated gaps in our knowledge of the DLC surfaces we recently carried out a detailed spectro-
scopic study utilizing X-ray adsorption spectroscopy (XAS) in total electron yield (TEY) and auger electron yield (AEY) modes
of different types of DLC films [26] where we could show that (i) there are clear differences in the surface chemistry of the
two different DLC films with different sp3 fractions that were investigated (especially in the amount and nature of oxygen
functionalities), but despite that (ii) the sp2 fraction of the surface region was identical in both cases. The latter type of fea-
ture was also verified with computational studies based on the density functional theory (Section 2.2) and found to have
profound effects on the electrochemical behavior of DLC thin films (Section 3.1.1). This type of sp2 rich layer has already
observed experimentally and reported in [20]. However, this was the first time that this phenomena could be justified also
by DFT simulations. Also the electrochemical implications (Section 3.1.1) have not been previously assessed. This highlights
the importance of detailed spectroscopic data as they can give, together with TEM and Raman, detailed chemical information
from different regions of the sample.

We can conclude this section by stating that DLC thin films typically have (i) sp2 rich surface region of which depth
depends on the deposition methods (especially ion energy as discussed in Section 2.2.1.3), (ii) the same surface region typ-



Table 2.1
Selected characterization results about DLC films from the literature.

Material (bottom
+ layer n + � � �)

Material source Structural
properties

Used in
electrochemistry

Microscopy Spectroscopy Comment Ref

Si + DLC 99.995% graphite cathode,
FCVA

90% sp3 bulk ta-C
films (by EELS)

No No EELS sp2/sp3 ratio between bulk and surface was
investigated, where the surface was
dominantly sp2. Oxygen was also observed in
the surface region, but not in the bulk. The
reported sp3 appears to be a bit on the high
side

[20]

Thickness �25 nm
with 320 eV carbon
ions, �10 nm with
35 eV carbon ions
(cross section EELS)

Would be interesting to have further XPS/XAS
study to show to what functional groups these
oxygen groups are associated with. Since this
study was done with EELS using STEM,
additional HRTEM micrographs would have
been a good addition

Commercial DLC, no
source listed

Commercial DLC, no source
listed

60% sp2 (by XAS) No AFM XAS, SR-PES
(synchrotron
radiation
photoelectron
spectroscopy),
RBS

Oxygen (AO) implantation showed increase of
oxygen functionalities on the surface (mainly
carboxyl) and decrease in sp2 fraction of the
film. AFM showed surface roughness increase
after AO bombardment

[21]
Thickness �0.8 lm
(commercial, no
source, no data to
back this up)

Boron doped Si �99.95% graphite, FCVA,
nitrogen doping by RF ion
beam generator (N2 at
5 sccm)

62.7% sp3 (by XPS) Yes, differential
pulse anodic
stripping
voltammetric
(DPASV) CV, KCl

No XPS Only a single CAO bond fitted to XPS spectra.
As the peak indexed for CAN could be also
C@O, reference sample where no N was
present should have been shown to provide
justification to the chosen fitting. XPS can work
as complementary method for sp2/sp3 ratio
evaluation, but should not be used alone for
this purpose

[22]
Thickness not
reported

SiO2/Si and Si3Ni4/Si 99.997% graphite, 99.9.7%
boron, femtosecond laser
ablation

25. . .40% sp3 (by
Raman)

Yes, CV (K4[Fe
(CN)6]), DPASV
acetate buffer

SEM Raman Authors claim that boron doping allowed more
sensitive electrochemical detection. It would
have been feasible to utilize also other
characterization methods (such as XPS, TEM)
to investigate the film properties in more detail
to understand the material properties better

[23]

Thickness �50 nm
(determined by
mechanical
profilometry)

Si 99.999% graphite, FCVA +70% sp3 (by
Raman Q factor)

No No Raman, XPS,
XRR

XPS was reported to have been used to
characterize the chemical composition of the
samples, but no spectra were shown. Authors
make a strong case about the arc current
correlation to the sp2/sp3 ratio. It would be
interesting to see its effects in oxygen
functionalities as well. HRTEM micrographs
would also be useful, as there is at the moment
no microscopy information

[24]

Thickness �30–
100 nm, depending
on the experiment
(ta-C:N films are
less dense, XRR)

Si, microscope slide
glass

99.999% carbon target,
magnetron sputter-type
negative ion source

51.9. . .65.3% sp3

(by XPS)
No No Raman, XPS In the XPS part of the study oxygen

functionalities were taken in account very
lightly (only CAO fitted) and XPS was used
mainly for sp2/sp3 determination. XPS wide
spectra was not shown

[25]

Thickness �20 nm
(stated, no data
shown. referencing
own earlier studies,
dep rate 0.3–1 nm/s)
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Table 2.2
Results from the CNT and CNF characterization studies from the literature.

Material (bottom
+ layer n + � � �)

Material source Structural properties Used in
electrochemistry

Microscopy Spectroscopy Comment Ref

SWCNT, (Fe/Ni)
MWCNT

Sigma-aldrich (50%
purity) MWNT CVD
process (85% purity,
10% a-C, 5% NiO, FeO
and Al2O3)

MWCNT 1–3 nm dia, 1–10 lm
length (no data or ref shown)

No No XPS (wide
spectra from
MWCNT, but
not from
SWCNT?)

Detailed chemical analysis of CNT treated with
different chemical procedures. It was claimed that
the chemical treatments cut the CNTs, however
there was no experimental data to back up these
claims (acid treatment affects different CNT
differently, thus it would be important to check the
resulting CNT structures with e.g. TEM)

[27]

N-CNT (highly
oxidized)

Water-assisted CVD,
ferrocene
+ acetonitrile, Ar and
H2 carrier gases

60 nm dia, tens of microns in
length

No SEM, TEM XPS, FT-IR,
UV
absorption
spectroscopy

Detailed structural characterization along with well
supported claims revealing why N-doping increases
CNT robustness towards acid treatment, allowing
more oxidized CNT to be produced

[28]

MWCNT Nanocyl (Belgium)
around 80% purity

Not reported No SEM, low
magnification
TEM

XPS, TGA,
Raman

No information of the original seed material used
for the growth of CNT (no wide XPS spectra), nor
about the impurities that constituted 20% of the
material. Due to lack of detailed HRTEM analysis it
is hard to conclude other, than that the acid
treatments clearly changes the CNT structure. Even
more complicating is that the starting material was
not characterized in detail to provide insight on
what exactly happens at each stage of the acid
treatments

[29]

GCNF Fe:Co (7:3) tube-
furnace CVD

Claims of herringbone structure,
no HRTEM shown

No Low
magnification
TEM

XPS, FT-IR,
LDI-MS, TGA

Claims about the surface functionalization suffer
from the lack of detailed C1s and O1s XPS data, as
well as absence of HRTEM micrographs. Metal
residues from the samples were claimed to be
removed based on the low magnification TEM, but
no EDS or wide or HR XPS spectra from the Fe or Co
were shown. Thus, this claim is not supported by
the data shown

[30]

CNF VGCNF, (PR-19-PS,
Applied Sciences Inc.)

100–300 nm dia, 10–100 lm
length (proof of length not
shown in publication)

No Low
magnification
TEM

XPS Detailed characterization of the oxidation resulting
from acid treatments as derived from XPS C1s and
O1s (spectra not shown) data. No wide XPS spectra
was presented, thus it is not possible to asses, if the
catalyst particles were still present in the samples.
Also the detailed structural characterization of the
material was not included (no HRTEM). Based on
the results HNO3 increases oxygen functional
groups in comparison to the untreated CNF, and the
highest degree of oxidation is achieved after 90 min
of treatment

[31]

MWCNT Nanolab Inc. 20–40 nm dia, 5–20 lm length,
95% purity (no reference)

No SEM Raman Raman results showed increase in D0 peak with
prolonged oxidation. No knowledge of the metal
seed used, nor any morphological information was
given. SEM images appear to be very similar,
despite the different oxidation times

[32]

CNT Nanocarblab, Moscow,
Russia

50% purity, no reference or
knowledge what are the
impurities

No Low quality
TEM

Raman Raman spectra showed differences between
samples treated with various oxidation treatments.
Structural characterization with HRTEM would

[33]
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Table 2.2 (continued)

Material (bottom
+ layer n + � � �)

Material source Structural properties Used in
electrochemistry

Microscopy Spectroscopy Comment Ref

have provided much more insight to the effects of
the acid treatments. More detailed information
could have been provided with XPS/XAS in order to
identify the functional groups on the material
surface in more detail

SWCNT Floating catalyst CVD 1–1.5 nm dia, millimeters in
length

No HRTEM [see
Ref. Song2004]

Raman Detailed characterization of reduction of metal
particle [see Refs. [12,20] from [34]]. This paper
provides method of fabricating CNT-fibers’ rather
than characterizes the CNT itself

[34]

SWCNT, DWCNT Fe (1–5 nm), water-
assisted CVD

4.5–14.8 nm dia, millimeters in
length

No SEM, HRTEM Raman Thickness of the Fe catalyst layer used as a seed
layer showed a clear effect on the number of walls
of the resulting CNT (the thicker the Fe layer, the
larger the number of the tube walls and diameter of
the tube). Fe catalyst particles were observed in the
tubes. HRTEM from the seed particles would have
been a good addition in order to see if nanoparticles
were encapsulated or not

[35]

SWCNT Ferrocene (0.018 g/mL)
floating catalyst CVD

1.1–1.7 nm dia, centimeters in
length

No SEM, HRTEM Raman, SAXS Production of long bundled SWCNT was shown. The
amount of seed material at the tips of the tubes was
not discussed

[36]

SWCNT HiPco batch 87 1–2 nm dia, micrometers in
length

No SEM, HRTEM Raman, EDS,
TGA, UV–VIS

Attempts to introduce a standardized
characterization protocol for SWCNT materials
consisting of SEM, HRTEM, Raman, EDS, TGA and
UV–vis) was carried out. For characterization of
sensor materials addition of spectroscopic methods
(XPS or XAS) to identify the carbon-oxygen
functional groups on the surface would need to be
carried out

[37]

SWCNT CVD, Fe(CO)5 0.6–2.4 nm dia, micromoters in
length

No HRTEM – Description of bulk production mechanism for
SWCNT using showerhead CVD-process. It would
have been interesting to know how repeatable the
properties of the resulting CNT are, with TEM, XPS
and Raman

[38]

SWCNT HiPco, Fe(CO)5 1–2 nm dia, micrometers in
length

No HRTEM – Description of bulk production mechanism for
SWCNT using HiPco process. It would have been
interesting to know how repeatable the properties
of the resulting CNT are, with TEM, XPS and Raman

[39]

SWCNT CVD, SiO2 seed 1.1–1.7 nm dia, micrometers
length

No AFM, SEM Raman Metal free growth of SWCNT. HRTEM micrographs
are lacking. Interesting material for
electrochemistry to investigate the role of metal
seed particles as seen with many carbon
nanomaterials where metallic catalyst for growth
has been utilized

[40]

SWCNT CVD, SiO2 seed 1.1–1.7 nm dia, micrometers
length

No SEM; TEM Raman Metal free growth of SWCNT. HRTEM micrographs
from the SiO2 seed would have been needed to
understand the growth process better

[41]

SWCNT HiPco (expect to be
[39])

1.1 nm dia, micrometers in
length

No TEM, SEM TGA, Raman,
UV–vis-IR

Purification process described showed the ability to
remove the metal catalyst quite well based on TGA.

[42]

(continued on next page)
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Table 2.2 (continued)

Material (bottom
+ layer n + � � �)

Material source Structural properties Used in
electrochemistry

Microscopy Spectroscopy Comment Ref

Would have been good to see EDS and XPS/XAS
results to further provide details of the possibly
remaining Fe. HRTEM from the tubes would have
also provided more insight to questions such as
does the purification process damage the tubes, as
there were notable differences in the Raman spectra
shown

MWCNT MWCNT commercial
with >95% purity (no
reference or data to
support this) Al2O3 was
mixed to CNT in
suspension

Not reported No SEM XRD, FT-IR Fabrication and characterization of carbon
nanotubes coated with alumina and their
application for lead removal. Several different
characterizations methods were utilized to
investigate the material, however as the starting
material was widely unknown, it is hard to really
explain the effects of Al2O3 on the sample
properties. Based on the XRD it seems that Al2O3

coating decreased the FWHM of the observed CNT
peaks in the spectra indicating that some structural
changes took place in the MWCNTs

[43]

CNF + polyaniline CVD for CNF (Fe
powder, 30 mg)

180 nm dia, micrometers in
length. From few to tens of nm
thick PANI coating

CV: H2SO4 SEM, TEM – Fabrication and characterization of carbon
nanofibers coated with polyaniline for
supercapacitors. Structural characterization of the
fibers with HRTEM would have been interesting in
order to see the structure in more detail.
Understanding of the material properties without
combination of HRTEM and XPS/XAS is very difficult

[44]

Vapor deposition
polymerization

MWCNT + Pt-np Arc-discharge
evaporation [Iijima, S.
Nature 1991, 354, 56.]

4–60 nm dia, micrometers in
length

Polarization
studies

SEM, TEM XRD HNO3-H2SO4 seemed to remove most residual
metals left over from the growth process. However,
the lack of XPS/XAS leaves many open questions
about the materials properties

[45]

SWCNT + F 10–11, (Ni, Co) No SEM, TEM Raman Functionalization study, where the main function
was to first increase F content, and then to
investigate whether the F incorporated could be
removed. As there were no fluorine XPS/XAS spectra
for any samples a lot of open questions were left. In
addition owing to the lack of O1s and wide-XPS
spectra it is hard to make any conclusions, other
than those that are based on Raman. HRTEM from
samples after different treatment steps would have
been useful to increase the understanding about the
samples

[46]

CNF grown on Al2O3 CO/H2-CCVD (Ni-Fe
alloy catalyst)

�50 nm dia, tens of microns in
length [47]

No SEM, TEM XPS [48], TDP Extensive characterization of ‘‘stacked cup” type of
CNF with variety of different oxidative treatments
and their effects. A large batch of samples was
investigated. Lack of a reference sample before
initial acid bath hinders the interpretation of the
results. HRTEM from samples annealed at high-
temperature could have helped to explain the
claimed effects (reordering of the graphene sheets
in the stacked cups etc), better. In the report the

[47,49]

Post_growth_step1)
6 M NaOH 3 h,
repeated 3 times.
Decantering, filtering
and washing with large
amount of deionized
water
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Table 2.2 (continued)

Material (bottom
+ layer n + � � �)

Material source Structural properties Used in
electrochemistry

Microscopy Spectroscopy Comment Ref

SEM and TEM were taken only from the refluxed
samples. Claims related to the amounts of metal
catalyst particles were made, but corresponding
evidence was not shown anywhere (wide spectra
XPS would have been essential from all samples). As
many TDP graphs were shown, this could have been
done also for the XPS as well, as it would have
helped to see the effects of oxidation treatment
with additional method (with no heat treatment).
However, based on the relatively extensive
methods used here the authors were able to form a
concise view of the stacked cup CNF properties as
compared to the majority of the literature

Post_growth_step2)
4 M HCl

SWCNT Arc-discharge, Ni/Y (4/
1 at.%)?
post_growth_step1)
3 M HNO3 45 h,
post_growth_step2) air
ox. 300 �C 1 h,
post_growth_step3) Ar
atmosphere 950 �C
10 h

Bundle-like crystallites, ranging
5–20 nm in sizes, where tube
dias 1.4 nm, (up to bundles of 20
tubes)

No TEM XPS, Raman,
FTIR, TDP

Results indicated clearly, that the material was
modified (seemingly to become less oxidized) by
each modification step. Lack of XPS wide-spectra
and consequent problems in observations of the
amount of metallic nanoparticles led to
uncertainties in the materials properties after the
treatments

[50,51]

SWCNT SWCNT commercial
(Carbolex, Lexington,
Ky)? 3 M HNO3 24 h

No knowledge No No XPS Covalently bonding deoxyribonucleic acid to
SWCNT. Lack of characterization leaves the material
to be a mystery. There was no knowledge of the size
(or even if the CNT were SW or MW or opened)

[52]

MWCNT MWCNT using benzene
as carbon source,
ferrocene catalyst
carried with hydrogen.
US? heat 90 �C 3 h,
heat 520 �C 45 m,
5 mol/l HCl

3–20 nm dia No TEM XPS Would be interesting to know how many walls the
CNT had. Also, the remaining Fe catalyst amount
could have been determined with XPS and seen
from the wide-spectra as XPS was done for the
samples anyway. For some reason this was not
done, instead TGA was utilized to conclude that
some Fe remains in the structure after cleaning

[53]

SWCNT SWCNT (laser ablation
[Thess1996] and
electric-arc discharge
[Journet1997])

Depends on the source of CNT,
bundles up to 100 CNT, 1.4 nm in
dia and higher per tube

No TEM XPS, Raman,
IR

Chemical functionalization and reactions with
dichlorocarbene were, like stated by authors, hard
to explain as the residual a-C and the amount of left
over metal seed nanoparticles were unknown.
Authors stated that two SWCNT materials produced
with two different methods gave similar results.
However, the spectra had not been superimposed
on top of each other (spectra for XPS, Raman, IR) to
actually show the similarities, which would have
been very interesting

[54]

SWCNT SWCNT (laser ablation
from carbon target
with 1.2 at.% Ni and
1.2 at.% Co and HiPCo
(Commercial from CNI,

Not reported No TEM (poor
quality and low
magnification),
AFM

XPS, Raman,
TGA, powder
X-ray

Raman spectra shows differences between the two
sample types, especially with pristine SWCNT.
Reported XPS results from both samples could have
been analyzed more carefully to provide more
insight about what were the actual differences

[55]

(continued on next page)
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Table 2.2 (continued)

Material (bottom
+ layer n + � � �)

Material source Structural properties Used in
electrochemistry

Microscopy Spectroscopy Comment Ref

Houston, TX, USA)) between the samples. Adding of HRTEM
micrographs would have provided useful structural
information

CNF CNF on metal fibers (Ni
58–63%; Cr 21–25%; Al
1.4%) CVD, Ar:C2H6:
H2 = 85:3:17
[Tribolet2005]

Not reported No No XPS; TDP Oxidative treatments by H2O2 and O3 of CNF were
studied. Based on the XPS C1s spectra it appeared
that carbon-carbon bonds were decreased by the
oxidative treatment, but no significant changes in
the C1s higher energy (oxygen functionalities) were
observed (this could indicate that the C/O is
decreased). Authors claimed that the starting
sample had 100% carbon and no oxygen, which was
not supported by experimental observations as XPS
wide spectra or O1s spectra from the original
sample were not shown. Further, the effects of
different oxidative treatments on the CNF
morphology (via HRTEM for example) could have
been carried out to improve the understanding of
the material

[56]
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Table 2.3
Results from GO and RGO characterization studies from the literature.

Material (bottom + layer n + � � �) Material source Structural
properties

Used in
electrochemistry

Microscopy Spectroscopy Comment Ref

GO Natural graphite ?Modified Hummers
method [59]

1 nm thick
(not
confirmed
with
anything)

No AFM XPS, Raman Heat treatments of GO film were studied with
XPS and Raman. With the help of these
techniques authors were able to show clear
reduction of the GO films as a result of thermal
annealing. SEM and especially TEM would have
been essential to give insight about the effects
of heat treatments to the materials structure

[60]

RGO GO: natural flake graphite (Bay Carbon Inc.,
Michigan USA)?modified Hummers method

Not
reported

No No XPS, XAS,
Raman

Detailed X-ray and Raman study of GO
reduction process. Hydrazine clearly reduced
GO, increased the p* resonance and
incorporated up to 3.5% N to the material in
two different forms (pyridine and pyrrole-like).
The claims were confirmed against known
standards. Combining this study with detailed
microscopy and electrochemistry could help to
understand the properties of GO and RGO
significantly

[61]

RGO: hydrazine (98%) at 2.94 lL/mg of GO (3:1
weight ratio)

ERGO (electrochemically RGO) GO: natural flake graphite modified Hummers
method [62]. Ultrasonication, 200 W 40 min

Micrometer
wide,
�1 nm thick
(AFM)

Yes: CV (PBS, AA,
DA, UA)

SEM, AFM Raman, XPS,
XRD

Electrochemical reduction seemed to
efficiently remove significant amount of the
oxygen functionalities. However, as there was
no confirmation that the GO covers the whole
GCE some of the resulting electrochemical
signal was most likely coming from the GCE.
Additionally O1s XPS spectra along with XPS
wide spectra combined with detailed
microscopy, which is now missing, would have
provided much more detailed knowledge about
the properties of the material and would have
helped to rationalize the electrochemical
performance of the material in more detail

[63]

ERGO: 3 lL od GO casted on GCE, 0.1 M, pH 7.0
PBS, CV 0.0–1.4 V, 20 mV/s 5 cycles

DPV (AA, DA,
UA)

RGO GO: Hummers method Micrometer
wide, <1 nm
thick (AFM)

Yes: 6 M KOH STEM, AFM XPS, EDS,
Raman

Ammonia treatment clearly decreased the O
amount based on XPS wide spectra. Higher
temperature autoclaving resulted into higher
Id/Ig ratio in Raman than with lower
temperature or GO samples. Authors did not
report C1s or O1s spectra. N1s spectra for XPS
was shown but only for a sample which had
experienced specific treatment. Thus, the
discussion and conclusions suffer from lack of
displayed data. Additionally the
electrochemistry was done by mixing the RGO
with PTFE and carbon black, so the results of
the electrochemistry and spectroscopy are not
directly comparable

[64]
N-dopes with 28% ammonia, sonication for
30 min and autoclaved at 120–180 �C for 12 h

RGO GO: purified natural graphite (SP-1, 30 lm
nominal particle size, Bay Carbon, Bay City, MI,
USA) Hummers method

Micrometer
wide,
�1 nm thick
(AFM)

No SEM XPS, Raman,
NMR, TGA

C1s XPS spectra showed clear reduction of GO
with the hydrazine treatment, and Raman
indicated clear structural changes after the
process. Work could have been further

[59]

RGO:100 mg GO added to 100 mL water,

(continued on next page)
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Table 2.3 (continued)

Material (bottom + layer n + � � �) Material source Structural
properties

Used in
electrochemistry

Microscopy Spectroscop Comment Ref

supported by providing wide XPS spectra and
O1s XPS spectra to characterize the surface of
the GO/RGO materials in more detail

sonication 150 W untill clear. Hydrazine
hydrate 1 mL, 32.1 mmol, 100 �C oil bath for
24 h. Filtration and washing with 5� water and
methanol (100 mL each per washing round)
and dried

RGO/G Graphene grown on Ir(111) by ethylene
pyrolysis, GO by dosing oxygen atoms to the
graphene layer (atomic oxygen by RF plasma)

Not
reported

No No XPS, TPD Authors combined experimental and
computational results to explain the material
better, which is rare but of course highly
recommended approach. By detailed, fast C1s
XPS experiments authors showed clear
temperature induced reduction path for GO.
Authors proposed that the lattice damage
observed in GO during reduction could be
controlled by limiting the epoxy groups at the
surface of GO

[65]

Study provides theoretical understanding of
the GO-RGO process that can be used as a base
for further studies
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Table 2.4
Results from nD characterization studies from the literature.

Material (bottom
+ layer n + � � �)

Material source Structural
properties

Used in
electrochemistry

Microscopy Spectroscopy Comment Ref

DnD Trotyl (40%), cyclonite (60%) in ice cube
suspended sealed container

sp2 fraction:
nD-Ser 21%, nD-
450 6%, nD-
Ozone 5%, nD-Cl
5%

No No XAS, XES Authors showed clearly that decrease in the amount
of sp2 in nD-Ser resulted with different purification
treatments. C1s XAS data was compared to C60,
HOPG and diamond thus a good baseline for further
characterization with microscopy and other
spectroscopic methods was built. A broader XAS
study would have been beneficial to investigate
which oxygen functionalities were dominant in the
O1s region and how their amounts had changed
after the treatments. C1s spectra could have also
been investigated and discussed in more detail, as
the pre-edge region clearly contained some signal
from other elements than carbon alone (and also
likely other than just CAH)

[69]

Detonation soot 10% diamond. Impurity
removal with CrO3 and H2SO4 at 115–125 �C,
then neutralizing with hot water, resulting in
nD-Ser
nD-450? nD-Ser + 20% NaOH, wash with
water, 10% H2SO4, distilled water wash and
drying at 450 �C for 30–60 min
nD-Ozone ? nD-Ser exposed to flow of ozone at
400–450 �C
nD-Cl? nD-Ser treated with chlorine gas

DnD No details 4 ± 1 nm size No TEM XAS, XES Computational results supported by XAS spectra
were presented and the main conclusion was that
the nD surface was easily re-arranged to form
fullerene-like shell if there was any lack of
hydrogen. This work would have greatly benefit
from O1s XAS along with EDS to quantify if there
were oxygen on the nD surfaces to further discuss
the material properties

[70]

DnD Commercial, New Technologies, Co.
(Chelyabinsk, Russia)

30. . .210 nm
agglomerates

No SEM FTIR, XPS Centrifugation treatment and air oxidation results
were discussed. Water dispersion with the given
diamonds were not agglomerate free, and ways to
get rid of the agglomerates and how to break them
were studied. There were discussion about oxygen
functionalities and their effects on the sample
dispersion, agglomeration and stability, however
only FTIR spectra were shown. Further XPS studies
including O1s and wide spectra for ratio calculation
would have been necessary to understand these nDs
better

[71]

nD by detonation of TNT mixed with RDX (40/
60 wt.%) in ice cooled medium, stainless steel
tank, purification by oxidation of the detonation
soot with a solution of CrO3 in H2SO4

Further details are unavailable, since the web-
site where reference points is no longer
available

DnD nD by detonation of TNT mixed with RDX (50/
50 wt.%), stainless steel tank of 0.17 m3 [72]

4.5 nm (by
XRD) [72]

No TEM [72] XPS; FTIR FTIR showed decrease in oxygen functionalities
after annealing the nD. However the observed
differences in the XPS were much lower. The effects
of heat treatment to the surface functionalities
could have been better understood if the XPS
analysis would have been done to the O1s edge
along with additional TEM and EDS studies before
and after the annealing. Then the questions related
to possible agglomeration during different
treatments could have also been studied

[73]

Purification with concentrated H2SO4 and HClO4

in 1:1 portion at �200 �C for 1 h, followed by
washing to reach pH 7

(continued on next page)
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Table 2.4 (continued)

Material (bottom
+ layer n + � � �)

Material source Structural
properties

Used in
electrochemistry

Microscopy Spectroscopy Comment Ref

DnD Commercial, Sample 3,
8.3 ± 1.5 nm

No No NMR Authors used 13C and 1H NMR to study nD structure
and reported sp3 core with partial sp2, O and H
covered shell with the nanodiamonds. Further
studies from nD batch of known manufacturing
parameters by using XPS, XAS and microscopy is
still needed

[74]
(1) Diamond Centre, (St. Petersburg, Russia)
(2) Gansu Lingyun Nano-Material Co. Ltd,
(Lanzhou, China)
(3) Sample 2 milled with ceramic microbeads
(250 ml of 10% suspension)
(4) New batch of sample 2, treated like sample 3
and vacuum annealed at the end to remove
remaining 2.9% water

DnD Commercial, Sigma Aldrich Annealed sample at
600 �C for 3 h, Ar atm

4.1 ± 0.2 nm (by
WAXD)

No No WAXD, NMR Detailed and strong NMR study showing that non
annealed nD surface was mainly protonated or OH
terminated. They found that most of the OH was
removed with the 3 h 600 �C annealing in Ar atm.
Authors also reported that there was a disordered
shell at the top of the nD

[75]

Manufacturing details of the nD were not reported
DnD Commercial, NanoBlox, Inc. (Boca Raton, FL,

USA)
23–81% sp3 �5–
8 nm (by TEM)

No TEM XAS, FTIR,
TGA, Raman

Detailed study including both spectroscopy and
microscopy showed that air oxidation (5 h 425 �C)
was effective in increasing the sp3 content of the nD.
By XAS and FTIR it was also evident that the oxygen
contribution was increased during the oxidation
treatment. Effects of the sp2 removal from the
surface of the diamonds was further confirmed by
HRTEM micrographs

[76]

Air oxidation by heat treatment at different
temperatures (optimal 425 �C)
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Table 2.5
Data about different hybrid carbon based nanomaterials reported in the literature.

Material (bottom
+ layer n + � � �)

Material source Hybrid type and method Used in
electrochemistry

Microscopy Spectroscopy Comment Ref

GC + RGNW Commercial graphite powder (Sigma-
Aldrich)? Hummers Method

Pseudo, electrochemical
deposition

Yes (DNA) SEM XPS (C1s),
Raman

Detailed information about oxygen
functionalities and their effects on the
electrochemical performance
remained unknown owing to the
inconclusive data analyses.
Conclusions made in the paper
included the following (i) defect sites
are important and (ii) deoxygenation is
significant in DNA detection

[78]

Authors concluded that the structure is
fragile and RGNW may be lost during
measurement

GC + MWCNT-
chitosan-medola’s
blue

Cat. No. 636487, 95% purity, Sigma-
Aldrich

Pseudo, paste spread on the GC Yes CV,
Amperometry,
(PBS, NADH, AA,
UA)

No No The complex sensor material with no
material characterization makes it
hard to explain why the electrode
behaved as was reported. No structural
or chemical characterization data was
available from Sigma-Aldrich, thus
further complicating the issue as there
was no structural characterization
even from the base material.
Additionally the impurities reported in
the MWCNT are not described

[79]

BDD doped CNT-nD MWCVD for CNT (10 nm Ni) PECVD for
BDD. nD electrospray used to clump the
CNT to honeycomb-ridges before BDD
deposition

True, BDD Yes, CV, potassium
nitrate, ferrocene-
methanol, EIS,
ferrocene-
methanol,
ferri/ferrocyanide

SEM, TEM Raman Improving electrode sensitivity by
depositing BDD on top of CNT.
Structural characterization of BDD-
coated CNT-nD material would have
benefited greatly from cross-sectional
HRTEM of the resulting material. Now
the fine structural details of the system
remain practicaly unknown, as with
SEM it is only possible to discuss about
the macroscale morphology

[80,81]

GC + (RGO-MWCNT) Commercial: GO, Nanjing Xianfeng Pseudo, mixed in PEI, mixed in
DI-water and drop casted on
GC

CV, DPV (HQ, CC,
PC, NO2

�, PBS)
SEM, AFM XPS Sensor structure for simultaneous

determination of catechol,
hydroquinone, p-cresol and nitrite. No
XPS wide spectra, and consequently no
knowledge of and what metal
impurities there were in the samples.
No O1s spectra were shown for any
sample. Final sample C1s and O1s
spectra would have been be helpful in
order to understand the
electrochemistry

[82]
Nano Co. MWNTs
>95% purity, Chengdu Organic Chemicals
Co. Ltd

(continued on next page)
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Table 2.5 (continued)

Material (bottom
+ layer n + � � �)

Material source Hybrid type and method Used in
electrochemistry

Microscopy Spectroscopy Comment Ref

GC + HDA + ERGO GO fabricated by utilizing modified
Hummer’s method [62], chemical
reduction of GO carried out by using
hydrazine hydrate [59]. GC + HDA + GO
(sonication), electrochemical reduction
in PB

Pseudo, GC coated with HDA
and sonicated in DI-water with
GO to produce the hybrid

EIS [Ru(HN3)6]Cl3,
CV: DA, DPV: DA,
UA, AA

SEM, AFM Raman, ATR-
FT-IR, XPS,
XRD

Complicated hybrid structure with no
characterization of the actual sensor
material itself. Indium Tin Oxide (ITO)
substrate that had been coated with
the similar coatings as the actual
sensor was characterized instead.
Regarding the final sample C1s and
O1s high resolution XPS spectra would
have been helpful in order to
understand the electrochemistry

[83]

CNT + G APCVD for CNT: ferrocene/xylene/sulfur.
LPCVD for G, CNT-web on copper where
G was grown

True, CNT and graphene
integrated together via the CVD
process

No SEM, TEM Raman Transferrable, large dimensional
(centimeters in length on the final
CNT-G sheets) material that could
prove to be an interesting coating
material. For sensor purposes
electrochemical characterization
would be necessary as would be XPS/
XAS studies to know how much and in
which oxidation state the possibly
remaining metal seed particles are

[84]

CNT + DLC MWCVD for CNT (10 nm Ni) (CH4),
PECVD for DLC (n-hexane)

True, CNT coated with DLC CV, DA, EP, AC SEM Raman Very similar structure to that
published in [80,81]. Provides some
interesting electrochemical character-
ization (DA, EP and AC). Nevertheless,
lack of detailed XPS/HRTEM charac-
terization makes it difficult to under-
stand the electrochemical properties

[85]

BDD + G HFCVD for BDD [86], CVD for G [87] Pseudo, Graphene deposited on
top of the BDD using transfer
process (graphene floating in
DI water). Additionally Pt-
nanoparticles and
electrochemical reduction
done

CV, EIS: Fe(CN)6 SEM – Complex structure where the active
parts in electrochemistry are hard to
define, especially since there was no
knowledge of the structural
characteristics of the resulting hybrid
material. Roles of the different layers
of the hybrid materials remain
unknown, as none of them were
individually investigated. No
knowledge of the degree of carbon
oxidation, oxygen functionalities or
the amounts of Pt/O/C on the material,
were presented. XPS/XAS analyses
should have been carried out

[88]
Amperometric:
glucose

G + MWCNT APCVD for both, acetylene (Ni/Fe seeds) True, materials grown
simultaneously in same CVD
process

CV: KOH, EIS SEM,
HRTEM

Raman Material had significant amounts of Ni
and Fe still remaining in the material.
Explaining and understanding their
effect on the materials properties
would be interesting. XPS/XAS should
have used to provide more information
about the materials properties and
help in rationalizing the results

[89]
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Table 2.5 (continued)

Material (bottom
+ layer n + � � �)

Material source Hybrid type and method Used in
electrochemistry

Microscopy Spectroscopy Comment Ref

GC + RGO GO from graphite (spectral pure,
Sinopharm Chemical Reagent Co., Ltd.)
by a modified

Pseudo, drop casting of the
RGO on GC surface and drying
under IR-lamp

CV, EIS: Fe(CN)6,
CV: DA, APAP, UA,
AA. DPV: dsDNA,
ssDNA, SNP

AFM, SEM Raman, XPS,
FT-IR

In order to rationalize the results of the
electrochemical measurements more
information about the chemical
functionalization of the material (with
XPS/XAS C1s, O1s), would have been
required. Unfortunately, these were
not carried out. Additionally it would
have been important to know the
morphological features of the final
electrode materials. For this purpose
HRTEM analyses should have been
included

[90]

Hummers method [62]. RGO using hy-
drazine

G-CNT MPECVD for G-CNT, 5-nm Fe films
(unknown amount) [Parker2012]

True, graphene-type defects
grow on the sidewalls of the
CNT

CV: ferrocyanide SEM, TEM Raman Aim was to enhanced electron transfer
kinetics with hybrid material. As there
was no knowledge of carbon-oxygen
functionalities or remaining metallic
catalyst particles, the interpretation of
the electrochemical data presented
remain ambiguous. XPS/XAS C1s and
O1s spectra along with information
about the number and location of the
Fe seed particles would have been
essential

[91,92]

GC + Nafion-CNT
(additional glucose
oxidase)

Water-assisted CVD for CNT (2 nm Fe,
ethylene)

Pseudo, CNT pressed on Nafion
coated GC

CV: K3Fe(CN)6, DA,
glucose (after
glucose oxidase
addition)

SEM, TEM – Complicated system where the actual
function of the Nafion-CNT mixture is
hard to define. There was no
knowledge of carbon-oxygen
functionalities provide in the paper.
XPS/XAS C1s and O1s spectra along
with information about the number
and location of the Fe seed particles
would have been essential

[93]

Carbon felt + BDD
+ CNT

Carbonization for felt (polyacrinitrile),
HFCVD for BDD, CVD for CNT (5 wt.% Co
and Mg acetate in ethanol)

True, BDD coated felt that is
coated with seed and CNT
grown on top of that

No SEM, TEM – There was no knowledge of carbon-
oxygen functionalities provide in the
paper. XPS/XAS C1s and O1s spectra
along with information about the
number and location of the Co/Mg
particles should have been included

[94]

(continued on next page)
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Table 2.5 (continued)

Material (bottom
+ layer n + � � �)

Material source Hybrid type and method Used in
electrochemistry

Microscopy Spectroscopy Comment Ref

BPPG + MWCNT/G-
powder

Graphite powder commercial, Sigma-
Aldrich (Product No. 28,286-3, 2–4-lm
diameter) (no reference), PECVD for
MWCNT, NanoLab (Brighton, MA) (no
reference)

Pseudo, abrasion attachment of
MWCNT/graphite powder to
the electrode surface

CV: ferrocyanide,
norepinephrine,
epinephrine,
NADH

SEM – Pseudo-hybrid, with abrasively added
extra material on top of the BPPG-
material. HRTEM from the interface
would have been important to see to
investigate in more detail the
attachment of the CNT or if the G-
powder introduced any significant
number of defects to the materials.
There should also have been SEM/TEM
analyses after the experiments to
investigate if the extra material was
still at the surface, as there was by no
means guaranteed by the deposition
procedure. To rationalize the CV
results XPS/XAS from the samples,
including the amount and location of
possible metal contaminants and
carbon-oxygen functionalization
would have been essential

[95]
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ically contains impurities, such as oxygen, and (iii) the sp2 rich surface appears to the same on each DLC film despite the
thickness and thus of the sp3 fraction of the film itself.

2.1.2. Carbon nanotubes (CNT) and nanofibers (CNF)
Carbon nanotubes and nanofibers have been utilized in various applications across the technological landscape for several

tens of years. There is an extensive amount of literature data available about their characterization, uses and so forth. Quite
surprisingly there exist, however, no standard protocols to verify the morphological and surface chemical features of these
materials, making the comparison of results from different investigations relatively difficult. In Table 2.2 selected character-
ization results from the literature are presented and discussed.

When the data presented in Table 2.2 are analyzed several trends can be seen to arise: (i) Most of the experiments have
been done by using a variety of different commercially available materials that are often only loosely characterized by their
supplier. Further, in many cases no additional characterization has been carried out by the researchers before using these
materials for the intended experiments. (ii) In application oriented papers there are a wide variety of different characteriza-
tion procedures carried out for SWCNT andMWCNT as well as for CNF, but any consistency seems to be lacking. For example,
while considering the properties important from the electrochemical point of view, namely morphology and surface chem-
istry, there are only a very few papers where detailed HRTEM investigations have been combined with in-depth spectro-
scopic analyses. It is to be noted that if one considers, for example, as-produced SWCNT, the list of properties affecting
the behavior of the material include, but is not limited to: (i) the chirality of the tubes, (ii) the metal seed used, (iii) diameter
of the resulting tubes and (iv) residual gases in the growth environment [42] along with the alignment of tubes and their
attachment to the possible substrate, etc. These properties cannot clearly be assessed if a combination of TEM and spectro-
scopic techniques is not utilized.

In order to induce some consistency to this field Arepalli et al. [37] published a paper describing a protocol that should
be used to characterize SWCNT produced so that a standard would arise to provide scientist and industry better means to
compare their measurements and products between different laboratories. The standardized measurement protocol
would certainly be beneficial, although the effort of implementing such a set of procedures globally might be overwhelm-
ingly difficult. Review articles about the characterization methods for CNTs have also been published, highlighting the
importance of the combined use of TEM, XPS and Raman [57]. Thus based on the above discussion, results from the lit-
erature and from our own experience we may summarize that the minimum meaningful characterization of the carbon-
based nanomaterials should report (i) structural, high resolution information, (ii) amount and location of left over seed
(often metal) particles and (iii) surface chemistry of the material. Without the above listed material properties it is dif-
ficult to rationalize the experimental results, thus leaving much of the published literature incapable to explain the speci-
fic observations made.

A question of significant importance from the electrochemistry point of view is that when different carbon nanoma-
terials are purified, often with acid(s) at elevated temperatures and extended periods of time, changes in the amount of
metallic catalyst nanoparticles, surface functionalization of carbon and in the overall morphology take place. As will be
discussed in Section 3 many of the electrochemical features of carbon nanomaterials may in fact have their origin in the
residing metallic nanoparticles and are not at all related to any specific features of the carbon nanostructure. We have
recently shown that it is not possible to remove Ni catalyst particles from CNF structures by HNO3 treatment [58].
Instead, severe oxidation of the Ni particles take place along with the structural and chemical changes of the CNF them-
selves. Thus, although there are claims that metallic nanoparticles can be removed from carbon nanostructures as shown
by the data in Table 2.2 (see for example [29]) there exists no unambiguous proof of that. In fact, opposite information
is much more plentiful. Another important issue is related to the changes in the CNT or especially CNF morphology after
the acid treatments and purification steps. As discussed above by combining HRTEM and spectroscopic studies we were
able to show that depending on the original morphology of CNF for example, the changes in their morphology were
significant. However, there are very few investigations (as listed in Table 2.2) that would take into account these
aspects.

Raman spectroscopy is one of the key methods used in the literature for studying SW- and MWCNT ensembles and is
therefore naturally included also in many more application oriented studies. This is a good method, however with many dif-
ferent carbon allotropes, especially with the carbon-based hybrid materials it is not alone enough to provide detailed enough
insight to the material at hand.

We can conclude by stating that there is, at the moment, no consistent approach to characterize CNTs or CNF intended for
different applications. From the electrochemistry point of view we suggest that the combination of HRTEM together with
SEM and XAS/XPS combined with Raman should be utilized to assess both structural and chemical aspects of the material.
By knowing these material features in depth it would be easier to establish a link between the material properties and its
electrochemical behavior. Consequently, it would become possible, in principle, to tailor specific materials to be used for
specific analytes.

2.1.3. Graphene oxide and reduced graphene oxide
Reduced graphene oxide (RGO) provides an interesting platform for different applications. Although the electrical prop-

erties of the material are inferior with respect to graphene, they are typically good enough for electrochemical applications. A
distinct advantage of reduced graphene oxide is that it can be fabricated to be practically metal-free unlike CNT and CNF for
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example and its surface can be functionalized by different methods or just by controlling the degree of reduction. The latter
issue provides also one of the main problems with RGO, which is related to the fact that its properties are heavily dependent
on (i) methods used to produce graphene oxide (GO) starting material and (ii) reduction methods used to produce RGO from
GO. Selected results from the literature on GO and RGO are presented and discussed in Table 2.3.

From Table 2.3 it is evident that as with other carbon nanomaterial there is a wide variation in the depth of the charac-
terization carried out in different papers. However, there are some additional factors complicating the situation in the case of
GO/RGO as discussed below. An interesting, but rare example of how simulations and experiments can be combined is pro-
vided in [65]. There atomistic simulations utilizing density functional theory (PBE functional) were utilized to better under-
stand the behavior of oxide groups during thermal reduction. The simulations were utilized to calculate for example
activation energies for diffusion of epoxy species with different surface coverage. The major conclusion from the work
was that the main factor influencing the lattice damage induced on the GO was the surface density of epoxy species. Thus,
to minimize the lattice damage they proposed that means to remove epoxy oxygens before they start to diffuse and disrupt
the lattice should be searched for. This is a good example of the approach that we also highlight, which is use of different
levels of simulations to aid in the rationalization of the experimental results as well as search for trends and possible mech-
anisms behind the experimentally observed phenomena.

As there are many methods to produce graphene, there are, as discussed earlier, several methods to oxidize graphene
or graphite. All of the oxidizing methods result in different surface chemistry, i.e. different amount and type of oxygen
functional groups attached to the surface of graphene oxide, because of a wide variety of oxidizing agents such as sodium
nitrate, potassium permanganate or nitric acid. Use of nitric acid for instance results typically in surface rich in carboxyls,
lactones and ketones. After the oxidation graphene oxide is almost an insulator and the type and location of the oxygen
functional groups affects the conductivity of the material. The purpose of reduction is to restore the electrical conductiv-
ity of graphene oxide in order to use it as an electrochemical sensing material. Reduction ideally removes the oxygen
functional groups and repairs the structural defects. However different reduction methods obviously result in different
outcome.

The main characteristics of reduced graphene oxide in electrochemical sensing are the surface chemistry and the struc-
tural defects formed or remained, during and after the oxidation and reduction process. Surface chemistry and the remained
defects ultimately determine the surface area, conductivity, C/O ratio, and the heterogeneous electron transfer (HET) rate of
reduced graphene oxide.

Chemical reduction of graphene oxide is the most common reduction method despite that C/O ratio of more than 15 is not
easy to achieve [66]. Reducing agents can also be highly toxic but promising alternatives have been researched such as ascor-
bic acid (AA). Chemical reduction is highly scalable for mass production because the reagents are inexpensive and easily
accessible. Different reductants also reduce different oxygen functional groups. The BET surface area is smaller than for ther-
mally reduced graphene oxide, but the amount of structural defects is smaller, which results in stronger material. The elec-
trical conductivity can be from 7700 to as high as 30,000 S/m [67,68]. As shown in Table 2.3 various chemical reductants
have been investigated and variety of results for different processes are available.

Thermal reduction method is simple, easy and scalable for mass production but consumes a lot of energy because of the
high temperatures. The type of oxygen functional groups reduced can be controlled by changing the reduction temperature.
Conductivity is somewhat restored, but the generally larger amount of structural damages and defects affect the mechanical
properties. The BET surface area of thermally reduced graphene oxide is larger than that of e.g. chemically reduced graphene
oxide with hydrazine monohydrate, which also possibly results in more electroactive sites. The high C/O ratio of thermally
reduced graphene oxide indicates an effective reduction process, but the conductivity is low, which results mainly from the
structural defects [66]. As Table 2.3 shows thermal methods have also been investigated widely and different protocols have
been introduced.

Electrochemical reduction method hand is easily controlled with the applied potential. The instrumentation is simple and
does not need potentially toxic chemical reagents or ambient environment. Also the C/O ratio obtained is high and the
restored conductivity higher than the conductivity of thermally reduced graphene oxide [66]. This method has also been
widely probed and utilized.

Hence we can state that in order for one to be able to compare set of experimental results from different sources it is not
enough that the measurements carried out should be consistent, but in the case of RGO the production methods of GO and
the reduction procedures to produce RGO from GO should be the same. Thus, it comes by no surprise that there are hardly
any such information available in the literature.
2.1.4. Nanodiamonds
Nanodiamonds (nDs) are part of the wide structural family of nanocarbons, which include fullerens, tubes, onions, horns

and fibers. The first nanoscale diamond particles were generated in the 1960s by the detonation method using carbon-
containing explosives. However, after the initial discovery, it took almost three decades for these nanodiamonds to become
more well-known in the scientific world. It was only in the late 1990s that the nanodiamonds began to be studied more sys-
tematically and slowly started to find their way into various applications. In Table 2.4 we summarize and discuss about some
of the data on the structural and chemical properties of nanodiamonds found from the literature. In Table 2.4 the focus is on
detonation nanodiamonds (DnDs).
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Based on the results shown in Table 2.4 we can draw some general conclusions about the current state-of-the-art in the
characterization of nanodiamonds: (i) structure and chemistry of nanodiamonds is heavily dependent on the steps that have
been used to manufacture them. Thus, there are a wide variety of investigations about different purification methods and
their effect on the sp2 fraction in the nanodiamonds, surface chemistry and so forth. Air oxidation at moderate temperatures
has been, for example, reported to be effective in increasing the sp3 content of the DnD [76]. However, in general the results
are quite scattered and sometimes even contradicting. (ii) Nanodiamonds consist of crystalline sp3 core and the sp2 rich sur-
face layer. For the surface layer there are two main models (see below, and Table 2.4), but no definite experimental or com-
putational proof to unambiguously support either one of these currently exist. (iii) Functionalization of nanodiamonds is
possible by utilizing both non-covalent and covalent approaches making the nanodiamonds a very versatile material group.
(iv) In more application oriented papers and especially in electrochemistry (see Section 3.1.4 for more details) the charac-
terization of the nanodiamonds used is often insufficient.

As discussed above, structure of nanodiamonds and their surface chemistry is heavily affected by every synthesis step
utilized to fabricate the end-material. So it is important to understand that characteristics of each nD product is a result
of its (detonation) synthesis conditions and purification method. However, every nanodiamond particle can be taken to con-
tain at least the following three structural features:

(1) A core of sp3 crystalline diamond with a diameter of about 4–6 nm, which consist 70–90% of all carbon atoms.
(2) Disordered like carbon shell around the core with thickness often around 4–10 Å. This outer layer contains of about

10–30% of carbon atoms. Two alternative models have been suggested for the carbon shell structure: (i) ‘Bucky-
diamond’ model where the core is covered with fullerene-type shell of sp2 carbon [70] and (ii) unstructured amor-
phous carbon outer layer with mixture of sp2 and sp3 hybridized carbon [77].

(3) The surface layer, either with the type (i) or (ii) structure, is covered by a variety of functional groups. These groups
terminate the highly reactive dandling bonds of the nD surface. The mass of hetero-atoms (H, O, N) may be up to 10–
14% out of the total mass of the particle. Oxygen is often the main component of the surface groups. These groups can
be removed or added by utilizing different chemical treatments making the chemistry of nanodiamonds really rich.

We can conclude this sections as follows: (i) due to the small size of nD particles, they have high surface-to-volume
ratio and thus their physical and chemical properties are strongly determined by their surface. Therefore, as Table 2.4 indi-
cates significant efforts have been put forward to study ways to influence the surface functionalities and the amount of sp2

carbon on the nanodiamond surface. (ii) Despite the amount of investigations there are still some concerns about the
effect of various treatments on the nature of the surface of nanodiamonds. An example is vacuum annealing of nDs, which
has sometimes been stated to have opposite effects on the electrochemical behavior of DnDs (see Section 3.1.5). This issue
will be discussed in more detail in Section 3.1.4. (iii) The structure of the sp2 rich surface layer is not precisely known at
the moment as there are at least two different models for its structure. (iv) It is not clear that when electrodes are made
out of nDs in a thin film format how and will the surface functionalities affect the properties of the ‘‘macroscopic” film.
Finally, (v) even though the nDs in solution might exist as a single digit particles this is not clearly the case when they
have been deposited as a film on a surface, but agglomeration is bound to take place. Thus, like mentioned above [point
(iv)] the question really is, what will be the role of characteristics of individual nD particles in these much larger
assemblies?
2.1.5. Hybrid carbon based materials
The use of hybrid carbon materials is relatively widespread if we take into account both ‘‘true” and ‘‘pseudo” hybrid mate-

rials. However, in many cases with ‘‘pseudo” hybrid materials there might not be any other driving force behind using sev-
eral carbon allotropes together than for example that glassy carbon as a widely used electrode material provides convenient
substrate for solution deposited CNT mixtures. On the other hand, with ‘‘true” hybrids there is also some goal at sight that
drives the controlled combination of two or more carbon allotropes to realize hybrid materials with unforeseen properties. It
is evident based on the literature that the latter material are much less fabricated and investigated than the ‘‘pseudo”
hybrids. Table 2.5 presents and comments some of the data on both types of hybrid materials that we have obtained from
the literature.

Literature data summarized in Table 2.5 reveals that there exists a wide variety of carbon-based hybrid nanomaterials
reported in the literature, which have typically been only weakly characterized. Many of the pseudo-hybrids, where the car-
bon nanomaterial utilized is often embedded inside a polymer layer and then drop-casted or spread on surface of a glassy
carbon (GC) rod often results into a highly complex structure. When used for example for electrochemical experiments the
rationalization of the data would require not only extensive structural and chemical characterization of the electrode mate-
rial but also the use of step by step methods, where starting from a simple electrode platform the complexity is increased
gradually and the material is characterized carefully after each step. The process of producing well dispersed polymer-
nanomaterial solution requires intensive stirring, sonication or other type of mixing. Based on the reviewed literature it is
expected that mixing, especially sonication, will introduce defects to the carbon nanomaterial and some of the chemical
agents to enhance solubility will be incorporated to the electrode structure. Yet there exist no publications in the literature
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where these type of pseudo-hybrid materials would have been investigated by for example cross-section TEM imaging to
study (i) interfacial structure between the polymer and the GC rod, (ii) degree of dispersion of the nanomaterial inside
the polymer layer and (iii) what is the structural state of the nanomaterial after the polymer has been dried on the surface
of the GC rod. Even if the nanomaterial in question would be directly dispersed on the surface of the GC rod, it would be of
importance to know, in which structural condition the dispersed nanomaterials on the surface of the rod exists and what is
the macroscopic geometry of the electrode, to further understand and explain the electrochemical results. This last item is
especially important in the sensor applications as porous membrane-like geometry facilitates formation of thin liquid layer
next to the electrode surface, which may lead to false claims about electrocatalytic activity of the electrode material. This
issue is discussed in more detail in Section 3.1.2.

As was the case with individual carbon nanoforms (Tables 2.1–2.4) in the case of hybrid nanomaterials there is a lack of
consistency in the characterization methods used in the different experimental papers. Especially the combined use of
advanced microscopy and spectroscopy methods is very rare in the case of hybrid carbon nanomaterials. As discussed
above, with these materials it would be even more important than with single carbon nanoforms to include SEM,
cross-sectional TEM and XPS/XAS to characterize the material. Otherwise the effects of surface chemistry and local and
global geometry are not taken into account and it becomes extremely difficult to rationalize the results from the electro-
chemical measurements. We also want to emphasize the importance of the step by step approaches especially in the case
of hybrid materials. One should always start with the simplest structure, analyze it carefully and then proceed to add com-
plexity gradually and at the same time characterize each step individually. If one proceeds directly to multimaterial com-
plex assembly it is practically impossible to have any knowledge about the factors contributing to the performance of the
structure. Specifically this touches the sensor applications where the analyte molecules typically react via inner sphere
route and are therefore highly sensitive to the chemical and structural features of the electrode surface. These issues will
become evident when we present structural and electrochemical results from different hybrid carbon nanomaterials in
Section 4.

We can summarize the above discussion as follows: (i) there is a wealth of investigations utilizing different carbon nano-
materials, for example in electrochemistry and so forth, but (ii) the materials used, especially in the case of hybrid materials,
are typically only marginally characterized therefore leaving considerable gaps to our understanding of the fundamental
properties of these interesting materials, (iii) there exists no common consistent approach to characterize carbon nanoma-
terials and it is somewhat difficult to find sets of consistent data on a given material from the literature although exceptions
naturally exist, (iv) lack of detailed understanding of the basic properties hinders also our knowledge concerning the
observed behavior of various structures in different applications and (v) combination of experimental work and computa-
tional studies can still be considered as a rare occurrence in this field despite the obvious advantage that this kind of
approach would offer. What has been stated above is reflected for example in electrochemical data on these samples as dis-
cussed in more detail is Section 3.
2.2. Computational studies on different carbon allotropes

2.2.1. Amorphous carbon
Computational studies of a-C have already been summarized in good detail in Robertson’s comprehensive review paper

from 2002 [9]. Here, we will give an account of how the field has evolved since then. These advances have been driven by the
progress of computer power, the wide availability of supercomputing facilities for research and the emergence of efficient
iterative codes for electronic structure prediction and molecular dynamics simulations.

Typically, there is a clear direct correlation between the computational complexity of an atomistic method, in the sense
of required CPU time to complete a calculation, and its ability to produce accurate results. This means that computational
simulations are often limited in practice by a trade off between system size and accuracy. Density functional theory
resides at a ‘‘sweet spot” where a reasonable balance between the two can be achieved. Thus, in this Review we will
mostly focus on computational studies of a-C and other carbon materials based on DFT simulations, which overwhelm-
ingly dominate when attending to the number of ab initio atomic and electronic structure studies available from the lit-
erature. Other empirical and semi-empirical approaches include tight-biding (for electronic and atomic structure
prediction) and classical potentials (for atomic structure prediction). We are not aware of any computational study of
a-C which goes beyond DFT.

With modern parallel computers and available DFT codes, molecular and condensed-matter systems containing up to
a few thousands of electrons can be simulated using exchange-correlation density functionals of standard accuracy, i.e.,
the local density approximation and different generalized-gradient approximations (LDA and GGAs, respectively). A fam-
ily of more sophisticated functionals that correct for known LDA and GGA shortcomings such as the self-interaction
error, known as hybrid functionals, lead to improved accuracy at the expense of increased CPU time and memory
demands. Thus, the use of hybrid functionals typically limits the number of electrons that can be studied to a few hun-
dred. Examples of popular density functionals used by the condensed-matter community are LDA, PBE [96] (at the GGA
level) and HSE [97] (at the hybrid functional level). However many other functionals exist which have been developed
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with a specific purpose in mind, for instance to yield improved thermochemistry of molecules or surface adsorption
energies.

In addition to the inherent methodological issues described above, the computational study of amorphous carbon poses
additional challenges compared to typical solid-state simulations. This is motivated by the lack of long-range order in a-C.
Crystalline solids can be studied employing small unit cells and imposing periodic boundary conditions, and making use of
integration in reciprocal space, which is computationally cheap (linear scaling) and easy to parallelize. However, an a-C sim-
ulation must rely on a sample size as large as possible, in order to mimic the lack of long-range order and to survey a rep-
resentative amount of the different atomic structures found in a-C. Additionally, since most calculations of reasonable
accuracy rely on imposing periodic boundary conditions as an approximation also for amorphous materials, another possible
issue is the introduction of spurious periodicity effects for supercells which are too small. Since the time spent on a DFT sim-
ulation grows approximately as a third-order polynomial in the number of electrons, simulating a-C accurately can become
computationally expensive. In this scenario, choosing a combination of methods can be a sensible solution. For instance, one
could choose a classical potential to generate an a-C network and then freeze the structure to carry out a single-point DFT
calculation to obtain the electronic structure. Or in increasing level of accuracy, the structure optimization could be carried
out at the DFT level and then a single-point calculation carried out with a hybrid functional for improved description of the
electronic structure.

In this section, we review the literature of computational studies of a-C. We separate them into two clear-cut categories,
which depict two differentiated challenges of simulating a-C: (i) how to generate the atomic network of carbon atoms
bonded to each other in variable ratios of sp2 and sp3 hybridizations and (ii) what are the simulated properties (electronic,
elastic, etc.) calculated for those networks.
2.2.1.1. Computational a-C generation techniques. The first comprehensive computational study of a-C is due to Robertson and
O’Reilly [98], dating from 1987. However, they did not delve into the generation of a-C networks and focused instead on its
electronic properties for given assumed random structures. Soon afterwards appeared the first studies focusing on the com-
putational generation of a-C. Molecular dynamics (MD) using empirical potentials have been employed to study the struc-
ture of a-C since the late 1980s and early 1990s. Initial simulations with the Tersoff potential were carried out to simulate a-
C formation based on liquid quenching [99], and to simulate explicitly the deposition of carbon atoms onto a substrate [100].
Even ab initio MD of liquid quenching for a small a-C structure was carried out by Galli et al. back in 1989 [101], when the
field was still in its infancy.

Ideally, computational generation of a-C networks would rely on reproducing the experimental deposition conditions
that lead to material growth, which are, in fact, not known in full detail. In practice, achieving such a detailed description
is at present beyond the reach of DFT-based techniques. Therefore, explicit simulations of a-C deposition have been carried
out only with less expensive simulation tools. Workarounds have also been proposed that avoid simulating the growth pro-
cess itself, and aim instead at generating a-C networks with the target characteristics through some alternative procedure,
for instance by MD quenching of a carbon sample previously molten at high temperature. In the following, we review the
different approaches that have been employed so far to computationally generate a-C networks of different sp3 fractions,
which are summarized in Fig. 2.1.
Fig. 2.1. Fraction of sp3-bonded carbon atoms as a function of density that can be achieved using different computational a-C generation techniques. Names
in the legends indicate data taken from Kohary and Kugler [102], Marks [103], Lee et al. [104], de Tomas et al. [105], Wang and Komvopoulos [106],
McCulloch et al. [107] and Deringer and Csányi [108]. Pressure-corrected DFT data is taken from Ref. [109] for 192 atoms; a new set of data with 512-atom
supercells has been generated for this review using the same approach. In all graphs, experimental data are given by black solid symbols, taken from Fallon
et al. [110] (Circle) and Schwan et al. [111] (Triangle).
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2.2.1.1.1. Simulated growth. Explicit deposition simulations to date have relied on empirical interatomic potentials. The first
simulated growth of a-C was done by Kaukonen and Nieminen using the Tersoff potential [100]. They explored deposition of
energetic carbon atoms onto a diamond substrate with beam energies in the range 1–150 eV. However, this early work failed
to reproduce high sp3 fraction DLC; the maximum sp3 fraction obtained was �44% at around 40 eV beam energy, compared
to 60–70% sp3 carbons estimated from experiment at the same energy [110]. Achieving high sp3 yields in a-C has been a con-
stant struggle for computational simulations also based on other approaches. Gerstner and Pailthorpe attempted MD simu-
lations, also at different deposition energies, using the Stillinger-Weber potential [112]. Their calculations showed a
pronounced graphitization of the diamond substrate upon successive atomic impacts, severely underestimating the sp3 frac-
tion observed experimentally. Later work by Kaukonen and Nieminen with the Tersoff potential failed again to yield satis-
factory sp3 fractions but provided support for the subplantation growth mechanism commonly accepted for DLC [113],
whereby accelerated atoms penetrate the film surface and create the increase in density and internal stress observed exper-
imentally. As a matter of fact, simulations based on the Tersoff potential seem to be able to predict residual film stres-
ses in good agreement with experiment [104]. Tight-binding (TB) calculations, which are based on a semiempirical
parametrization of a quantum Hamiltonian, have also failed to predict satisfactory sp3 fraction vs. density characteris-
tics from simulated a-C deposition [102]. To date, the most successful growth simulations based on MD are due to
Marks [103,114]. Using the environment-dependent interaction potential (EDIP), sp3 fractions in the vicinity of 60%
for deposited atoms of 30–80 eV were predicted [103]. EDIP simulations still failed to reproduce very-high sp3 fractions
in excess of 80% observed in high-density DLC. Despite this shortcoming, the main contribution from Ref. [103] is to
provide evidence for the ‘‘peening” model of film growth, whereby sp3 hybridization is induced in atoms which already
belong to the film by the pressure pulse produced by incident atoms. These incident atoms do not necessarily have the
energy required to penetrate the surface (as required by the subplantation model) but can provide, upon impact on the
film surface, enough stress to induce a transition from lower (2- and 3-fold) to higher (4-fold) coordination in other
atoms already present in the deposited material. Motivated by the emergence of sophisticated ‘‘reactive” force fields
based on empirical fitting and increases in parallel computing power, more recent studies have relied on such
approaches to study a-C. A recent study with the second generation reactive-empirical-bond-order (REBO-II) potential
was carried out for ultra thin film deposition of a-C in the 1–120 eV range by Wang and Komvopoulos [106]. Unfortu-
nately these simulations again failed to yield a quantitatively accurate description of coordination at the high-density
high-beam energy end. However, work continues on the parametrization of reactive force fields (see Ref. [105] for a
comprehensive study of those most relevant to carbon simulation). Current advances in fitting procedures will surely
lead to new developments in the near future for more accurate deposition simulations, for instance based on machine
learning approaches [108]. Until this level of accuracy can be achieved for explicit growth simulations, researchers must
rely on affordable schemes for which highly accurate schemes, such as DFT, can be readily applied to generate high-
quality computational a-C samples. In the following we deal with the most popular approach: MD-based liquid
quenching.
2.2.1.1.2. Liquid quenching. a-C generation by liquid quenching relies on heating up a preexisting ordered (e.g., diamond)
or disordered (e.g., random) carbon structure to a very high temperature, typically around 5000 K, and simulating MD. At
these temperatures, elemental carbon is liquid, and individual carbon atoms have enough thermal energy and diffusive
power to explore geometrical configurations that would be forbidden in the solid state. After a few ps of equilibration,
the system is cooled to room temperature. During the cooling process the different atoms settle in their local energy min-
ima and sp, sp2 and sp3 bonds are formed. Density is typically imposed upon the system, that is, the simulation is run at
fixed volume (NVT ensemble). The correlation between density and sp3 fraction (among other properties such as radial
distribution, density, built-in stress, etc.) can then be compared to experiment in order to assess the quality of the
obtained network. The main advantage of liquid quenching is that it is computationally affordable enough that DFT
can be used to compute interatomic forces. Therefore, in principle one should expect high quality a-C networks from
DFT-based liquid quenching. This is indeed the case [107,115]. Marks et al. [114] showed that a-C samples generated with
the liquid quench technique and DFT compare better with experiment than samples generated using the same procedure
with empirical (EDIP, Brenner) or semiempirical (TB) potentials. More importantly, although still underestimating exper-
imental sp3 fractions by about 10% at any given density, highly diamond-like a-C was finally successfully generated com-
putationally, with up to 80% sp3-bonded carbons in the network [107]. The high quality achieved by DFT geometries is
crucial insofar it gives confidence in the calculated electronic properties obtained with these input a-C networks, which
we will explore in Section 2.2.1.2.

Incidentally, liquid quenching is also commonly used as a benchmark approach for the quality of empirical methods
[99,105,108,114,116]. A comprehensive review of the performance of different popular interatomic potentials to simulate
a-C has very recently been published by de Tomas et al. [105], based on liquid quench results.
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2.2.1.1.3. Pressure-corrected geometry optimization. Caro et al. [109] carried out successful a-C computational generation
using a seemingly naive approach. An initial a-C supercell is generated at some given density by randomly placing C atoms
inside. Subsequently, the atomic positions are optimized using a conjugated-gradient minimization of the total energy of the
system, calculated using DFT. At the end of the optimization, the obtained sp3 fraction underestimates the experimental
result for high density and overestimates it for low density. However, the calculated built-in pressure follows the opposite
trend. From the a-C bulk modulus estimated at different sp3 fractions, the simulation box was rescaled to the size corre-
sponding to the correct (experimental) pressure, after which further geometry optimization followed. Box rescaling followed
by atomic relaxation leads to potentially significant readjustment of the density but little change to bond hybridization. The
final results show excellent agreement with experimental trends of sp3 fraction vs. density. Therefore, within this method,
high pressures provide the necessary internal stresses required to induce sp3 hybridization. To date, these a-C networks
show the best agreement with experimental results among all the available computer-generated samples.

Neither the liquid-quench nor the pressure-correction approaches provide direct insight into how the growth process
itself takes place, since the simulated conditions are very different from the experimental deposition conditions. However,
both techniques afford insight into the role of pressure on the creation of sp3 bonding. In both cases, high sp3 fractions are
induced by large built-in compressive stresses. This, together with direct evidence from the simulated growth results from
Marks [103], provides indirect support for the proposed peening model of DLC growth, briefly outlined in Section 2.2.1.1.1.

2.2.1.2. Bulk properties. Trends in the bulk properties of a-C are dominated by the sp3 fraction. Not only mass density, but also
elastic and electronic properties show a clear correlation with the degree of hybridization.

2.2.1.2.1. Mechanical. A high sp3 fraction confers strong hardness to a-C, characterized by a large bulk modulus. This is to be
expected, since diamond (100% sp3 fraction) is the material with the largest known bulk modulus. Most experimental studies
have focused on Young’s modulus instead, which gives the material’s elastic response to axial deformation (whereas the bulk
modulus gives the elastic response to isotropic volume deformation). Kelires calculated the bulk modulus of a hypothetical
100% sp3-bonded DLC at B0 = 365 GPa using the empirical Tersoff potential [121]; compare this value to the corresponding
bulk modulus of diamond B0 = 443 GPa. Unfortunately, the Tersoff potential tends to overestimate the elastic properties of a-
C [108]. While traditional interatomic potentials may perform badly to estimate elastic properties of carbon materials other
than diamond or graphene (they are typically fitted to reproduce them exactly), new more sophisticated potentials such as
the machine-learned GAP show promise [108]. DFT-based simulations should perform significantly better. Caro’s simula-
tions show good agreement with experimental results of Young’s modulus (Fig. 2.2); since experimental data of bulk mod-
ulus is scarce, it is difficult to assess the agreement there. DFT calculations by Ito et al. [120] show strong disagreement with
other DFT calculations and the GAP results. This is probably due to the fact that Ito et al. did not allow for internal strain
relaxation, that is, they calculated ‘‘clamped-ion‘‘ elastic constants, which can significantly differ from the real elastic con-
stants [122]. Note also that the GAP results for high-density samples give elastic moduli at high built-in pressure, which is
the reason why the values overestimate experiment and DFT results of bulk modulus. Caro’s results give elastic moduli at
external pressures close to the experimental values. All in all, the simulation data clearly show a monotonic increase in both
Young’s modulus and bulk modulus as the density of the a-C material (or, equivalently, its sp3 fraction) increases.

2.2.1.2.2. Electronic and optical. In analogy to how the mechanical properties of a-C are dominated by its sp3 fraction, its sp2

fraction dominates its electronic properties [123]. The reason for this is that the gap between bondingr and anti-bondingr⁄

molecular orbitals is much larger than the p-p⁄ gap. Since sp2 hybridization introduces p orbitals, as the sp2 fraction
increases the electronic density of states in the ‘‘pseudogap” region increases accordingly. These states tend to be spatially
localized for low sp2 fraction. Electronic structure methods are an obvious tool to study trends in the electronic properties of
a-C. While DFT is an invaluable tool to calculate many properties from first principles, standard DFT offers poor quantitative
description of energy gaps [124]. To estimate energy gaps and optical properties one can rely on semiempirical tight-binding
[125]. For a general improved description of energy gaps and other electronic and mechanical properties ab initio, hybrid-
functional DFT offers state-of-the-art accuracy for systems containing more than a couple of tens of atoms. Unfortunately, a
hybrid-functional calculation is typically between one and two orders of magnitude more computationally expensive than a
regular DFT calculation.

Fig. 2.3 shows the electronic density of states (DOS) obtained using a DFT hybrid functional (left) and tight-binding cal-
culations (right). Both DOS profiles look similar, with the TB results [125] showing the predominantly p character of the mid-
gap states. Both simulations also predict high localization for these midgap states, which was already discussed by Robertson
and Chen [123,129] in terms of localized p orbitals within the r-r⁄ gap. The DFT calculations were carried out allowing for
spin effects, which allows to compute the magnetization of the material. The results show a bulk magnetization (unpaired
spins) of about 0.5 spins per 100 C atoms (circa 7 � 1020 spins per cm3) for deep states, corresponding to the r valence band.
The magnetization increases for shallower states in the mid gap region, up to 1.5–2 spins per 100 C atoms (circa 3 � 1021 -
spins per cm3). These unpaired orbitals have predominantly 2p orbital character, meaning that they can be attributed to
unpaired p orbitals (e.g., in an odd-membered ring) and dangling bonds. These numbers are consistent with electron-spin
resonance experiments which situated the spin density of a-C at around 1 � 1021 cm�3 [130]. The agreement is especially
good considering that many of these midgap unpaired states seen in simulation would probably be experimentally inten-
tionally or unintentionally saturated by hydrogen incorporation during and after deposition. Unsurprisingly, experimental
a-C:H shows spin density one order of magnitude lower than a-C [130].



Fig. 2.2. Young’s modulus and bulk modulus calculated within different computational approaches. Data taken from Schultrich et al. [117,118], Ferrari et al.
[119], Ito et al. [120] and Deringer and Csányi [108]. The results by Caro et al. have been generated for this review with the 512-atom samples from Fig. 1,
the details of which will be published elsewhere.

Fig. 2.3. (Left) Electronic DOS, localization function and spin polarization calculated for this review within the framework of DFT (HSE functional), following
the methodology from Ref. [126] with 512-atom supercells. (Right) Electronic DOS and localization calculated within a tight-binding approach. Reprinted
from C. Mathioudakis, G. Kopidakis, P. Patsalas, and P. C. Kelires, ‘‘Disorder and optical properties of amorphous carbon,‘‘ Diam. Relat. Mater. 16, 1788
(2007), with permission from Elsevier.
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Being amorphous, there is a distinction between electronic (fundamental), mobility and optical gaps in a-C [129,130]. The
optical gap of a-C is usually obtained in two ways, both attending to the evolution of the absorption coefficient a as a func-
tion of incident photon energy ⁄x. The E04 gap is defined as the energy value at which the absorption coefficient reaches
a = 104 cm�1. The Tauc gap is calculated as the intercept with the energy axis of the
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versus ⁄x curve extrapolating

from the region where it has begun to behave linearly [130–132]. The method was proposed by Tauc in the context of ‘‘typ-
ical” amorphous semiconductors, e.g. a-Ge [133], and is routinely successfully applied to a-Si [134]. However, a-C is not a
typical amorphous semiconductor in the sense that the band tails extend well into the gap and mix with localized and defect
states of different kinds. Therefore, concerns were raised that the method might not work to characterize the optical gap of a-
C in the low sp3 fraction regime [130]. For instance, hybrid-functional DFT calculations based on the joint density of states
approach [131] yield negative Tauc gaps below �45% sp3 fractions, while giving good agreement with experiment above that
value. Tight-binding results from Mathioudakis et al., on the other hand, give a good description of Tauc and E04 gaps
throughout the full regime of sp3 values [125] (Fig. 2.4). Attending to the localization of electronic states, one can define
a mobility gap for amorphous semiconductors based on some threshold criterium [134]. This allows to monitor the evolution
of the mobility edges as a function of sp3 fraction in a-C, showing a monotonic increase of the mobility gap with sp3 content
(Fig. 2.4). These DFT simulations show that the conduction band edge is slightly closer to the Fermi level than the valence
band edge, an indication that a-C is an intrinsic p-type semiconductor, as suggested from experiment [135]. However these
simulations are too inconclusive to draw a strong statement in this regard. In general, conductivity in a-C is expected to be a
quite complex phenomenon, because of strong localization and lack of atomic order. To date, the electrical transport prop-
erties of a-C have not been extensively explored in the literature from the computational point of view. The recent paper by
Caicedo-Dávila et al. [136] used the DFT non-equilibrium Green’s function formalism to compute the I-V characteristics for a
series of a-C ultra-thin films of varying densities, using small supercells with imposed in-plane periodicity. The work con-
cludes that three differentiated transport regimes exist: semimetallic (low density), resonant tunneling and hopping (inter-
mediate density) and thermally-activated hopping (high density). Further work is now required to assess the impact of
sample dimensionality and statistical sampling on the results of electron transport in a-C, perhaps by employing
computationally-affordable approaches such as tight binding. A detailed analysis of electron transport in a-C is of major topi-
cal interest from the point of view of the electrochemistry of hybrid carbon materials based on a-C substrates, since electron
transport and thus film conductivity are expected to strongly influence device performance.



Fig. 2.4. (Left) Optical gaps as a function of sp3 fraction calculated within different approaches. Data from Mathioudakis et al. [125]. Data from Caro et al.
has been estimated with the HSE functional with 512-atom supercells following the approach outlined in Ref. [127]. (Right) Mobility gap estimated from
the 512-atom supercell HSE calculations using a localization criterion (localization function w > 0:01 within the mobility gap); see Ref. [128] for an outline
of the approach.
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2.2.1.3. Amorphous carbon surfaces
2.2.1.3.1. Structural properties. The structural properties of a-C surfaces are modified with respect to bulk as a necessary con-
sequence of the reduced dimensionality, 2D versus 3D. Intuitively, one would then expect a larger proportion of sp2-bonded
carbon compared to bulk, since sp2 carbons can easily arrange themselves in planar configurations. As we have already
discussed in Section 2.2.1.1.1, simulated growth does not provide a quantitatively satisfactory prediction of sp3 fraction.
However, it can be extremely useful in providing a qualitative description of how the transition from bulk to surface is
achieved and how bond hybridization varies accordingly. Deposition simulations invariably predict graphitic-like surfaces
with a significantly higher fraction of surface sp2 carbons compared to bulk [102,103]. These observations are consistent
with DFT results based on geometry optimization and MD [109,137–139]. A detailed analysis of surface morphology showed
that both bulk and surface sp2 carbons arrange themselves predominantly in olefinic chains [109]. However, there is a
noticeable increase in the aromatic character of sp2 bonding of surface carbon atoms compared to bulk [109,139]. In
addition, the analysis showed that a-C surface morphology is always the same, within the most superficial �5 Å of material,
regardless of the density of the underlying bulk material [109]. This 5 Å value from reconstructed surfaces should be
interpreted as a lower bound to the actual sp2-rich region that is expected from experimental samples. Simulated growth
by Marks [103] already shows a thicker sp2-rich region for the sample corresponding to 70 eV beam energy, around
7.5–10 Å. As the beam energy increases, also the thickness of the impact region is expected to increase since more energetic
ions can penetrate deeper into the growing film. Consistent with this, an sp2-rich surface region, regardless of a-C bulk
density, is also observed experimentally, the thickness of which depends on the deposition conditions (see Sections 2.1
and 3.1.1).

2.2.1.3.2. Electronic properties. Increase in the sp2 fraction at the surface results in the introduction of surface-localized elec-
tronic states of p character [109,137]. This is accompanied by a pronounced increase in the DOS within the pseudogap region
[109,138]. Hybrid-functional DFT calculations show that a-C surfaces should be able to retain a very narrow electronic band
gap despite the observed increase in mid-gap states [126]. The simulated work function from DFT has been estimated at
around 5 eV irrespective of bulk density [140] (compare to the experimental value of 4–5 eV [141]), further indication that
the properties of a-C surfaces are not strongly influenced by the properties of the underlying bulk material. Finally, it was
estimated from a simulation based on classical MD and DFT that in aqueous environment the interface dipole between water
and a-C (in the absence of any external electric field) leads to a 300 meV upward shift of the a-C DOS compared to the vac-
uum situation. Since the nature of a-C surfaces is largely independent of the target bulk density, it is expected that electron
transport, rather than electron transfer, will determine the electrochemical characteristics of a-C-coated electrodes. This is
consistent with experimental observations on the effect of film thickness on the electrochemical performance of a-C elec-
trodes [128].
2.2.2. Carbon nanotubes
2.2.2.1. Structural and electronic properties. The atomic structure of single-walled CNTs is given by the different ways in which
a reference graphene sheet can be ‘‘rolled” to construct a tube. The orientation of such sheet is given by vector R = nR1 +mR2.
The circumference of the tube is |R|, and T gives the longitudinal direction of the tube (along which the ‘‘rolling” is carried
out). This is schematically shown in Fig. 2.5, with a (n,m) � (4,1) example. Structural and electronic structures of single-
walled CNTs are strongly correlated. Based on the simple graphene-sheet model, armchair CNTs (n,n) are always metallic,
whereas zigzag (n,0) and chiral (n,m) nanotubes can be either metallic or semiconducting, depending on the value of their
indices [142] (if (2 ⁄ n + m)/3 is an integer, they are metallic; otherwise they are semiconducting). Also within this simple
model, the band gap for semiconducting CNTs decreases as the inverse of the nanotube radius, towards the graphene value.
Simulations have shown that, in practice, very narrow CNTs do not exactly follow the metallic/semiconductor trends pre-
dicted by the graphene-sheet model, which is however valid for wider CNTs [143]. The electronic properties of DWCNTs
depend, first, on whether the inner and outer tubes are metallic or semiconducting and, second, on possible orbital



Fig. 2.5. Transformation from amorphous carbon precursors into sp2-rich carbon simulated via MD. The different dimensionalities denote the imposed
periodic boundary conditions (e.g., ‘‘1D” indicates one periodic direction in the simulation cell). Reprinted figure with permission from R.C. Powles, N.A.
Marks, and D.W.M. Lau, Phys. Rev. B 79, 075430 (2009). Copyright (2009) by the American Physical Society. DOI: 10.1103/PhysRevB.79.075430.
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hybridization between inner and outer tubes. Soto et al. [144] carried out DFT calculations for zig-zag DWCNTs. They showed
that for inner semiconducting tubes the DWCNT behavior is dictated by whether the outer tube is semiconducting (s@s) or
metallic (s@m), which make the DWCNT either semiconducting or narrow gap/semimetallic, respectively. All metallic in
metallic (m@m) DWCNTs behaved as narrow gap/semimetal systems. Finally, metallic in semiconducting (m@s) DWCNTs
showed gap dependence on the inter-tube distance, being able to transition from semimetallic to semiconducting for
increasing inter-tube distance. This feature was not observed in the other DWCNT systems. MWCNTs are usually much larger
in diameter than SWCNTs and DWCNTs. Therefore, first-principles determination of the electronic structure of MWCNTs is
currently impractical due to this size constraint.

2.2.2.2. Integration with amorphous carbon. How different carbon nanostructures integrate with amorphous carbon sub-
strates is of utmost importance when it comes to predicting the properties and behavior of hybrid carbons for electrochem-
ical applications. Powles et al. [145] and Suarez-Martinez and Marks [146] have used atomistic modeling based on classical
MD to study the transition between amorphous carbon precursors and sp2-bonded carbon nanostructures, namely carbon
nanotubes and graphite-like structures. By simulated annealing at high temperature, they showed that high sp2-content
nanostructures self-assemble from a-C (Fig. 2.6). These structures develop a high degree of ordering, attained in the form
of parallel graphitic layer formation (concentric layers in the case of low dimensional nano onions and nanotubes). These
Fig. 2.6. Step-by-step procedure to construct a CNT starting with a graphene sheet. The meaning of the helicity indices (n;m) commonly employed in the
literature to denote the atomic structure of CNTs is explained. A (4; 1) tube is used to exemplify the procedure.
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results are consistent with the experimentally observed effect of a DLC substrate on the morphology of carbon nano fibers
[147], whereby the presence of the amorphous substrate induces the growth of nanofibers with higly parallel horizontally-
stacked graphene layers at the base, which turn vertical at about 80 nm from the base [147].

2.2.2.3. Electrochemistry. The electrochemical capabilities of carbon nanotubes have been studied computationally by Srivas-
tava, Holmberg, Laasonen et al. using density functional theory [148–151]. In particular, they explored the role of nitrogen
doping on the catalytic activity for hydrogen evolution reaction (HER) and oxygen dissociation. They found that while pris-
tine carbon nanotubes are inert towards O2 dissociation, nitrogen-mediated splitting of the oxygen molecule is favorable for
all CNT radii (including the extreme case of graphene), becoming more favorable as the radius of the CNT decreases [149].
They also showed that negatively charging N-doped nanotubes can enhance their catalytic power towards O2 dissociation in
the case of armchair (but not zigzag) CNTs [148]. With regards to HER, they failed to observe the increased catalytic activity
seen experimentally for N-doped CNTs, which was attributed to a N doping configuration different from the one which was
simulated [150]. For pristine CNTs, they calculated that HER is driven by the Volmer-Heyrovsky mechanism, that is, an
adsorbed proton recombines with a solvated proton to yield molecular hydrogen, as opposite to the Volmer-Tafel mecha-
nism where two adsorbed protons recombine [151]. Finally, for open-ended pristine CNTs, it was observed that terminating
5-ring structures become highly catalytic towards HER, a feature from which other forms of sp2-bonded carbon could also
benefit [151]. Due to the presence of dangling bonds and different types of intentional or unintentional functionalizations,
one can expect such higher reactivity from tube ends and side defects compared to (defect-free) CNT sidewalls, especially in
the case of semiconducting CNTs. However, unambiguous experimental proof regarding which part of the CNT is most reac-
tive, required to settle this issue, is still missing.

2.2.3. Carbon nanofibers
Due to their size, it is impractical to simulate a whole CNF using atomistic methods. A more realistic approach would be to

approximate a region of interest belonging to a CNF as a suitable graphitic structure, for instance a stack of open-ended gra-
phene layers arranged in the same way as the edge of a CNF. Along these lines, applications of atomistic simulation methods
to CNF modeling are usually restricted to providing indirect insight into some specific aspect of CNFs. Using DFT, Abild-
Pedersen et al. [152] looked at the energetics of C diffusion on Ni surfaces to elucidate the growth mechanisms of CNFs cat-
alyzed by Ni nanoparticles. The simulations showed that graphene layer growth occurs via surface or subsurface diffusion of
C atoms to Ni step edges, as opposite to bulk diffusion through the Ni nanoparticle, which is energetically less favorable. Sim-
ulations were also used to assess the impact of alloying in the role of the catalyst particle. DFT simulations showed that
incorporting Cr into the Ni catalyst has the effect of increasing the interaction energy of catalyst and graphene layers, thus
reducing the distance between the two [147].

2.2.4. Reduced graphene oxide
The nature of graphene oxide reduction makes the study of its properties impractical to simulate. A realistic approach

would be to isolate the different defects and functionalizations that occur in typical rGO and simulate their properties indi-
vidually. For instance, Luque et al. [153] looked at the effect of carboxyl group functionalization on the catalytic properties of
defective and defect-free graphene towards hydrogen peroxide reduction. This particular study showed that the presence of
both defect and functional group is important in lowering the activation energy needed for the reaction to take place. How-
ever, the possibilities for different combinations of defects and functionalization representative of rGO are too numerous to
give an exhaustive list in this review.

2.2.5. Nanodiamonds
2.2.5.1. Atomic and electronic structure. Because of the energy penalty of dangling bond formation, it was suspected since the
late 1980s that sp3-bonded nanoclusters could become more stable than graphite below a certain size [154]. With more
sophisticated models this size has been established at around 5–6 nm in diameter [155]. Consistent with this prediction,
nanodiamonds are experimentally observed to form at a range of small sizes in the nanometer region, with their size distri-
bution peaking at around 2–5 nm in diameter. Computational and theoretical studies in the early 2000s focused on exploring
the phase stability of nanosized carbon clusters in order to explain and predict the size distribution and atomic structure of
nanodiamonds, as well as their transition into clusters with sp2-rich surface reconstructions. Clean diamond surfaces with
dangling bonds are both unstable and highly reactive. Thus, one would expect that in the presence of hydrogen, which is
required to grow bulk diamond (e.g., using CVD), the surface dangling bonds quickly passivate via hydrogen adsorption.
However, Raty, Galli and collaborators [70,156] showed using DFT that diamond surfaces spontaneously reconstruct into
fullerene-like structures, and that these so-called ‘‘bucky diamonds” are indeed more stable than H-passivated nDs beyond
2–3 nm in diameter. Phase-stability phenomenological models, parametrized with DFT, predict the coexistence of nDs with
bucky diamonds and carbon onions within a ‘‘stability window” in the region around 2 nm [157]. Therefore, the available
theoretical and computational models all predict that surface reconstruction is strongly involved in the relative stability
of these different types of carbon clusters. In fact, subsequent studies based on phenomenological models [158,159] or expli-
cit simulation [160] have looked in detail at the effect of temperature on the surface reconstruction and transition from nD to
carbon onions. These models show that while graphitization of the outermost layers happens already at relatively low tem-
perature, full graphitization requires temperatures beyond 2000 K, as shown in Fig. 2.7. Therefore, unpassivated nDs occur



Fig. 2.7. Cross section of nDs annealed at increasing temperature, showing the progressive transformation of the diamond core into a fullerenic concentric
shell structure: (a) pristine ND, (b) 1673 K, (c) 1973 K, and (d) 2273 K. Reprinted from L. Hawelek et al., ‘‘Transformation of nano-diamonds to carbon nano-
onions studied by X-ray diffraction and molecular dynamics,” Diam. Relat. Mater. 20, 1333 (2011), with permission from Elsevier.
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with a core-shell structure, where the core is made of sp3-bonded carbon (as in crystalline diamond) and the outer shell (or
shells) is made of graphitic carbon atoms with a larger proportion of sp2 bonding.

As with other forms of carbon, the electronic properties of nDs are highly dependent on atomic structure. For H-
passivated C clusters, simulations show that the band gap is clearly reduced as size increases [70] and that partial surface
reconstruction also lowers the absorption gap [156]. However, the size dependence of the band gap only persists up to sizes
of the order of 2 nm in diameter, after which its value stabilizes [70] (Fig. 2.8, left). The valence band edge is predicted to
evolve smoothly with size and be independent of nD shape, with the highest-occupied molecular orbital (HOMO) localized
in the bulk of the nanoparticle [161,162]. In contrast, the evolution of the conduction band edge with size depends strongly
on the nD shape [162], with the lowest unoccupied molecular orbital (LUMO) delocalized over the nanoparticle surface [161]
(Fig. 2.8, right). Therefore, the electron transfer characteristics of nDs, and thus their electrochemical behavior, can in prin-
ciple be tuned by both shape and size engineering. Sun and Barnard looked in more detail at the effect of size and shape on
several indicators of electrochemical performance (ionization potential, electron affinity, band gap, work function) of unpas-
sivated bucky diamonds [163]. The electronic properties of these surface-reconstructed nanoparticles are very different from
the H-passivated ones. In particular, their band-gap is much narrower due to the abundance of superficial sp2 carbons [163].
These density-functional tight-binding (DFTB) results show a strong nanoparticle shape-dependence of these charge-transfer
indicators (12 shapes were tested). The calculated ionization potential varies between 5.02 eV for octahedral BDs and 6.00 eV
for cubic BDs; the electron affinity varies between 4.16 eV (octahedral) and 5.06 eV (cubic); the band gap varies between
0.73 eV (cuboctahedral) and 0.98 eV (small rhombicuboctrahedral); and the work function varies between 4.59 eV (octahe-
dral) and 5.53 eV (cubic). While size also has an impact on the properties of nDs, especially for very small sizes, Sun and Bar-
nard showed that there is significantly more scatter of properties for a given size because of shape distribution than across
sizes for a given shape [163]. This happens because different facets have distinct chemical properties. In addition to size and
shape, surface functionalization of nDs is another key parameter in determining their electrochemical properties. Lai and
Barnard [164] looked at the effect of homogeneous functionalization (AH, AO and AOH terminations) at partial and full cov-
erage (from 20% to 100%) on electron affinity (EA) and ionization potential (IP) of nDs. They observed a strong effect of vary-
ing coverage on EA, especially between nDs fully covered (negative EA) and partially covered (positive EA) with AH and
AOH. The effect of coverage on IP is less pronounced but still large. EA and IP were also observed to be very strongly depen-



Fig. 2.8. (Left) Evolution with particle diameter of nD energy gap for H-passivated NDs, calculated within DFT. Reprinted figure with permission from J.-Y.
Raty et al., Phys. Rev. Lett. 90, 037401 (2003). Copyright (2003) by the American Physical Society. DOI: 10.1103/PhysRevLett.90.037401. (Right) HOMO and
LUMO charge density localization within a particular H-passivated nD, showing core and shell localization, respectively. Reprinted figure with permission
from N.D. Drummond et al., Phys. Rev. Lett. 95, 096801 (2005). Copyright (2005) by the American Physical Society. DOI: 10.1103/PhysRevLett.95.096801.
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dent on the functionalization, with nDs fully covered withAH groups showing EAs (IPs) 7.8 eV (2.8 eV) lower thanAOH cov-
ered nDs.

To summarize the state of the art on atomistic simulations of carbon nanomaterials, one needs to attend to the size of the
structure being simulated, the level of accuracy required and the trade-off between accuracy and CPU time which each
method offers. (1) To study dynamical processes in large systems, such as explicit growth of a-C and annealing of ordered
or disordered carbon, molecular dynamics with classical force fields are the typical tool. These simulations are computation-
ally cheap. The EDIP force field offers good flexibility to satisfactorily describe simultaneously sp2 and sp3-bonded carbon.
Emerging force fields based on machine learning and advanced fitting will pave the way towards more accurate simulations
in the future. (2) For geometry optimization and electronic structure calculations of relatively large systems, such as nanodi-
amonds, one can resort to different flavors of tight binding. (3) Finally, when very accurate results are needed, complex
chemistry is being simulated (e.g., different functionalizations), or to parametrize other models, density functional theory
is used. Unfortunately, the high CPU cost of DFT compared to the other methods allows to compute the properties of small
systems only, and run molecular dynamics for short periods of time. In the future, improved multiscale simulations (that
integrate and couple different levels of theory to each other) will pave the way towards accurate description of larger sys-
tems for extended times, at affordable computational cost.
3. Electrochemistry of the individual building blocks

In the following sections we will briefly discuss about the (i) basic electrochemical characterization of the individual car-
bon allotropes and (ii) provide a concise overview of their use and performance as sensors for selected biochemical appli-
cations and (iii) discuss about the possible connections between the fundamental electrochemical properties and the
sensor performance.

3.1. Basic electrochemical characterization

Some of the basic electrochemical characteristics of interest discussed here are heterogeneous electron transfer (HET) rate
as determined by different outer sphere redox probes, the electrochemical potential window in a given solution, and back-
ground current or double layer capacitance in different electrolyte solutions. All of these are affected by the electrode mate-
rial itself (metal, semiconductor or insulator) and to some degree also by surface modification methods. We will introduce
the data on these properties for each of the building blocks of our hybrid materials, thus starting from DLC, then continuing
to CNTs and CNF, then to reduced graphene oxide and finally to nanodiamonds. Section 3.1.1 includes also a short discus-
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sions about the significance of the reported properties as well as some theoretical considerations related to them in order to
give the reader an idea why we consider these factors to be of important from the biosensor application point of view.

3.1.1. Diamond-like carbon (DLC)
Diamond-like carbon (DLC) is a promising electrode material owing to its unique electrochemical properties such as

chemical inertness, wide potential window and low background current. There are many types of diamond-like carbon films
and here we will concentrate on hydrogen free diamond-like carbon materials. Also we do not consider films that have been
doped with other alloying elements than nitrogen. This choice has been executed in order to limit the amount of available
material. In addition, our DLC films used as functional substrates for realization of carbon based hybrid nanomaterials are
hydrogen free, un-doped and high sp3 containing materials, thus providing more grounds for these restrictions.

3.1.1.1. Water window and double layer capacitance. In Table 3.1 we have collected the available data from the literature about
the basic electrochemical characteristics of different diamond-like carbon (DLC) materials. Table 3.1 includes data about the
electrode type, electrolyte used, potential (or water) window and double layer capacitance as well as some comments and
observations about the experiments and materials used. The significance of wide water window stems from the fact that
when water starts to decompose, either producing oxygen at the anodic end or hydrogen at the cathodic end, the currents
arising from these reactions are much higher than those coming from any analyte signals, thus overrunning any other oxi-
dation/reduction reactions in water based media. Thus, by pushing the practical (kinetically determined) potentials of these
reactions as far apart as possible (thus increasing the water window) gives us a broader measurement range and thus pos-
sible access to a wider range of analytes. The importance of the double layer capacitance is easily understood by considering
the background current, which becomes larger the higher the double layer capacitance, thus compromising our possibilities
to sense small current peaks related to small analyte concentrations.

3.1.1.2. Electrode transfer kinetics. Heterogeneous electron transfer (HET) kinetics are commonly investigated by utilizing so
called outer sphere redox (OSR) couples which are (more or less) insensitive to surface chemistry of the electrodes. Thus,
they do not adsorb on the surface and there is always at least one solvent layer between the redox probe and the electrode
surface. Therefore, they give information about the electronic interaction between the probe and the electrode surface – ide-
ally without chemical complications. There is no bond breaking or bond formation during the process. Thus, the inner coor-
dination shell of the OSR probes stay intact. This naturally does not exclude that there may be elastic distortions in the inner
coordination shell (bond length changes). If the interaction of the OSR probe and the electrode surface is of reasonable
strength (as it is typically with metal electrodes) the electron transfer is said to be adiabatic (thus the electron tunneling
factor or transmission coefficient is taken to be one). This means that the interaction energy between the electrode and
the redox probe is high enough that every crossing of the saddle point on the potential energy surface results into an electron
transfer. In this case the pre-exponential term in the rate equation is governed solely by the solvent dynamics and is inde-
pendent of the interaction strength (as long as it is strong enough to make the reaction adiabatic). Solvent organization nat-
urally affects only the energy levels of the redox probe and not those of the electrode. Thus, in a same solvent adiabatic OSR
reactions should occur at the same potential (within experimental error) regardless of the electrode material used as long as
the interaction between the electrode and redox probe is high enough to ensure that the reaction proceeds adiabatically. On
the other hand, if the interaction is weaker not every crossing leads to an electron transfer and thus the electron transfer
becomes non-adiabatic. In this case the electronic properties of the electrode material (most importantly the density of
states near the Fermi-level) and therefore the interaction strength enters the pre-exponential factor in the equation for
the rate constant. OSR reactions are adiabatic on most metal surfaces, but may become non-adiabatic when taking place
on semimetals, oxidized metal surfaces or semiconductors. The OSR electron transfer reaction can also be driven to be
non-adiabatic by artificially increasing the distance of closest approach by introducing self-assembled monolayers (SAM’s)
on the electrode surface as shown in [174]. This stems from the fact that as the distance between the electrode surface and
redox probe is increased the coupling strength (thus interaction) decreases. Excellent discussion about these issues can be
found from [175,176] and references therein. Known OSR probes include ruthenium hexamine Ru(NH3)6, anthracene, and
iridium hexachloride, IrCl6. However, contrary to some statements the commonly used redox probe ferrocyanide Fe(CN)6
is highly surface sensitive, although there is dispute about the exact nature of its surface sensitivity (towards oxygen func-
tional groups or something else). Nevertheless, we have included also the Fe(CN)6 results to Table 3.2 as it is probably the
most widely used probe for assessing the heterogeneous electron transfer rate, despite the complications it induces to the
interpretation of the results. Further, in a very recent publication it has been pointed out that also ferrocene and its deriva-
tives are prone to adsorb on the surface of highly oriented pyrolytic graphite (HOPG) thus compromising the true outer
sphere nature of ferrocene based probes [177]. In Table 3.2 information about the electrode type, electrolyte, peak separation
and heterogeneous electron transfer coefficient along with comments and remarks are given. In many cases the heteroge-
neous electron transfer coefficient has not been given in the original publications. In these cases we have utilized Digisim
simulation package version 3.0 [178] to calculate the values based on the data given in the original publication.

Based on the results given in Tables 3.1 and 3.2 a few generalizations can be made: (i) the water window of DLC elec-
trodes is generally wide, despite the fabrication method (and thus, sp3 fraction), (ii) with lower sp3 fractions the electron
transfer kinetics appears to be faster than with high sp3 fractions, (iii) apparent double layer capacitances are generally quite
small and there appears to be no drastic variations between DLC films with different sp3 fractions, and (iv) most of the exper-



Table 3.1
Potential window and apparent double layer capacitance for DLC electrodes.

Electrode type Cycling
speed
(mV/s)

Electrolyte Potential window (V) Cdl mF/cm2 Comments Reference

Filtered cathodic vacuum arc (FCVA)
deposited DLC:N with various
nitrogen partial pressures

NA 0.01 mol/l PB + 10
mmol/l Fe(CN)64�/3�

NA NA Thickness of the DLC:N film about 40 nm. Sp3 content stated to be high,
but not explicitly given. No potential window or capacitance values
given, but instead charge transfer resistance value of 0.2–1.5 MX/cm2.
No information about nitrogen or argon purging

[165]

Electrode substrate: Si(100)
Pulsed laser-arc deposited DLC and

DLC:N films with various nitrogen
partial pressures

50 mV/s 0.5 mol/l H2SO4 �3.1 V (from �0.9 to
2.2 vs. Ag/AgCl)

20–30 Thickness of the films �200 nm. Sp3 content from 60% (no nitrogen) to
40% (50 sccm N2). Anodic polarization at 2 V (vs. Ag/AgCl) for 15 min in
0.5 mol/l H2SO4 did not have much influence on the potential window.
Nitrogen purged solutions

[166]

Electrode substrate: Si(100) and
(111)

DC magnetron sputtering of DLC films
with different powers (500–900 W)

NA 0.5 mol/l H2SO4 NA 0.571 Thickness of the films �50 nm. Sp3 content not given, but based on the
reported ID/IG ratio it is relatively low. Values given for capacitance are
from samples deposited with 900 W. Charge transfer resistance
301 MX/cm2. Nitrogen purged solutions

[167]

Electrode substrate: Si (111)

Filtered cathodic vacuum arc (FCVA)
deposited DLC:N with various
nitrogen partial pressures

100 mV/s 1 mol/l HClO3 �3.4 V (HClO3) (from
�1.2 to 2.2 V vs SCE)

NA Thickness of the films �40 nm. Sp3 content given as 70–85% depending
on the nitrogen content. The sp3 content appears to be close to
maximum that is attainable. Nitrogen purged solutions

[168]

Electrode substrate: Si(100) 2 mol/l HCl �2.7 V (HCl) (from
�1.3 to 1.4 V vs SCE)

Plasma-assisted ion beam deposition
of DLC

NA 2 mol/l HCl NA 9.6
(2 nm)�
20.06
(100 nm)

Thickness of the films from 2 nm to 100 nm. Sp3 content not given, but
based on the ID/IG ratios was quite low. Rct values from 0.29 (2 nm) to
500 (100 nm) MX/cm2. Nitrogen purged solutions

[169]

Electrode substrate: AlTiC

Pulsed laser ablation deposition of DLC 100 mV/s 0.1 mol/l (n-
Bu)4NClO4 in CH2Cl2
solution

�3.55 V (from �1.7 to
1.85 V vs. Ag QSR)

NA Thickness of the DLC films �100 nm. Sp3 content not given explicitly
but stated to be high. No information about nitrogen or argon purging

[170]
Electrode substrate: Quartz crystals

with thin Au layer
DC magnetron sputtering of nitrogen

doped DLC
100 mV/s 0.5 mol/l H2SO4 �3.6 V (H2SO4) (from

�1.2 to 2.4 V vs. SCE)
NA Thickness of the films �140 nm. Sp3 content not given, but based on

the given ID/IG ratio it is relatively low. No information about nitrogen
or argon purging

[171]

Electrode substrate: Si(111) 1 mol/l HClO4 �3.2 V (HClO4) (from
�1.1 to 2.1 V vs. SCE)

2 mol/l HCl �2.9 V (HCl) (from
�1.4 to 1.5 V vs. SCE)

Pulsed laser arc deposition of DLC:N
films (30 sccm N2)

100 mV/s 0.5 mol/l H2SO4 �3.1 V (from �1.0 to
2.1 V vs. Ag/AgCl)

NA Thickness of the films �200 nm. About equal amounts of sp3 and sp2

carbon. No information about nitrogen or argon purging
[172]

Electrode substrate: Si(111) and Si
(100)

RF magnetron sputtering deposition of
DLC films

100 mV/s 0.1 mol/l PO4
3� and

50 mmol/l NaClO4

buffer (pH = 7)

�2.7 V (from �1.5 to
1.2 V vs. SCE)

NA Thickness of the films from 30 to 350 nm. Sp3 content not given, but
based on the optical bandgap it should be moderate. No information
about nitrogen or argon purging. Most of the CVs start below zero-
current line indicating the presence of oxygen in the solutions

[173]

Electrode substrate: Si wafers either
pure, silicon dioxide or Pt coated
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Table 3.2
Heterogeneous electron transfer (HET) rate data for DLC electrodes.

Electrode type Cycling speed
(mV/s)

Electrolyte and
redox probe

DEp (mV Heterogeneous reaction constant (cm/s) Comme s Reference

Filtered cathodic vacuum
arc (FCVA) deposited
DLC:N with various
nitrogen partial
pressures

100 mV/s 0.01 M PB
+ 10 mmol/l Fe
(CN)64�/3�

From
400 mV
to
1100 mV

Not given in original paper, but simulations by
Digisim gives values from 2 � 10�4 to 8–9 � 10�8 cm/
s, which are from small to extremely small. Thus,
kinetics is quasireversible/irreversible with a low
reaction constant with higher nitrogen pressures and
becomes extremely slow with lower nitrogen partial
pressures

Thickne of the DLC:N film about 40 nm. Sp3 content
stated t be high but not explicitly given. No
informa n about nitrogen or argon purging

[165]

Electrode substrate: Si
(100)

DC magnetron sputtering
of DLC films with
different powers (500–
900 W)

NA 0.5 mol/l H2SO4 NA Value of 3.5 � 10�12 cm/s calculated from the Rct data,
which is extremely small. Note that there is no redox-
probe used in the EIS measurements

Thickne of the films �50 nm. Sp3 content not given,
but base on the given ID/IG ratio it is relatively low.
Charge nsfer resistance 301 MX/cm2. Nitrogen
purged lutions

[167]

Electrode substrate: Si
(111)

Pulsed laser arc deposition
of DLC:N films
(30 sccm N2)

100 mV/s 1 mmol/l
Fe(CN)64�/3�

200 mV Not given in original paper, but simulations by
Digisim gives value of 1.5 � 10�3 cm/s. The kinetics is
thus quasireversible with moderate heterogeneous
reaction constant

Thickne of the films �200 nm. About equal amounts
of sp3 a sp2 carbon. No information about nitrogen
or argon urging

[172]

Electrode substrate: Si
(111) and Si(100)

0.5 mol/l H2SO4

Filtered Cathodic Vacuum
Arc (FCVA) deposited
DLC films

10–100 mV/s 10 mmol/l Ru
(NH3)6Cl3 in 1 mol/l
KCl

353 mV
(at 100
mV/s)

Not given in original paper, with simulations by
Digisim gives value of 3 � 10�4 cm/s. The kinetics is
thus quasireversible with relatively low
heterogeneous reaction constant

Thickne of the films �25 nm. Sp3 fraction not
explicitl given but based on the Raman results it is
relativel low. No information about nitrogen or
argon p ging

[179]

Electrode substrate: Si
(100)

DC magnetron sputtering
of nitrogen doped DLC

50–200 mV/s 1 mmol/l
Fe(CN)64�/3�

62 mV
(at
50 mV/s)

Not given in original paper, but simulations with
Digisim gives value of 0.05 cm/s. The kinetics is thus
nearly reversible

Thickne of the films �140 nm. Sp3 content not
given, b based on the given ID/IG ratio it is relatively
low. No formation about nitrogen or argon purging

[171]

Electrode substrate: Si
(111)

In 0.1 mol/l H2SO4

Pulsed laser ablation
deposition of DLC

100 mV/s Fe(CN)64�/3� �200 mV Not given in original paper, but simulations with
Digisim gives value of 1.5 � 10�3 cm/s. The kinetics is
thus quasireversible with moderate heterogeneous
reaction constant

Thickne of the DLC films �100 nm. Sp3 content not
given ex licitly but stated to be high. No information
about n ogen or argon purging

[170]

Electrode substrate:
Quartz crystals with
thin Au layer

In 0.1 mol/l KCl

Plasma-assisted ion beam
deposition of DLC

NA 2 mol/l HCl NA Values ranging from 5.5 � 10�10 to 2.1 � 10�13 cm/s
calculated from the Rct data which are extremely
small. Note that there is no redox-probe used in the
EIS measurements

Thickne of the films from 2 nm to 100 nm. Sp3

content ot given, but based on the ID/IG ratios sp2

content as quite high. Rct values from 0.29 (2 nm) to
500 (10 m) MX/cm2. Nitrogen purged solutions

[169]

Electrode substrate: AlTiC

Filtered Cathodic Vacuum
Arc (FCVA) deposited
DLC films with varying
bias voltages from 0 to
2000 V

NA 0.5 mol/l H2SO4 NA Values ranging from 1.5 � 10�9 to 5.3 � 10�11 cm/s
calculated from the Rct data which are extremely
small. Note that there is no redox-probe used in the
EIS measurements

Thickne of the films about 100 nm. No exact sp3

content ven. ID/IG ratios indicate moderate amount
of sp3. N information about nitrogen or argon
purging

[180]

Electrode substrate: Si
(100)

RF magnetron sputtering
deposition of DLC films

10 mV/s 5 mmol/l Ru
(NH3)6Cl3 in
0.1 mol/l PO4

3� and
50 mmol/l NaClO4

buffer (pH = 7)

82 mV Not given in original paper, but simulations with
Digisim gives value of about 3 � 10�3 cm/s. The
kinetics is thus quasireversible with moderate
reaction coefficient

Thickne of the films from 30 to 350 nm. Sp3 content
not give but based on the Raman results given it is
relativel low. No information about nitrogen or
argon p ging. Most of the CVs start below zero-
current e indicating the presence of oxygen in the
solution

[173]

Electrode substrate: Si
wafers either pure,
silicon dioxide or Pt
coated
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iments have been carried out without any metallic adhesion layers below DLC films and (v) with relatively thick DLC films
(usually several tens or hundreds of nanometers). It should also be noted that some of the charge transfer resistance values
as determined from EIS measurements are extremely large leading to abnormally small HET values. Unfortunately, these
very low HET values reported in various publications have not been verified with other electrochemical techniques, thus
leaving some doubt over these results.

We have recently carried out extensive characterization of the effect of DLC layer thickness on its electrical and electro-
chemical properties [127,128,181]. The results show extensive correlation between the film thickness and the aforemen-
tioned properties. In addition, we have shown by combining detailed spectroscopic studies with atomistic simulations by
utilizing density functional theory (DFT) based approaches [26,109] that there are several interesting and important struc-
tural features specific for DLC films that can be used to rationalize the strong connection between film thickness and elec-
trical/electrochemical properties.
3.1.1.3. Special features of DLC electrochemistry. One of the special features of DLC electrochemistry is the strong thickness
dependency of its electrical and electrochemical properties, which stems from the special structural properties of DLC as dis-
cussed already in Sections 2.1 and 2.2. We have shown recently, with detailed XAS measurements combined with atomistic
simulations, that all DLC films investigated had more or less identical sp2 rich surface layers despite the overall sp3 content
and amount of the bulk [26]. This means that in the case of outer sphere redox probes overall kinetics is likely to be deter-
mined by electron transport through the DLC film instead of electron transfer at the surface region. In [128] the reaction
kinetics on DLC electrodes as a function of film thickness was assessed by utilizing cyclic voltammetry and electrochemical
impedance spectroscopy (EIS). Ru(NH3)63+/2+ and FcMeOH were used as the redox couples, because they are considered as
outer-sphere redox couples that are insensitive to the surface chemistry of the electrode, although according to [177] the
latter may experience adsorption on carbon surfaces. Therefore, the possible differences in reaction kinetics of these redox
couples should be related strongly to the varying electrical properties of the DLC film as a function of thickness. Based on the
experimental results, the reaction kinetics of Ru(NH3)63+/2+ was found to be reversible in the 7 and 15 nm thick DLC films, but
changed to quasi-reversible starting from around 30 nm. The peak potential separation (DEp) value increased from
59.2 ± 0.5 mV at the 7 nm film to 132 ± 2.9 mV at the 100 nm film (Table 3.3). Thus, as the thickness of the DLC films
increased, the kinetics of the redox reaction appeared to slow down.

The CV measurements utilizing the FcMeOH redox probe indicated a similar behavior as that with Ru(NH3)63+/2+. At
400 mV/s, the peak potential separation rose from 61.2 ± 0.9 mV (7 nm) to 141.0 ± 8.8 mV (100 nm). Again, the reaction
kinetics changed from reversible to quasi-reversible around the thickness value of 30 nm. The DEp values steadily increased
with increasing film thickness from 15 nm to 100 nm (Table 3.4).

The Nyquist plots (Fig. 3.1) obtained from the EIS measurements did not show clear semi-circle corresponding to charge
transfer resistance (Rct) in the high-frequency range for the DLC films with thicknesses of 7 and 15 nm. However, the semi-
circle was clearly seen with thicker samples and there was a steady increase in Rct values for 30, 50 and 100 nm films. This
was consistent with the CV measurements, since there also the DEp values increased with thickness. In the low-frequency
range the response was dominated by diffusion as indicated by the straight line with a slope of circa 45 deg.

To obtain numerical values, the EIS data were fitted with a modified Randles circuit model (Fig. 3.2). The significant new
feature in the present model is that the charge transfer resistance is suggested to be composed of two parts, which are con-
Table 3.3
DEp values for the DLC thin films in 1 mM Ru(NH3)63+/2+ in 1 M KCl [128].

Scan rate (mV/s) DEp (mV) ± standard deviation (N = 3)

7 nm 15 nm 30 nm 50 nm 100 nm

10 55.3 ± 1.0 58.9 ± 0.8 62.9 ± 1.4 64.9 ± 1.4 69.9 ± 0.8
50 57.5 ± 1.7 56.8 ± 0.8 67.2 ± 3.3 72.6 ± 0.9 84.5 ± 1.2
100 57.1 ± 2.9 57.8 ± 0.0 71.1 ± 2.5 79.5 ± 0.5 96.1 ± 0.5
200 56.7 ± 1.5 59.3 ± 1.2 77.7 ± 2.4 88.7 ± 1.6 111.3 ± 2.9
400 59.2 ± 0.5 61.2 ± 1.2 88.9 ± 2.1 101.2 ± 2.2 132.0 ± 2.9

Table 3.4
DEp values for the DLC thin films in 1 mM FcMeOH in 0.15 M H2SO4. For 30 nm DLC N = 4 and for 50 nm N = 5 [128].

Scan rate (mV/s) DEp (mV) ± standard deviation (N = 3)

7 nm 15 nm 30 nm 50 nm 100 nm

10 58.6 ± 1.2 59.3 ± 0.9 60.7 ± 1.5 64.2 ± 1.7 72.0 ± 1.6
50 58.1 ± 0.5 58.5 ± 1.3 66.1 ± 3.5 69.9 ± 3.7 90.5 ± 3.7
100 59.1 ± 0.9 58.7 ± 1.4 68.1 ± 6.9 74.6 ± 4.8 102.3 ± 5.5
200 59.7 ± 0.9 59.0 ± 1.3 73.7 ± 8.3 80.7 ± 7.2 120.0 ± 7.5
400 61.2 ± 0.9 61.5 ± 2.2 79.7 ± 11.2 90.7 ± 7.8 141.0 ± 8.8



Fig. 3.1. Nyquist plots for the DLC thin films from EIS measurements in 5 mM Ru(NH3)63+/2+ in 1 M KCl. The inset shows a magnification of the high-
frequency range (same units) [128].

Fig. 3.2. Randles circuit model used to fit the Nyquist plots of the DLC films The charged transfer resistance is represented as a series connection of an
electron transfer resistance (from solution to the surface) and an electron transport resistance (through the DLC film) [128].
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nected in series (Fig. 3.2). The first one corresponds to the electron transfer from the redox species in solution to the surface
of the DLC and the second one to the subsequent charge transport through the DLC film. The fitting naturally only gives a
value for the total resistance Rct, but as we have shown in [128,181], the electrical properties of the DLC film vary heavily
with thickness, while the surface can be expected to be always similar. Therefore, we argue that the resistance to electron
transfer is about the same for all the films, whereas the resistance corresponding to the electron transport through the film
increases significantly as a function of film thickness. The rise of the latter part of the charge transfer resistance thus gives us
the observed behavior in EIS and CV measurements.

The results from the fitting are presented in Table 3.5. The solution resistance (Rs) was between 11 and 17X in all cases.
The very low double-layer capacitance (Cdl) values, ranging from 0.18 mF/cm2 for 100 nm DLC to 8.06 mF/cm2 for 7 nm DLC,
were expected based on the inert character of the diamond-like thin films. This is seen for example in the value of the water
window as determined for these materials in 0.15 M H2SO4, which was about 3.4 V (from �1.7 to 1.7 V vs. Ag/AgCl, cycling
speed 50 mV/s, nitrogen purged solutions) and there was no marked thickness dependency. The apparent heterogeneous
rate constant (k0) correlates inversely with the charge transfer resistance and based on the this the calculated k0 values show
a decreasing trend from 0.34 (7 nm) to 0.0021 cm/s (100 nm). It is to be noted that the Cdl and k0 values obtained for 7 and
15 nm DLC films present some uncertainty since the semi-circles did not occur or were unclear and fitting was less reliable.
Table 3.5
EIS data for the DLC thin films between 7 and 100 nm [128].

Thickness (nm) a Rs (X) Rct (X) Cdl (mF/cm2) k0 (cm/s)

100 0.83 11.0 719.8 0.18 0.0021
50 0.88 16.9 252.3 0.34 0.0060
30 0.86 16.4 116.6 0.54 0.013
15 0.58 15.7 6.50 6.52 0.23
7 0.68 13.4 4.50 8.06 0.34
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The further verify that the charge transport through the stacked electrode structure would be the factor determining the
kinetics of the reactions in this case, the effect of the titanium interlayer on the electrochemical properties of DLC was inves-
tigated by depositing a series of DLC films of 7, 15 and 30 nm thickness with and without a titanium interlayer. Fig. 3.3 shows
the corresponding Nyquist plots. The data were fitted as previously explained and the resulting Rs, Rct, Cdl and k0 values are
reported in Table 3.6. The results indicated similar trends for the series with and without Ti as the Rct values increased and
both Cdl and k0 decreased with the increasing film thickness. This was consistent with the behavior of the original DLC thick-
ness series reported in Table 3.5. However, the titanium interlayer did have an effect on the ‘‘apparent” reaction kinetics. At
all the film thicknesses, the Rct values were lower with the titanium layer than without it. The largest difference was
observed for the 7 nm thick DLC film as seen in the Nyquist plots. The titanium interlayer likely provided a better electrical
contact, thus lowering the contact resistance at the interface between DLC and Si and provided easier electron transport
through the stacked structure.

Thus, we can summarize the above discussion as follows. Increase in DLC film thickness led to a decrease in the volume
sp2 fraction, increase in the mobility gap and decrease in the average current flowing through the film [128,181]. This cor-
related well with the increase in charge transfer resistance leading to an increase in peak potential separation for both Ru
(NH3)63+/2+ and FcMeOH redox couples as the film thickness grew from 7 to 100 nm. We suggest that this behavior is related
to the electron transport through the film as opposed to electron transfer from a solution species to the surface of DLC. This
argument is supported by experimental (X-ray adsorption spectroscopy, XAS) and computational data showing that the sur-
face of DLC films is always sp2-rich despite the sp3 content of the bulk film [26,109]. Thus, the electron transfer to the surface
of DLC should be similar regardless of DLC thickness. In addition, the increase in apparent heterogeneous rate constant indi-
Fig. 3.3. Nyquist plots of the DLC thin films (A) with the Ti interlayer and (B) without it in 5 mM Ru(NH3)63+/2+ in 1 M KCl. The insets show a magnification of
the high-frequency range [128].

Table 3.6
Values obtained from fitting the Nyquist plots for the DLC thin films with and without Ti.

Thickness (nm) With Ti interlayer Without Ti interlayer

Rs (X) Rct (X) Cdl (mF/cm2) k0 (cm/s) Rs (X) Rct (X) Cdl (mF/cm2) k0 (cm/s)

30 16.7 199.5 0.4 0.0076 16.7 257.8 0.3 0.0058
15 17.2 61.8 1.0 0.024 16.4 119.5 0.7 0.013
7 11.3 7.3 1.3 0.21 17.0 55.5 0.9 0.027
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cated that the reaction kinetics also became faster with the inclusion of a Ti interlayer. This provides further support that the
overall reaction kinetics of outer sphere redox systems is controlled by the electron transport through the DLC film (in fact
the whole electrode stack), at least in the films within the thickness range studied by us.

As a final statement we want to emphasize that when basic electrochemical properties of DLC thin films are assessed it is
not enough to characterize only the properties of the film itself (sp3 to sp2 ratio, surface chemistry, etc.), but the thickness of
the film as well as any (typically metallic) underlayers between DLC film and the substrate must be considered in order to
have a comprehensive picture about the electrochemical behavior of the DLC thin film electrodes. The fact that these issues
have not been generally included into the analysis of the electrochemical results related to DLC films, may explain to some
degree the large deviations, for example, in the Rct values found in the literature (see Table 3.2).

3.1.2. Carbon nanotubes
Carbon nanotubes (CNT) have been used by a large number of different research groups for detecting different biomole-

cules [79,182–190]. Despite the massive amount of applied sensor oriented research the fundamental electrochemical prop-
erties of carbon nanotubes are still under debate. Clear distinction has in general been made between MWCNTs and SWCNTs.
MWCNTs have been taken to have inherent properties close to those of graphite, whereas SWCNTs have taken to have prop-
erties unlike any other carbon allotrope. In the case of SWCNTs the debate has been centered on the issue of reactivity of the
sidewalls versus those of the tips as well as properties of semiconducting vs. metallic SWCNTs. Regarding these matters
there are still no definite conclusions despite the very interesting recent experimental results (see the discussion below).
The assessment of the electrochemical properties of CNTs is very difficult as the actual material properties are often masked
at least by the following factors:

(1) Metallic nanoparticles from the catalyst layer that are practically impossible to remove completely.
(2) In the case of SWCNTs the type of tubes – either metallic or semiconducting.
(3) Defects in the CNTs that are very much processing dependent.
(4) Geometry of the CNTs if applied on top of another electrode material as this may lead to formation of thin liquid layer

on the electrode.
(5) Substrate that is used underneath the CNTs (related to point 4).
(6) Type of surface functionalization (related to points 1, 3 and 5).
(7) Amount of amorphous carbon and graphite nanoparticles in the CNT structures (related to points 1 and 6).
(8) If applied from a solution by pipetting, for example, the nature of the surfactants, etc. used to enhance CNT solubility

to the solvent (related to point 6).

In the following we will briefly go through the existing literature data on the basic electrochemical properties of different
types of CNT materials and try to find common nominators from the largely scattered data.

3.1.2.1. Water window and double layer capacitance. Results of the potential window determination found from the literature
are shown in Table 3.7.

3.1.2.2. Heterogeneous electron transfer. It is evident from Tables 3.7 and 3.8 that potential window values estimated for dif-
ferent supporting electrolytes and heterogeneous electron transfer coefficients are not well established. In many cases the
measurement protocols are not well explained or the electrode material itself is poorly characterized. For example, if one
compares basic potential window determination in sulfuric acid values for obtained potential windows differ by as much
as 1 V. In addition, in [192] there is a reversible redox pair present, which is associated with quinone/hydroquinone and
is typical for many carbon materials, while in other cases it is not present in the same electrolyte [193–195]. However, in
these latter investigations there is inadequate information about the experimental procedures and the condition of the elec-
trolyte is hard to assess (how much oxygen there is, etc.). Sometimes the CV data are also slightly hard to interpret as the
noise levels may be quite high. For example in [195] it appears that there is a faradic redox pair (or even two) within the
measured potential window. However, the authors do not comment this at all. An interesting result concerning the effects
of HNO3 treatment comes from [191], where potential windows of non-treated and HNO3 treated CNT electrodes were mea-
sured in Na2SO4. Based on the results it is evident that the HNO3 treatment leaves the width of the potential window prac-
tically intact, but significantly reduces the background current as well as decreases the possible IR-drop, as the
voltammogram becomes very flat. However, it is quite possible that the much skewed nature of the pristine CNT voltammo-
gram comes from a large number of different surface groups and impurities instead of IR-drop. This would then indicate that
the HNO3 treatment significantly cleans the CNT electrode surface.

3.1.2.3. Special features of CNT electrochemistry. There are several interesting open questions related to electrochemistry of
CNTs. As discussed above there is a major distinction between SWCNTs and MWCNTs. It is a common view that MWCNTs
are more or less graphite like in their inherent electrochemical properties whereas SWCNTs have sometimes shown unique
properties not met with other carbon allotropes, such as very high heterogeneous electron transfer rates [202]. Another
major debate is centered on the issue of SWCNT sidewall vs. tip reactivity. The role of metallic nanoparticles that remain
in the structures despite extensive purification procedures are also a factor that greatly complicate the assessment of the



Table 3.7
Potential windows and apparent double layer capacitances for different CNT electrodes.

Electrode type Cycling speed
(mV/s)

Electrolyte Potential window (V) Cdl mF/
cm2

Comments Reference

Pristine MWCNT film of about 20 mm thickness on
insulating surface. Growth method: hot filament
chemical vapor deposition

20 mV/s 0.1 mol/l
Na2SO4

�3 V (from �1.5 to
1.5 V vs. SCE)

NA Highly skewed voltammogram showing also several peak like features
within the potential window. High background current. No
information about nitrogen or argon purging. No information about
the catalyst remains, nor any evidence about the morphology of the
MWCNT film on the glass substrate

[191]

Catalyst metal: NiFe
Electrode substrate: Glass
Deposition method: Spraying
Same as above, but treated with 5 M HNO3 for

10 min
20 mV/s 0.1 mol/l

HClO4

�2.25 V (from �0.75 to
1.5 V vs. SCE)

NA Flat voltammogram, low background current, no peak like features
within the potential window

[191]

Same as above, but treated with 5 M HNO3 for
10 min

20 mV/s 0.1 mol/l
NaOH

�2.25 V (from �1.5 to
0.75 V vs. SCE)

NA Flat voltammogram, low background current, oxidation peak at
around �0.255 V (vs. Ag/AgCl)

[191]

Same as above, but treated with 5 M HNO3 for
10 min

20 mV/s 0.1 mol/l
Na2SO4

�2.9 V (from �1.5 to
1.4 V vs. SCE)

NA Flat voltammogram, low background current, oxidation peak at
around �0.255 V (vs. Ag/AgCl)

[191]

Bamboo type CNTs (BMWCNT) fabricated by solid
state pyrolysis

25 mV/s 1 mol/l
H2SO4

�1.0 V (from 0 to 1 V
vs. SCE)

158 mF/
cm2

Slightly skewed voltammogram, clear redox pair located at O
(492 mV) and R (440 mV) (vs. Ag/AgCl). Most likely quinone/
hydroquinone

[192]

Precursor: Ruthenium Note: all Ru catalytic particles were not removed from the BMWCNTs
based on the XPS analyses

Acetylacetonate Nitrogen purging
Electrode substrate: GC Morphology of the final electrode not shown
Deposition method: Drop casting Nafion coating on top of CNT electrodes
Commercial SWCNTs dissolved to sodium dodecyl

sulfate (SDS), then vacuum-filtrated onto a MCE
membrane and washed with water to remove
free SDS

NA 0.1 mol/l
PBS, pH
7.0)

�2.7 V (from �1.5 to
1.2 V vs. SCE)

NA No threshold values for water window determination are given. Value
is the best estimate from figures provided. No information about
cycling speed nor possible nitrogen or argon purging. No chemical
analysis about possible catalyst remains

[193]

Catalyst metal: Co based Morphology porous-like membrane
Electrode substrate: SWCNT-mixed cellulose ester

(MCE) composite film
Deposition method: Electrodeposition
Commercial SWCNTs dissolved to sodium dodecyl

sulfate (SDS), then vacuum-filtrated onto a MCE
membrane and washed with water to remove
free SDS

NA 1 mol/l
H2SO4

�2.2 V (from �0.5 to
1.7 V vs. SCE)

NA See above [193]

Catalyst metal: Co based
Electrode substrate: SWCNT-mixed cellulose ester

(MCE) composite film
Deposition method: Electrodeposition
Commercial SWCNTs dissolved to sodium dodecyl

sulfate (SDS), then vacuum-filtrated onto a MCE
membrane and washed with water to remove
free SDS

NA 0.1 mol/l
NaOH

�1.1 V (from �0.3 to
0.8 V vs. SCE)

NA See above [193]

Catalyst metal: Co based
Electrode substrate: SWCNT-mixed cellulose ester

(MCE) composite film
Deposition method: Electrodeposition

(continued on next page)
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Table 3.7 (continued)

Electrode type Cycling speed
(mV/s)

Electrolyte Potential window (V) Cdl mF/
cm2

Comments Reference

Catalyst free carbon nanotube (CNT) electrode was
fabricated by a Carbo Thermo Carbide
Conversion (CTCC) method. Electrode substrate
not specified

100 mV/s 0.1 mol/l
KCl

�1.6 V (from �0.8 to
0.8 vs. Ag/AgCl)

NA CNTs are mainly SWCNTs. Nature of the SWCNTs (metallic/
semiconducting) not reported. Authors report wider window (2.2 V) in
the paper, but with reasonable threshold current density of 200 mA/
cm2 the potential window is significantly narrower. No information
about nitrogen or argon purging

[194]

Catalyst metal: None Morphology appears somewhat forest-like, but owing to the high
defect densities of the tubes they are heavily entangled with each
other

Electrode surface: SiC
Deposition method: Grown directly on top of SiC
See above 100 mV/s 1 mol/l

H2SO4

�1.4 V (from �0.4 to
1.0 V vs. Ag/AgCl)

NA The authors report wider window (1.8 V) in the paper, but with
reasonable threshold current density of 200 mA/cm2 the potential
window is significantly narrower. No information about nitrogen or
argon purging

[194]

99% pure semiconducting (SC)- and 95% pure
metallic (M)-CNTs from NanoIntegris in mat
form

20 mV/s 1 mol/l
H2SO4

�1.1 V (from �0.3 to
0.8 V vs. Ag/AgCl)

NA In the paper the figure text where the CVs are shown gives the
potential window value for SC-CNT, but in the text mixture of SC and
M-CNTs are mentioned. No information about nitrogen or argon
purgingNo information about morphology or metallic nanoparticle
remains

[195]

Catalyst metal: most likely Ni
Electrode substrate: Ti
Deposition method: Drop casting on Ti electrode
CVD NCNTs with a nitrogen content of 3–5% 50 mV/s 0.1 mol/l

PBS,
(pH = 7.4)

�1.6 V (from �0.8 to
0.8 V vs. SCE)

NA NCNT and MWCNT potential windows were practically the same.
However, in the case of NCNT there was an additional faradic
reduction peak at about �335 mV (vs. Ag/AgCl). Nitrogen purged
solution

[196]

Precursor: pyridine No chemical information about the metallic nanoparticle remains
Electrode substrate: GC Morphology of the final electrode is porous membrane like
Deposition method: Drop casting
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Table 3.8
Heterogeneous electron transfer (HET) rate data for different CNT electrodes.

Electrode type Cycling speed (mV/s) Electrolyte and redox
probe

DEp (mV) Heterogeneous reaction constant (cm/s) Comments Reference

Pristine MWCNT film of about
20 mm thickness on insulating
surface. Growth method: hot
filament chemical vapor
deposition

150 mV/s Fe3+/2+ in 0.2 mol/l HClO4 975 mV Not given in original paper, but simulations
with Digisim gives value of about
8 � 10�7 cm/s, which is very small.
However, the voltammograms in [190]
show characteristics of high IR-drop and
thus some of the peak separation is likely
originating from there

Kinetics stated by the authors to
be quasireversible, but it is more
or less irreversible. Peak
separation strongly depends on
the cycling speed. No
information about the catalyst
remains, nor any evidence about
the morphology of the MWCNT
film on the glass substrate. No
information about nitrogen or
argon purging

[191]

Catalyst metal: NiFe
Electrode substrate: Glass
Deposition method: Spraying

MWCNTs grown directly on a Si
substrate by microwave-
heated chemical vapor
deposition (MH-CVD)

20–400 mV/s 5 mol/l K3Fe(CN)6 in
0.5 mol/l KNO3

From 60 to
about 120 mV

Not given in original paper, but simulations
with Digisim gives value of about
3 � 10�3 cm/s, thus giving quasireversible
electrode kinetics with moderate HET value

The DEp values and reaction
constant are for samples treated
at least 25 h in 6 M

[183]

Catalyst metals: Cr, Ti, Co H2SO4

Electrode substrate: Si No chemical information about
the catalyst metal remains

Deposition method: Direct
growth on Si substrate

Morphology disordered
entangled MWCNTs on the
surface providing pore like
surface structure. No
information about nitrogen or
argon purging

Bamboo type CNTs (BMWCNT)
fabricated by solid state
pyrolysis. Electrode substrate
GC

10–100 mV/s 5 mmol/l K4Fe(CN)6 in
0.1 mol/l KCl

From 77 to
89 mV

Not given in original paper, but simulations
with Digisim gives value of about
8 � 10�3 cm/s, thus giving quasireversible
electrode kinetics with relatively high HET
value

Note: all Ru catalytic particles
were not removed from the
BMWCNTs based on the XPS
analyses

[192]

Precursor: Ruthenium Nitrogen purging
Acetylacetonate Morphology of the final

electrode not shown
Deposition method: Drop

casting
Nitrogen purging

MWCNTs with 10–30 nm
diameter, synthesized by CVD
process using acetylene as
carbon source. Catalyst
metal: Fe-Ni Electrode
substrate GC

100 mV/s 5 mmol/l K4Fe(CN)6 in
1 mol/l KCl

62 mV Not given in original paper, but simulations
with Digisim gives value of about
9 � 10�3 cm/s, thus giving quasireversible
electrode kinetics with relatively high HET
value

Functionalization by refluxing at
concentrated HNO3 for 4 h.
Without treatment DEp values
around 200 mV. XPS showed
about 8% of surface C to be
bonded with oxygen after
functionalization

[197]

Deposition method: Drop
casting

No information about the
metallic nanoparticle remains
No morphological information.
No information about nitrogen
or argon purging

(continued on next page)
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Table 3.8 (continued)

Electrode type Cycling speed (mV/s) Electrolyte and redox
probe

DEp (mV) Heterogeneous reaction constant (cm/s) Comments Reference

SWCNTs grown on Si/SiO2

substrates cCVD, under a H2/
CH4 atmosphere, Catalyst
metal: Fe

4 mV/s Ru(NH3)63+/2+ and FcTMA+/

2+ with concentrations
0.025–1 mol/l in 0.1 mol/l
NaCl

NA Estimated as >3 cm/s if the total CNT
network is active and >300 cm/s if only
defect sites would be active. The latter
value is extremely high

Electrode was SWCNT network
with Au contacts and diameter of
about 100 mm. Thus mass
transfer under these conditions
is highly enhanced with respect
to macroscopic situations giving
access to very fast reactions and
therefore large formal rate
constants

[198]

Electrode substrate: n-type Si,
525 lm thick with 300 nm of
thermally grown SiO2)

No chemical information about
metallic nanoparticle remains

Deposition method: Direct
growth on Si/SiO2

Morphology porous membrane
like SWCNT network. No
nitrogen or argon purging

SWCNT mats grown directly
onto Si/SiO2 substrates by
cCVD

4 mV/s Ru(NH3)63+/2+ and FcTMA+/

2+ with concentrations
0.025–1 mol/l in 0.1 mol/l
NaCl

NA Both probes stated to be reversible. No
estimation of the formal reaction constants

Same as in [198]. By utilizing
electrodeposited Co on top of
CNT mat electrode as a control
the authors claim that most of
the Co impurities were encap-
sulated inside CNTs

[199]

Catalyst metal: Co No chemical information about
metallic nanoparticle remains

Electrode substrate: n-type Si,
525 lm thick with 300 nm of
thermally grown SiO2)

Morphology porous membrane
like SWCNT network. No
nitrogen or argon purging

Deposition method: Direct
growth on Si/SiO2

The DWNTs were grown by
chemical vapor deposition
using xylene and ferrocene

5 mV/s 10 mmol/l K3(FeCN)6 in
0.1 mol/l KCl

89 mV Slight increase in the peak separation as
scan speed is increased. No values for the
formal reaction constant given in original
publication. Digisim simulations give value
around 7 � 10�3 cm/s, thus giving
quasireversible electrode kinetics with
relatively high HET value

Morphology was DWCNT
bundles as fibers. No information
about nitrogen or argon purging.
However, many of the
voltammograms shown are
shifted as a whole to cathodic
values indicating presence of
oxygen in the solutions

[200]

Catalyst metal: none
Electrode substrate: Glass
Deposition method: DWCNT

were pulled to fibers with
diameter of 10–50 mm and
then placed on the glass
substrate

Super long vertically aligned-
CNTs (5 mm long) produced
on a SiO2/Si wafer by the
water-assisted chemical
vapor deposition (CVD)

10–500 mV/s 5 mmol/l K3[Fe(CN)6]
recorded in 0.1 mol/l PBS
(pH 6.5)

�80 mV
(100 mV/s)

No values for the formal reaction constant
given in original publication. Digisim
simulations give value around 8 � 10�3 cm/
s, thus giving quasireversible electrode
kinetics with relatively high HET value

Only sidewalls of the nanotubes
exposed. No chemical
information about the metallic
nanoparticle remains.
Nanotubes appear mainly to be
DWCNTs. No information about
nitrogen or argon purging

[201]

Catalyst metal: Fe
Deposition method: Direct

growth on SiO2/Si wafer
Super long vertically aligned-

CNTs (5 mm long) produced
on a SiO2/Si wafer by the
water-assisted chemical

10–500 mV/s 5 mmol/l K3[Fe(CN)6]
recorded in 0.1 mol/l PBS
(pH 6.5)

�60 mV/s for
oxidized and
75 mV for
unoxidized

No values for the formal reaction constant
given in original publication. Digisim
simulations give value around 0.01–0.1 cm/
s. Thus, reaction is reversible for oxidized

Only tips of the nanotubes
exposed. Electrochemical
oxidation carried out for some of
the samples

[201]
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Table 3.8 (continued)

Electrode type Cycling speed (mV/s) Electrolyte and redox
probe

DEp (mV) Heterogeneous reaction constant (cm/s) Comments Reference

vapor deposition (CVD) CNT tips CNTs. No increase in the value of the formal
reaction constant as a function of cycling
speed

Catalyst metal: Fe No chemical information about
the metallic nanoparticle
remains. Nanotubes appear
mainly to be DWCNTs. No
information about nitrogen or
argon purging

Deposition method: Direct
growth on SiO2/Si wafer

SWNTs grown on Si wafers with
500 nm thermal SiO2 and
contacted by Ti leads

NA Aqueous 1.2 mM FcTMA+

solution
NA Formal reaction constant 4 ± 2 cm/s, which

is very high
A layer of SiOx and PMMA is
used as insulating layer, in which
windows are opened to
selectively expose the SWCNT
sidewalls

[202]

Catalyst metal: Fe, Mo, Al Sampled-current
voltammograms (current
sampled over 0.2 s after a delay
of 0.1 s per 10 mV step)

Deposition method: Direct
growth on SiO2/Si wafer

No chemical information about
the metal nanoparticle remains.
No nitrogen or argon purging

Commercial MWCNTs and nano
graphite (NG) particles. No
purification or acid treatment

100 mV/s 10 mmol/l [Fe(CN)6]3�/4�

in 0.05 mol/l PBS buffer
(pH 7.2)

From 500 mV
(pure
MWCNTs) to
around
190 mV (with
30 wt.% NG)

Formal rate constant from 1.7 � 10�5 cm/s
(pure MWCNT) to 1.7 � 10�3 cm/s.
Reaction is thus quasireversible with HET
values ranging from small to moderate

Commercial MWCNTs used
without any treatment, thus no
chemical information about the
metal nanoparticle remains. No
morphological information
about the used electrode. No
information about nitrogen or
argon purging

[203]

Catalyst metal: Unknown
Substrate: GC
Deposition method: Pipetting on

GC

SWCNT produced by laser
ablation, refluxed in 2.6 mol/l
HNO3 for 45 h and then
rinsed with 0.01 mmol/l
NaOH before drying to form a
SWCNT based paper

20 mV/s 5 mmol/l K3Fe(CN)6 in
0.1 mol/l KCl

95 mV
(SWCNT) and
170 mV
(MWCNT)

Not given in original paper, but simulations
with Digisim gives values of about
3.1 � 10�3 cm/s (SWCNT) and
8.50 � 10�4 cm/s (MWCNT). Reaction is
thus quasireversible with HET values from
low to moderate

No detailed structural or
chemical is given. For the CVs of
SWCNT and MWCNT the slopes
of anodic and cathodic peaks are
much steeper with SWCNT
electrodes than with MWCNTs
highlighting the differences in
kinetics also observed as
differences in DEp values. No
information about nitrogen or
argon purging

[204]

MWCNT grown by thermal CVD
on Si

Catalyst metal: unknown
(SWCNT) and Al/Fe

Electrode substrate: None
(SWCNT) and Si (MWCNT)

Deposition method: SWCNT and
MWCNT used as paper
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electrochemical properties of the CNTs. While the electrochemical properties of MWCNTs may be largely graphite like it is
very important to take into account morphological features when MWCNTs are utilized on top of other electrode materials.
In many cases the resulting morphology enables the formation of thin liquid layers on the electrode surface and if not
accounted for, it will lead to erroneous claims about electrocatalytic effects [205–207]. We will address some of these con-
cerns below.

With respect to the debate about sidewall vs. tip reactivity in SWCNTs it is interesting to compare the results from
[202,201], since in these investigations the geometry of the electrodes has been the best defined. An additional factor that
we will discuss also is that in the work carried out by [201] the CNTs were actually mainly DWCNTs. From results in [201] it
appears that the sidewalls of DWCNTs are much less reactive than the tips as shown by the simulated heterogeneous reac-
tion constants for the surface sensitive K3[Fe(CN)6] probe. The tip shows about one to two orders of magnitude higher reac-
tion constant. However, the heterogeneous reaction constant estimated for the SWCNT sidewalls in [202] is extremely high.
It is somewhat unfortunate that in [202] the nature of CNTs (semiconducting or metallic) have not been defined. As dis-
cussed in Section 2.2, computational results tend to indicate that especially with semiconducting SWCNTs the tips can be
expected to be more reactive than the sidewalls. Whether this is true also for the metallic SWCNTs is more unclear.

Sidewalls of the SWCNF are typically taken to represent basal planes of highly oriented pyrolytic graphite (HOPG) which
has been traditionally taken to be relatively inactive electrochemically [208]. This view has been challenged by the recent
experiments by Lai et al. [209], which have shown that freshly cleaved basal planes of HOPG show almost reversible elec-
trochemical response to Ru(NH3)6 redox probe. Slightly slower response was shown by the Fe(CN)6 redox probe. More
importantly the response showed deterioration as a function of time, most likely owing to adsorbing species on the surface.
This may explain the commonly held view about the inactive nature of the basal planes as even short exposing times may
lead to the loss of reactivity. One could argue that the electronic coupling between the basal plane and the redox probes is
not very strong to start with and even small amounts of impurities may push the electron transfer reaction from the adia-
batic to the non-adiabatic regime, where the low density of states around the Fermi level of the basal plane of HOPG starts to
play a decisive role, in a similar manner than carried out in purpose in [174]. This is an interesting aspect that can be best
attacked by combination of detailed experiments and in depth atomic scale simulations. Another issue of interest that could
be resolved by detailed simulations is the difference between metallic and semiconducting SWCNTs and that of SWCNTs and
DWCNTs electronic structures and their possible implications to the electron transfer reactions. For example, if one considers
the HET constants of sidewalls of DWCNTs in [200,201] they are approximately the same for the same redox probe thus giv-
ing some consistency between the two investigations, despite the fact that in [200] the DWCNTs are present as bundles
(fibers) whereas in [201] they are in the form of a ‘‘mat”. Thus we are in both cases considering population behavior and
not individual DWCNTs. Unfortunately, there is no definite information about the HET values for the same probe [Fe(CN)6]3-
�/4� with single or bundled SWCNTs, but the results from [198,199,202] imply that SWCNTs sidewalls might be very reactive.
The reason for this might be resolvable through detailed electronic structure calculations. As discussed in Section 2.2 elec-
trical properties of DWCNTs are heavily dependent on the tube types constituting the DWCNT structure. Semiconducting and
metallic tube pairs as well as semiconducting/metallic pairs will have different features.

While considering metallic nanoparticles there have been several papers pointing out that many of the electrocatalytic
effects associated with CNTs are in fact caused by these particles [210–213]. As it has been shown in the above mentioned
investigations as well as in our recent papers [58,214] it is extremely difficult to remove metallic catalyst remains from dif-
ferent carbon nanostructures such as CNTs or CNFs. Thus, the presence of metallic catalyst remains cannot be ignored in
most cases dealing with electrochemistry of CNTs. This significantly complicates the rationalization of the experimental
results.

Third aspect that has to be taken into account when ‘‘forest-type” CNT structures are utilized on top of other electrode
materials, is that this configuration may result into the formation of thin liquid layers and if wrongly interpreted, to false
claims about electrocatalysis. For example, in [207] we could show a clear thin film liquid layer effect on electrodes where
MWCNT forests where grown directly on top of diamond like carbon thin film substrates. We will return to this issue while
considering hybrid carbon nanomaterials as this effect can be also exploited on purpose in analytical applications.

To summarize, despite the large amount of research in the field of applied electrochemistry of CNT based materials it
appears that the fundamental questions related to the relationship between structure-surface chemistry and electrochemical
properties are still largely unresolved. There have been notable experimental steps towards the understanding of this rela-
tionship, such as [198,200–202], but fundamental understanding is still somewhat lacking. We argue that this kind of under-
standing is achievable only by combining detailed experimental efforts with in depth multilevel simulations, much like has
already been done (to some degree) with amorphous carbon. There have been simulation approaches in this field, notable
with hydrogen evolution reaction on nanotubes [150,151] as discussed in more detail in Section 2.2, as well as in the general
electrochemical theory level [215–219], but generally the field of computational electrochemistry is still in its infancy.

3.1.3. Carbon nanofibers (CNF)
As discussed in Section 2 carbon nanofibers (CNF) can be considered as a close relative to CNTs. While 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 style of
graphite structure, such as ‘‘bamboo-like/tubular” (where the fiber structure resembles something like a bamboo tree), her-
ringbone, platelet and ribbon types (see Fig. 3.4). These structures are ‘‘easy” to produce when the seed particle is floating,
alas not anchored directly on a surface. When CNF are produced they can, as the CNT, be selected to be grown from seed



Fig. 3.4. Schematic presentation of different morphologies that CNF may exhibit. SWCNT and MWCNT structures are also given as reference.
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material only, not anchoring them to any surface but rather collecting the produced bulk. Alternatively both CNT and CNF
can be grown from a seed layer deposited on top of a substrate on top of which the nanostructures are meant to be integrated
to. There are many limitations of what materials can be used as a substrate that are dependent on the production environ-
ment of the nanomaterial. However, there are also several possibilities to influence the end structure of the resulting fiber by
introducing functional material layers on the substrate as shown in [147,220]. In the following we will present a concise
review about the data available on the literature on the basic electrochemical properties of CNF.

3.1.3.1. Water window and double layer capacitance. Results of the potential window determination found from the literature
are shown in Table 3.9.

3.1.3.2. Heterogeneous electron transfer. Table 3.10 shows the literature data on the electron transfer kinetics with different
CNF electrodes.



ble 3.9
tential window and apparent double layer capacitance for different CNF electrodes.

Electrode type Cycling speed
(mV/s)

Electrolyte Potential window (V) Cdl mF/cm2 ments Reference

Carbon nanofibers on (i) GC or (ii)
embedded in solid paraffin
matrix

100 mV/s 0.1 mol/l HNO3 2.5 V (from �1 to 1.5 V vs. Ag/AgCl) Up to 60 F/g background current in 0.1 mol/l KCl is
ent for the CNF electrode as well as a
sireversible redox couple (O � 565 mV,
250 mV, both vs. Ag/AgCl) most likely
ciated with oxygen functional groups on
surface. The electrode is CNF on GC
trode

[221]

Catalyst metals: Fe:Ni:Cu (85:10:5) hemical information about the metallic
oparticle remains. No information about
CNF electrode morphology. Argon purged
tions

Electrode substrate: GC or CNF
embedded in paraffin wax

dc-PECVD growth of CNF on silicon
substrate

200 mV/s 0.1 mol/l KCl 2.6 V (KCl) (from �1.4 to 1.2 V vs. Ag/AgCl) NA fibers are encapsulated so that only the tip
posed. There is no information given about
likely presence of Ni catalyst particles at
fiber tips. Also no detailed morphological
rmation is given about the CNF. Air
rated solutions

[222]

Catalyst metal: Ni PBS 2.4 V (PBS) (from �1.2 to 1.2 V vs. Ag/AgCl)
Electrode substrate: Si/Ti/W/Ti Methanol 2 V (methanol) (from �0.8 to 1.2 V vs. Ag/

AgCl)
1 mol/l NaOH 2.6 V (NaOH) (from �1.6 to 1 V vs. Ag/AgCl)
1 mol/l H2SO4 2 V (H2SO4) (�0.6 to 1.4 V vs. Ag/AgCl)

CO/H2 mix in horizontal tube
furnace. Different types of CNF:

10 mV/s 0.5 mol/l H2SO4 No water electrolysis within �0.2–0.7 V (vs.
Ag/AgCl)

12.5 ± 1.2 F/
g (PCNF)

erent types of CNF mixed with Nafion and
osited on Au disk electrode. Potential
dow as such has not been determined, but
k CVs for determination of capacitances
carried out. In all CVs a redox couple of
sireversible nature is present (O � 464 mV,
160 mV both vs. Ag/AgCl). Again most
ably associated with oxygen
tionalities on the surface. No information
t nitrogen or argon purging

[223]

Platelet (PCNF) PCNF high background 23.4 ± 2.9 F/
g (HCNF)

Herringbone (HCNF) HCNF very high background 4.5 ± 0.6 F/g
(TCNF)Tubular (TCNF) TCNF relatively small background

Catalyst metal: Fe
Electrode substrate: Au

Four types of CNF: 50 mV/s 0.5 mol/l H2SO4 No water electrolysis between the utilized
potential window (from �0.2 V to +0.7 V vs.
Ag/AgCl)

38.9 F/g
(HCNF1)

ct of electrochemical oxidation on the
trochemistry of CNF was investigated. By
trochemical oxidation background current
eased significantly (especially with HCNF2)
a near reversible redox couple became
rly visible (O � 325 mV, R � 238 mV,
F1; O � 302 mV, R � 260 mV, HCNF2;
325 mV, R � 260 mV, HCNF3; O � 302 mV,
260 mV, TCNF: all vs. Ag/AgCl). Again this
x couple is contributed to oxygen
tionalities at the surface. No chemical
rmation about the metallic nanoparticle
ains. No information about nitrogen or
n purging

[224]

Herringbone 1 (HCNF1) 55.9 F/g
(HCNF2)

Herringbone 2 (HCNF2) 22.4 F/g
(HCNF 3)

Herringbone 3 (HCNF3) 19.3 F/g
(TCNF)Tubular (TCNF)

Processed in conventional
horizontal furnace

Catalyst metals:
Cu-Ni (HCNF1)
Ni-Fe (HCNF2)
Ni-Fe (HCNF3)
Ni-Fe (TCNF)
Electrode substrate: no information
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Table 3.9 (continued)

Electrode type Cycling speed
(mV/s)

Electrolyte Potential window (V) Cdl mF/cm2 Comments Reference

PECVD growth of CNF. Depending
on the growth temperature
either platelet type CNF (PCNF),
herringbone CNF (HCNF) or
tubular CNF (TCNF) was
obtained

100 mV/s 1 mol/l H2SO4 Water window with PCNF and TCNF about
1.6 V (�0.3 to 1.3 V vs. SCE). However,
whereas TCNF has relatively low background
current and featureless voltammogram, that
of PCNF has markedly higher background
current as well as a quasireversible redox
couple (O � 380 mV, R � 225 mV vs. Ag/AgCl)
associated with oxygen surface functional
groups

NA PCNF samples show higher electrochemical
activity than TCNF already in blank
measurements. Only in PCNF samples a clear
redox couple associated with surface oxygen
groups is visible. CVs slightly skewed pointing
towards some issues with IR-drop. No chemical
information about metal nanoparticle remains.
Morphology porous like membrane structure.
Nitrogen purged solutions

[225]

Catalyst metals: Ni
Electrode substrate: graphite paper

disk
Thermal growth in quartz furnace 100 mV/s PBS (pH = 7) �1.97 V (�1.22 to 0.75 V vs. Ag/AgCl) NA CNF produced by increasing the amount of

acetylene in the MWCNT process. Each CNF in
this study was composed of bundles of
defective MWCNT. No chemical information
about metal nanoparticle remains. No detailed
morphological information. In addition to the
quasireversible redox-couple most likely
associated with surface oxygen functionalities
there exists an unidentified reduction peak at
�940 mV). Nitrogen purged solutions

[226]
Catalyst metals: Co There are several peak like feature in the

blank voltammogram. At least one
quasireversible redox couple (O � 190 mV,
R � �250 mV, vs. Ag/AgCl)

Electrode substrate: Ta

CCVD growth of CNF 10 mV/s 0.5 mol/l HClO4 With all removal protocols generally
featureless CV between 0 and 0.6 V (vs. SCE)
in nitrogen purged solutions. Onset potential
for ORR most positive with electrochemically
purified CNF

NA In the paper different removal methods
(electrochemical, thermal and chemical) of
metallic NPs were investigated. Potential
window was not explicitly determined. By
using oxygen saturated solutions onset
potential for ORR was assessed for CNF
electrodes with different treatments.
Assessment of removal of metallic NPs was not
given by any spectroscopic methods, such as
XPS or XAS. Nitrogen purged solutions

[227]
Catalyst metal: Fe3O4

Electrode substrate: GC (CNF mixed
with Nafion)

Growth of CNF in tube furnace on
ceramic paper

NA Aqueous solution of pH
7

�1.4 V. (�0.6 to 0.8 V vs. SCE) NA Voltammogram is not given in the paper nor
the cycling speed used to determine the water
window. For measurements with carbon
nanofiber electrodes, a 7 mm disk of the carbon
nanofiber–ceramic fiber composite material
was attached to the glassy carbon electrode
with a Lycra membrane. Argon purged
solutions

[228]

Catalyst material: Fe2O3

Electrode substrate: GC
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Table 3.10
Heterogeneous electron transfer (HET) rate data for different CNF electrodes.

Electrode type Cycling
speed
(mV/s)

Electrolyte
and redox
probe

DEp (mV) Heterogeneous reaction
constant (cm/s)

Comments Reference

PECVD growth of CNF on Si
substrate with Cr
metallization. Fibers
encapsulated by
parylene C

5–1000
mV/s

2 mmol/l Fe
[CN6]3�/4�

in 1
mol/l KCl

�90 mV
(scan rate
5 mV/s
high
density)

Not given in original paper,
but simulations with Digisim
gives values of about
2.1 � 10�3 cm/s (high
density) and 1.0 � 10�3 cm/s
(low density), thus
representing quasireversible
kinetics with moderate HETs

Two types of vertically
aligned carbon nano fibers
(VACNFs) were utilized,
namely (i) high density and
(ii) low density. The
morphology of the fibers was
not investigate, however,
based on the previous
publication from the group
the CNF is likely to be of
bamboo (or tubular) type. No
information about the
presence of Ni catalyst
remains was presented. No
information about nitrogen
or argon purging

[229]

Catalyst metal: Ni �120 mV
(scan rate
5 mV/s
low
density)

dc-PECVD growth of CNF on
silicon substrate

200
mV/s

10 mmol/l
Ru(NH3)62+/3+

in air
saturated
0.1 mol/l
KCl.

NA Owing to the morphology of
the encapsulated fibers the
voltammograms exhibit
quasisteady state behavior.
Based on the slope of the
wave electrochemical
behavior approaches that of
reversible one with fibers
exposing higher area to the
measurement environment.
As the areas (exposed height)
becomes smaller response
becomes more
quasireversible

The fibers were encapsulated
so that only the tip is
exposed. There was no
information given about the
likely presence of Ni catalyst
particles at the fiber tips. Also
no detailed morphological
information was given about
the CNF. Air saturated
solutions

[222]

Catalyst metal: Ni
Electrode substrate:

Si/Ti/W/Ti

Carbon nanofibers on (i) GC
or (ii) embedded in solid
paraffin matrix

10 mV/s 1 mmol/l
Ru(NH3)63+/2+

in 0.1
mol/l KCl

�325 mV Not given in original paper,
but simulations with Digisim
gives value of about
1.3 � 10�4 cm/s thus giving
quasireversible kinetics with
low HET

The electrode was CNF on GC
electrode. No chemical
information about the
metallic nanoparticle
remains. No information
about the CNF morphology.
Argon purged solutions

[221]

Catalyst metals: Fe:Ni:Cu
(85:10:5)

Electrode substrate: GC

Growth of CNF in tube
furnace on ceramic paper

1–5 mV/s 5 mmol/l
Ru(NH3)63+/2+

in 1 mol/l
KCl

�180 mV
(scan rate
5 mV/s)

Not given in original paper,
but simulations by Digisim
gives value of about
3.8 � 10�4 cm/s thus giving
quasireversible kinetics with
relatively low HET

No structural or chemical
information about CNF.
Argon purged solutions

[228]

Catalyst material: Fe2O3

Electrode substrate: GC

PECVD growth of CNF.
Fibers were then coated
with parylene C and
subsequently CNF tips
were exposed by reactive
ion etching with O2

plasma

20 mV/s 4.3 mmol/l
K4Fe(CN)6 in
1 mol/l KCl

125 mV Not given in original paper,
but simulations by Digisim
gives value of about
1.8 � 10�3 cm/s thus giving
quasireversible kinetics with
moderate HET

The RIE released CNF were
etched with HNO3 to remove
the Ni catalysts. Complete
removal was stated, however
no chemical information was
given to back up this
statement. No structural
information about the
resulting CNF tip structures
was given. No information
about nitrogen or argon
purging

[230]

Catalyst metal: Ni
Electrode substrate:Si (100)
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Based on the information presented in Tables 3.9 and 3.10 it is evident that the basic electrochemical data on CNF struc-
tures is both scarce and scattered. In this respect the CNF resembles the CNTs where somewhat similar situation exists. How-
ever, owing to the larger feature size of the CNF and the fact that their overall morphology on the electrode is less complex
(typically more or less well-oriented) there are several trends that can be observed from the tables. First and foremost is the
role of morphology of the individual fibers. Especially in the case of apparent double layer capacitances it is quite evident
that more ‘‘open” is the structure e.g. more edge type sites, the higher is the capacitance. Thus, for example in [223–225]
the capacitance is seen to follow the trend where either platelet-like (PCNF) or herringbone (HCNF) have the highest values
whereas capacitance of tubular (TCNC) (or bamboo (BCNF)) is significantly smaller. For the electron transfer kinetics the cor-
relation between the structure and the HET values is at the moment not known unambiguously. It stems from two sources
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which are: (i) to our knowledge there exists no direct comparison of HET values of CNF with different structures using the
same redox probe and (ii) the structural complexity of the CNF based structures induces significant difficulties for rational-
izing the root causes of the behavior. Both of these issues are discussed in more detail below.

3.1.3.3. Special features of electrochemistry of CNF. The above described behavior can be readily understood based on sche-
matic structures of different CNF as shown in Fig. 3.4. It can be seen that PCNF and HCNF type of fibers have significantly
more edge-type sites exposed to the environment than T/BCNF fibers, which are overall more ‘‘closed” structurally. As a con-
sequence the T/BCNF type of fibers have lower pseudocapacitances than PCNF or HCNF. The effect of the same structural fea-
tures on HET rates is somewhat more complex and most likely depends heavily on the type of redox probe, especially in the
case of inner sphere redox probes. Unfortunately there are very few investigations where the effect of CNF structure on the
HET rate has been investigated. We are aware of only our own (unpublished) work where structural and electrochemical
characteristics of BCNF type of structure was compared with those of PCNF structure. The corresponding TEM micrographs,
CVs for Fe(CN)6 and XAS analyses results are shown in Figs. 3.5–3.9 and in Table 3.11. It is interesting to note that the initially
clearly different morphologies of the BCNF and PCNF become more similar when HNO3 treatment is utilized. In fact the PCNF
becomes more like the BCNF whereas in the BCNF there are hardly any changes, most likely owing to its more closed struc-
ture to start with. It is important to note that in both cases the Ni particles remain in the structure, but they become heavily
Fig. 3.5. Conventional CNF on silicon substrate with nickel catalyst and chromium underlayer showing clear bamboo-like structure along with the uneven
chromium-carbon-layer on the silicon-fiber interface [147].

Fig. 3.6. CNFs grown on ta-C showing smooth sidewalls and no evidence of bamboo-like structure [147].



Fig. 3.7. TEM micrographs taken from the as-grown samples. (a) bamboo-like tip, (b) bamboo-like overview, (c) bamboo-like root, (d) DLC grown tip, (e)
DLC grown overview and (f) DLC grown root. Notice the scale difference in the tips (5 nm for bamboo-like and 10 nm for the DLC grown) [58].
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oxidized. Another interesting point is that in addition to the structural features also the chemical nature of the CNF become
more alike. Marked changes in the amount ofACOOH groups can be noted so that there is a decrease of these groups in PCNF
and increase in BCNF structures. Similar convergence behavior can be seen with CV measurements with Fe(CN)6 where the
initial small differences level out after the HNO3 treatment (Fig. 3.9). The somewhat smaller than ideal values for the peak
separation indicate that, especially in untreated BCNF structures, the redox reactions are not entirely diffusion controlled,
but there is some contribution from other mechanisms as well. It is possible that there is slight change in the mass transfer
regime owing to the entrapment of small amounts liquid inside the CNF forest. However, the peaks in the CV are not par-
ticularly sharp and the diffusive tail is evident in all cases, so the possible contribution from thin liquid layer formation
can only be a minor one. Another possibility is that there is enhanced adsorption behavior of the redox probe.



Fig. 3.8. TEM micrographs taken from the HNO3 treated samples (a) bamboo-like tip high-magnification, (b) bamboo-like tip, lower magnification, (c) root
of the bamboo-like fiber, (d) DLC grown tip high-magnification, (e) DLC grown lower magnification, (f) root of the DLC grown fiber. Notice the scale
differences in the lower-magnification micrographs (10 nm for bamboo-like and 20 nm for the DLC grown). Red arrows are added to the micrographs to
point out significant differences observed between the untreated and treated samples. There are also white lines added to the micrographs to guide the
readers eye to see where the graphite planes are and how their alignments are [58].
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As discussed above the treatment of CNF with strong acids (concentrated HNO3 typically) is a typical procedure to ‘‘re-
move” the catalyst particles and to activate the material. However, as shown by our recent results [58] the catalyst particles
are not completely removed and the changes in the morphology and surface chemistry of the CNF are not always beneficial
(Figs. 3.5–3.9). For example, as discussed above, the T/BCNF and PCNF structures appeared to converge both structurally and
chemically as they were treated with concentrated nitric acid. Thus, the need and benefits of acid treatments clearly depend
on the starting structure of the CNF.



Fig. 3.9. Cyclic voltammograms for the two types of CNF structures (a) before and (b) after HNO3 treatment.

Table 3.11
Average peak intensities (section (a)) and relative peak intensities (section (b)) from the fitting results of XAS C1s spectra, collected from three different
locations from the samples surface. The most significant differences between the samples and changes after the HNO3 treatment are outlined in the table [58].
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If one compares the reported electron transfer rates of CNF to those of CNTs it can be stated that with CNF there exists no
data reporting exceptionally high HET rates in contrast to some results reported with SWCNTs [198,199,202]. The reported
HET values are typically in the quasireversible region with moderate rate constants. This is not necessarily a drawback as
typically electrochemical reactions of the analyte molecules of interest proceed via inner sphere route and there is no known
direct correlation between HET and the electrode performance towards inner sphere redox systems, as discussed in Sec-
tion 3.2.1. On the other hand, formation of ordered forest-like structures is easier with CNF than with CNTs because of
the larger ‘‘feature” size and more ‘‘robust” structure of CNF. This may be beneficial especially in the case of enzymatic sens-
ing where the vertical forest-like structure of CNF will enable high enzyme loading and activity.

As a final statement we would like to point out that also with CNF structures there is a lot of room for advanced simu-
lations. However, owing to the large size of the CNF structures different strategies must be envisaged to have an acceptable
model as discussed in Section 2.2. For example, in Density Functional Theory (DFT) simulations of the carbon nanofibre the
minimal model that reproduces the electronic properties of a carbon nanofibre of hundreds of nanometers long must be
determined in order to avoid excess computational costs. As said, a carbon nanofibre is a cylindric nanostructure with gra-
phene layers arranged as stacked cones. From our previous amorphous carbon study [109] we know that surface reconstruc-
tion determines the frontier orbitals and consequently the reactivity of amorphous carbon material. It can be hypothesized
that the surface reconstruction will have the same importance also here, especially after HNO3 treatment as shown in [58].
Then to go beyond this model and test the convergence of electronic properties with increasing size we need to simulate the
three-dimensional organization of the stacked graphene layers. In the most convenient approximations of DFT this can only
be achieved by including the missing dispersion interactions with the use of different van der Waals functionals.

Once a good model for the edges of the material is reached, simulations would concentrate on describing the final active
surface (after functionalization) at different oxygen concentrations with the use of ab initio thermodynamics. The final struc-
tures would be tested by comparing them with experimentally determined properties like surface carbon sp2/sp3 ratio, sur-
face oxygen concentration and so forth. With a good model for the reactive electrode at hand, it would be possible to proceed
to study how the electrode and different molecules can interact in aqueous environment. We would need to study, which are
the most active sites, the strength of the bonding, dynamics of the various processes, and finally which characteristics of the
carbon nanofibre can be modified to increase the interaction. These issues would be studied using global optimization algo-
rithms, combined with mixing classical/quantum strategies to increase computational efficiency. At the same time, it is
mandatory to monitor how the electronic levels of biomolecule of interest in water are aligned with respect to the carbon
nanofibre and minimize the energy difference between the donor level of the molecule and the acceptor level of the elec-
trode. It is to be noted that for inner-sphere reaction the orbital alignment will also depend on adsorption.

To summarize we can state that there is still a lack of knowledge of the fundamental electrochemical properties of various
CNF structures. Especially the connection between the fiber morphology and the interactions with OSR redox probes is miss-
ing. Likewise our understanding of the role of CNF surface chemistry in interactions with inner sphere redox (ISR) couples is
only in its infancy. We conclude by stating that only by combining in depth multilevel simulations with a few key experi-
ments it is possible to achieve a much deeper understanding about the electrochemical properties of the CNF structures. This
assumption is backed by our experiences about the use of similar approach with DLC thin film electrodes. When a fundamen-
tal understanding is gained it becomes possible to design various treatment protocols for the CNF structures in order to opti-
mize their electrochemical performance towards desired target molecules.

3.1.4. Reduced graphene oxide (RGO)
Partially reduced graphene oxide is a very interesting electrode material as it can be produced in a way that is much less

metal containing than the common CNT or CNF structures and at the same time it has nearly as good sensitivity and selec-
tivity towards many redox probes. The electrochemical behavior of reduced graphene oxide depends on the amount of
defects and oxygen functional groups remained after the reduction process. The amount and distribution of defects and oxy-
gen functional groups depends both on the oxidation and reduction method. For example Hummers method of oxidation
produces higher amount of carbonyl and carboxylic groups than Staudenmaier method because of different oxidizing mix-
tures as shown in Fig. 3.10 [66]. This is why graphene oxide should be prepared by the same method when comparing dif-
ferent reduction methods, as discussed later on. In what follows we will again present a concise review about the data on the
basic electrochemical properties of reduced graphene oxide.

3.1.4.1. Water window and double layer capacitance. Results of the potential window determination found from the literature
are shown in Table 3.12.

3.1.4.2. Heterogeneous electron transfer. Table 3.13 shows the literature data on the electron transfer kinetics with different
RGO electrodes.

It is interesting to note that all the water window and apparent double layer capacitance determinations that we have
encountered in the literature have been performed with materials oxidized by the modified Hummer’s (HU) method. On
the other hand, when one considers the results about the HET determination the major part of the investigations have used
GO produced by Staudemaier’s (ST) method. This highlights the problem of finding a consistent set of experimental results
from the literature. The reduction method used is also very important when results are considered as the C/O ratio is widely
different with various reduction methods, thermal reduction typically leads to highest C/O ratios whereas with chemical and



Fig. 3.10. Cyclic voltammograms showing reduction cycles for various GO materials fabricated with different methods [234].
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electrochemical methods C/O ratios are much smaller. As demonstrated in Fig. 3.10 ample differences during and after the
electrochemical reduction can be seen while comparing GO’s fabricated by different processes. Thus, same reduction method
(electrochemical) used for different starting materials (GO) gives markedly different results. From Fig. 3.10 one can note that
GO-ST and GO-HO (Hofmann method) CVs look more or less the same whereas GO-HU and GO-TO (Tour method) although
very similar to each other are completely different from those of GO-ST and GO-HO. It can be seen that for example in GO-HU
and GO-TO materials the oxygen functional groups are very hard to remove. When one considers the typically reported
reduction potentials for different functional groups: peroxides, �0.7 V, aldehydes, �1.0 V, epoxides �1.5 V and carboxyl’s
�2.0 V (all against Ag/AgCl) [234] it appears that the GO-HU and GO-TO are originally relatively rich on ACOOH function-
alities and GO-ST and GO-HO of aldehydes and epoxides. Whereas in the case of GO-ST and GO-HO the reduction of these
groups is quite extensive, in GO-HU and GO-TO electrode surface maintains oxygen functionalities, although they are chan-
ged from carboxylic groups to quite likely peroxides. It is also interesting to note that in the anodic end both GO-HU and GO-
TU show two peaks at (about) the same potential values. Thus, it is likely that differences will be seen also in the electro-
chemical behavior towards different analytes. This is evident for example, from the studies reported in [234,235] where
the HET rates are widely different for differently reduced materials when the surface sensitive Fe(CN)64�/3� is used. However,
when Ru(NH3)63+/2+ was used as the probe in [235] for the same materials there was essentially no difference in HET rates,
thus reflecting that the electrical properties of the differently reduced materials are in the end practically the same. Thus the
sometimes stated smaller electrical conductivity of thermally reduced GO in comparison to that of electrochemically
reduced GO is not shown here. If one considers the results for water window of [90,233] where the oxidization method
has been the same, but the other has been chemically reduced and the other one electrochemically reduced it is interesting
to note that chemically reduced GO has about 1 V wider water window in PBS than the electrochemically reduced one.
Although there is about 2 pH units difference of the PBS media it should not give 1 V difference alone. Another interesting
issues is the HET values obtained in [233] and in [234]. In the former the HET values decrease as the number of RGO layers
increases during electrodeposition. After about 12–18 cycles the same HET value for Fe(CN)64�/3� than that given in [234] is
reached. This indicates that only after certain number of cycles complete coverage of the GC surface by RGO is achieved and
before that the kinetics is either that of GC or a mixture of GC + RGO. This is a feature that must be considered while con-
sidering results found from the literature.

3.1.4.3. Special features of electrochemistry of RGO. We have also carried out a detailed electrochemical characterization of
partially reduced graphene oxide. The GO used in the investigations was produced by the modified Hummer’s method



Table 3.12
Potential window and apparent double layer capacitance for different RGO electrodes.

Electrode type Cycling
speed
(mV/s)

Electrolyte Potential window (V) Cdl mF/cm2 Comments Reference

GO synthesized from
graphite by modified
Hummer’s method

50
mV/s

0.1 mol/l PBS
(pH = 7)

�3.5 V (�1.5 to 2 V vs. Ag/AgCl) NA CR-GO drop casted on GC as a layer with thickness of
�100 nm. O/C after chemical reduction about 8.5%.
Potential window stated to be 2.5 V but based on Fig. 3 in
the original publication 3.5 V appears to be the correct
value. Nitrogen purged solutions

[90]

Reducing agent:
hydrazine

Electrode base material:
GC

GO synthesized from
graphite by modified
Hummer’s method

1–100
mV/s

1 mol/l H2SO4 Not given, but cycling between �0.2 and 0.8 V (vs. SCE)
gives high background current and clear quinone type of
redox couple around 0.3–0.4 V (vs. SCE)

110–130 F/g Electrode material was a paste composed of CR-GO,
acetylene black and polyvinylidene difluoride with
weighted ratio of 7:21. No information about nitrogen or
argon purging. However, the whole cell placed inside Ar-
glove box

[231]

Reducing agent:
hydrobromic acid

Electrode substrate: Ti
GO synthesized from

natural graphite
powder by modified
method of Hummer
and Offemann

100
mV/s

1 mol/l KOH Potential window is not given in the original paper.
Cycling in KOH between 0 and 0.5 V (vs. Ag/AgCl) gives
featureless background. Capacitive background current of
graphene modified GC is much higher than that of GC

3730 Reduced graphene oxide was dispersed by sonication in
DMF (1 mL) solution and then casting GC into the
solution. Graphene film thickness on GC is not
determined. Some XPS data is given indicating that most
of the epoxide and hydroxyl functional groups were
removed by the reduction treatment. Argon purged
solutions

[232]

Reducing agent:
Hydrazine

Electrode substrate: GC
GO synthesized from

natural flake graphite
by Hummer’s method

10
mV/s

PBS (pH = 9.18) �2.2 V (from �1.5 to 0.7 V vs. SCE) NA No chemical information about the rGO. Water window
in PBS highly skewed indicating possible problems with
IR drop. This also makes evaluation of pseudocapacitance
from the CV unpractical. One quasireversible redox
couple clearly seen within the window likely to be
associated with oxygen functional groups on the surface.
Nitrogen purged solutions

[233]

Electrochemical
reduction in PBS
(pH = 9.18)

Electrode substrate: GC
GO synthesized from

graphite by modified
Hummer’s method

NA 1 mmol/l [Ru
(NH3)6]Cl3 in
0.2 mol/l PB
(pH = 3)
solution

NA 8.11 Electrode was fabricated by electrochemical reduction
(fifteen cycles between 0 and �1.4 V (vs. Ag/AgCl) of self-
assembled GO on GC. Electrochemical reduction increases
the C/O ratio from 1.18 to 4.2. No information about
nitrogen or argon purging

[83]

Electrochemical
reduction in PBS
(pH = 7)

Electrode substrate: GC
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Table 3.13
Heterogeneous electron transfer (HET) rate data for different RGO electrodes.

Electrode type Cycling speed
(mV/s)

Electrolyte
and redox
probe

DEp (mV) Heterogeneous reaction constant (cm/s) Comments Reference

GO fabricated by
Staudenmaier
method

100 mV/s 10 mmol/l Fe
(CN)64�/3� in
0.1 mol/l KCl

101 mV (TR-GO) 0.005 cm/s (TR-GO) Different reduction methods: thermal TR-GO,
electrochemical ER-GO and chemical CR-GO.
Reaction constants were determined by
Nicholson’s method in the original paper.
Simulations with Digisim give approximately
consistent results. XPS wide spectra indicates C/
O ratios of 23.3 for TR-GO, 5.1 for ER-GO and 2.9
for CR-GO. No high resolution spectra is given to
assess the nature of the functional groups and
their relative fractions at the surfaces. No
information about nitrogen or argon purging

[234]

Thermal reduction at
1050 �C

133 mV (ER-GO) 2.8 � 10�3 cm/s (ER-GO)

Electrochemical
reduction at
�1.2 V (vs. Ag/
AgCl) for 900 s in
PBS (pH = 7.2)

276 mV (CR-GO) 3.9 � 10�4 cm/s (CR-GO). Thus, TR-GO has both
the highest HET rate as well as C/O ratio. The
latter is about 5-fold higher than that of ER-GO.
However, the difference in HET rates is only
about two fold

Reducing agent:
NaBH4

Electrode substrate:
GC

GO fabricated by
Staudenmaier
method

100 mV/s 10 mmol/l Ru
(NH3)63+/2+ and
Fe(CN)64�/3� in
0.1 mol/l KCl

�200 mV (Ru(NH3)63+/2+)
and no change as a
function of C/O ratio

Not given in original paper, but simulations by
Digisim gives values of 1.5 � 10�3 cm/s
(Ru(NH3)63+/2+) and from 5 � 10�4 to
8.0 � 10�5 cm/s (Fe(CN)64�/3�), thus giving
quasireversible kinetics with HETs from low to
moderate depending on the probe

Different amounts of reducing agent was added
to the GO to obtain CR-GO samples with
different C/O ratios of 2, 2.6, 3.5, 4.8, and 9.5. As
a function of increasing amount of reductant
more oxygen functional groups were reduced
and with highest amount of NaBH4 especially
C@O groups were practically absent. Also the
number of OAH, CAOH and CAOAC groups was
drastically reduced by the increasing amount of
reducing agent. The degree of reduction was
also reflected in the decrease of resistance as the
amount of NaBH4 (degree of reduction) was
increased. No information about nitrogen or
argon purging

[235]

Reducing agent:
NaBH4

From �550 mV to
�300 mV as C/O changes
from 2 to 4.8 and then to
�400 mV with C/O ratio of
9.5 (Fe(CN)64�/3�)

Electrode substrate:
GC

GO synthesized from
natural flake
graphite by
Hummer’s method

50 mV/s 5 mmol/l of
K3Fe(CN)6 in
0.1 mol/l KCl

70 mV (3 cycles), 87 mV (9
cycles), 122 mV (12
cycles) and 125 mV (18
cycles)

Not given in original paper, but simulations by
Digisim gives values ranging from 0.031 cm/s to
2.8 � 10�3 cm/s, thus giving kinetics ranging
from quasireversible with moderate HET to
almost reversible

No chemical information about the rGO.
Electrochemical reduction of GO and its impact
on the electrochemical response of GC was
studied as a function of number of cycles used to
deposit the ER-GO on GC (3, 9, 12 and 18 cycles).
Nitrogen purged solutions

[233]

Electrochemical
reduction in PBS
(pH = 9.18)

Electrode substrate:
GC

GO fabricated by
modified
Staudenmaier
method

50 mV/s 50 mmol/l Fe
(CN)64�/3� in
0.5 mol/l KNO3

From 148 mV to 192 mV
depending on the number
of acid treatment (1 or 3)
during production of GO

Not given in original paper, but simulations by
Digisim gives values ranging from
1.8 � 10�3 cm/s to 1.1 � 10�3 cm/s, thus giving
quasireversible kinetics with moderate HET
constant

No structural or chemical characterization of the
electrode material thus C/O ratios and types of
functional groups at the surface are unknown.
Also the EIS measurements and the CV
measurements in the paper give conflicting
results as CV measurements attributes the
slowest kinetics for Fe(CN)64�/3� to GC reference,
whereas Rct values calculated from EIS
measurements are smallest to GC with the same
probe. No information about nitrogen or argon
purging

[236]

Reducing agent:
NaBH4

Electrode substrate:
GC
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Table 3.13 (continued)

Electrode type Cycling speed
(mV/s)

Electrolyte
and redox
probe

DEp (mV) Heterogeneous reaction constant (cm/s) Comments Reference

GO synthesized from
natural graphite
powder by
modified method
of Hummer and
Offemann

100 mV/s 1 mmol/l (Ru
(NH3)63+/2+)
and 1 mmol/l
Fe(CN)64�/3� in
1 mol/l KCl

68 mV (Ru(NH3)63+/2+) and
78 mV (Fe(CN)64�/3�)

Not given in original paper, but simulations by
Digisim gives values of 0.032 cm/s (Ru(NH3)63+/
2+) and 0.0125 cm/s (Fe(CN)64�/3�), giving thus
almost reversible or quasireversible kinetics
with high HET rates depending on the probe

Reduced graphene oxide was dispersed by
sonication in DMF (1 mL) solution and then
casting GC into the solution. Graphene film
thickness on GC is not determined. Some XPS
data is given indicating that most of the epoxide
and hydroxyl functional groups were removed
by the reduction treatment. Argon purged
solutions

[232]

Reducing agent:
Hydrazine

Electrode substrate:
GC
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and the reduction of the GO was carried out with ammonia. The electrochemical properties of the fabricated electrodes were
characterized by utilizing different types of outer and inner sphere redox probes. The peak current ratios, peak potential sep-
arations and apparent heterogeneous electron transfer rate constants for the redox probes used are shown in Table 3.14. Rate
constants were calculated by utilizing the method of Nicholson [237]. It should be noted that in addition to some other
weaknesses of the method (see below) the approach may give more erroneous results for HET values determined by utilizing
FcMeOH and especially Fe(CN)64�/3�, as these redox probes are known to experience some specific interactions with carbon
based electrode materials. This is owing to the fact that the method in [237] does not account for adsorption or other com-
plications in the electron transfer process. Diffusion coefficient of 5.47 � 10�6 [238], 2.17 � 10�5 [239] and 7.17 � 10�6 cm2/s
[239] were used for Ru(NH3)63+, FcMeOH+/0 and Fe(CN)64�/3�, respectively. We found that the RGO electrodes showed slightly
slower electron transfer kinetics compared to the plain DLC electrode with the outer sphere systems FcMeOH and Ru(NH3)6.
The DEp value of the RGO electrode increased slightly after HNO3 treatment when probed with Ru(NH3)6 whereas the same
treatment induced a slight improvement when FcMeOH was used. However, as the differences between treated and non-
treated electrodes were only slightly larger than the standard deviation between the three measured electrodes of each type,
it is likely that the observed differences were caused by electrode to electrode variations. It should be noted that when the
system becomes more reversible the Nicholson method becomes very sensitive to small changes in DEp and thus to errors in
the determined peak potentials [237]. When the DEp value decreases from 60 mV to 70 mV the rate constant calculated by
the Nicholson method (Ru(NH3)6, scan rate of 100 mV/s) increases from 0.019 to 0.184.

With the known surface sensitive Fe(CN)6 probe the nitric acid treatment of the PRGO electrode, however, resulted in an
improvement compared to the non-treated PRGO electrode. One plain DLC electrode was also measured to act as a reference.
The peak potential separation DEp of the HNO3 treated PRGO electrode was 120.9 mV, whereas values of 131 and 156.7 mV
were obtained for the plain DLC and untreated PRGO electrodes, respectively, indicating faster kinetics for the HNO3 treated
electrode. This redox probe has been proposed to be affected by edge plane/defect sites in graphitic materials [241]. In addi-
tion, Compton’s [242] group has shown that the heterogeneous rate constant at the surface of pyrolytic graphite basal and
edge planes is affected by the degree of oxidation. The DEp obtained in this work was close to that of an oxidized edge plane
in [242]. Further, the HET values for Fe(CN)64�/3� were very close to those reported in [234,233].

The electron transfer properties were further characterized in 5 mM Ru(NH3)6 utilizing EIS (Fig. 3.11). The increase in DEp
values observed in the cyclic voltammograms were consistent with the observed increase in charge transfer resistance Rct.
Modification of the PRGO resulted in an increase in the Rct from 10X for the plain DLC electrode to 171X for the modified
PRGO electrode. The double layer capacitance, however decreased from 10.37 mF/cm2 to 2.17 mF/cm2 as a result of the PRGO
functionalization. Casero et al. [243] obtained a capacitance of 3.21 mF/cm2 for a GO modified CG electrode. They also
observed a higher Rct value for GO than for RGO with Fe(CN)6 probe. The above discussed results show that the chemical
treatments with HNO3 have highest effect when probed with surface sensitive ferrocyanide redox couple whereas with
Ru(NH3)6 and FcMeOH the effects are much smaller, highlighting the fact that the intrinsic electronic properties of the
RGO are not severely affected by different surface treatments. However, if one considers the values of HETs for the outer
sphere probes all values were smaller on the DLC + PRGO electrodes than on plain DLC. This could be caused by the increase
in the resistance for the electron transport through the electrode structure when PRGO was deposited on top of DLC in a
Table 3.14
Electrochemical characteristics of partially reduced graphene oxide [240].

Parameter DLC DLC + PRGO DLC + PRGO HNO3

CV – 1 mM Fe(CN)6
DEp (mV) 131 156.7 ± 16.8 120.9 ± 19.4
Ipa/Ipc 1.12 1.01 ± 0.09 0.94 ± 0.01
(Ipa (mA cm�2)) (72) (150.1 ± 6.7) (195.5 ± 2.9)
k� (cm/s)a 0.003 0.002 0.003

CV – 1 mM FcMeOH
DEp (mV) 59.1 ± 0.9 74.7 ± 3.0 72.7 ± 1.0
Ipa/Ipc 1.048 ± 0.005 1.058 ± 0.004 1.080 ± 0.013
(Ipa (mA cm�2)) (214.8 ± 4.2) (227.3 ± 8.2) (230.8 ± 14.4)
k� (cm/s)a 0.402 0.036 0.034

CV – 1 mM Ru(NH3)6
DEp [mV] 57.1 ± 2.9 70.4 ± 2.6 mV 73.5 ± 2.7 mV
Ipa/Ipc 0.98 ± 0.01 0.80 ± 0.01 0.73 ± 0.03
(Ipa (mA cm�2)) (236.2 ± 4.6) (226.0 ± 9.2) (211.1 ± 7.0)
k� (cm/s)a 0.245 0.018 0.014

EIS – 5 mM Ru(NH3)6
Rs (X) 17.78 ± 3.69 – 17.25 ± 1.7
Rct (X) 10.06 ± 2.28 – 170.98 ± 19.50
Cdl 10.37 ± 7.04 – 2.17 ± 0.12
k� (cm/s)a 0.420 – 0.009 ± 0.001

a a = 0.5.



Fig. 3.11. Nyquist plots for plain DLC and HNO3 treated PRGO electrode from the EIS measurement in 5 mM Ru(NH3)6 in 1 M KCl [240].
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similar manner that was observed when we increased the thickness of DLC films in [127]. The reason why this effect is not
shown with Fe(CN)64�/3� may be that (i) ferrocyanide is surface sensitive and the rate determining step may not be a simple
one electron transfer and (ii) the values of HETs for Fe(CN)64�/3� on all surfaces are order of magnitude or more smaller than
those of the Ru(NH3)6 and FcMeOH. Thus, it may be that the electron transfer limits the overall current flow in the former
case whereas with the latter two cases we see the effect of electron transport owing to the more facile transfer step. This
issue however, requires further investigations. Again one could seek advice from the computational studies to resolve some
of the above discussed issues. However, as discussed in Section 2.2.4. there have been very few to no computational inves-
tigations of reduced graphene oxide, which stems from its highly complex structure, both chemically and physically. This
makes atomistic simulations of reduced graphene oxide impractical at least with current computational facilities and meth-
ods. Approaches based on investigating different functional groups on defect-free and defective graphene have been utilized
[153], but these studies are still quite far from the real RGO structure as used in electrochemistry, for instance.

To summarize we can state that: (i) electrochemical data on RGO is widely scattered and often conflicting, (ii) there is
clearly a lack of consistent data sets in the literature that would include complete structural, chemical and electrochemical
determination of a RGO material fabricated with a known protocol from a known starting material, (iii) as said there are
number of methods to produce GO and then reduce it to RGO, but there are no known consistent comparisons how the dif-
ferences between the protocols induce variation into the morphology and surface chemistry of the produced material and
how these then affect the fundamental electrochemical behavior of the end materials, (iv) in many occasions major part
of the electrochemical response of the RGO electrodes may in fact result from the underlying substrate (typically GC) on
which the RGO material has been deposited as evident for example in [232] and (v) there are a very few to no computational
studies regarding RGO, which stems from the inherent complexity of the material as discussed in Section 2.2.4.
3.1.5. Nanodiamonds (nD)
Nanodiamonds can also be used as a sensor material either as a compact electrode or deposited on top of other electrode

materials. One method of applying these for sensors is by coating an electrode surface by drop-casting or by spraying the
diamonds on the surface. In the case of amorphous carbon thin films nanodiamonds can also be applied to the carbon source
of the DLC deposition process, where the resulting film consists of amorphous carbon thin film with nanosize diamonds inte-
grated within the growing film [244]. Alternatively, the diamonds can also be used as a seed to grow carbon nanotubes or
fibers. Here we will concentrate only on the electrochemical characteristics of the nD’s themselves.
3.1.5.1. Water window and double layer capacitance. Results of the potential window determination found from the literature
are shown in Table 3.15.
3.1.5.2. Heterogeneous electron transfer. Table 3.16 shows the literature data on the electron transfer kinetics with different
nD electrodes.

Fundamental electrochemical characterizations of nanodiamonds are scarce and the results are widely scattered. Again
one of the main problems is the lack of detailed information about the physicochemical properties of the materials used. This
severely complicates the rationalization of the obtained results.

The reported water windows are generally wide (over 3 V in KCl) especially when vacuum annealed nD’s are utilized. This
most likely stems from the fact that the C/O ratio significantly increases as the treatment temperature is increased. Especially
the anodic end of the voltammogram is shifted towards higher potentials. The concurrent increase in sp2 fraction of the
materials appears not to significantly affect the water window, as was the case also with DLC thin films. Unfortunately, again



Table 3.15
Potential window and apparent double layer capacitances for different nD electrodes.

Electrode type Cycling speed
(mV/s)

Electrolyte Potential
window (V)

Cdl mF/cm2 Comments Reference

Polycrystals obtained by sintering nano- and
microdisperse diamonds (particle sizes 2–
20 nm nD and 200–250 mm mD)

2–100 mV/s 0.5 mol/l
H2SO4

�2.8 V (from
�1.3 to 1.5 vs.
Ag/AgCl)

NA Potential window is not shown. Based on the other CVs in the
paper IR-drop in the measurements might have been
substantial. Cycling speed during water window
determination not given. No information about nitrogen or
argon purging

[245]

Electrode substrate: None

Two types of electrodes: (i) Pt wire in pipette
where cavity was filled with nDs and (ii) nD
water based aliquots pipetted on GC

100 mV/s 0.1 mol KCl 2.0 V from (�0.6
to 1.4 V vs. Ag/
AgCl) (un-
annealed NDs)

NA nDs went through different annealing treatments at 550, 700,
850, 900 and 1100 �C. The effect of heat treatments can be
summarized so that as temperature increases sp2 fraction
increases along with the C/O ratio. Space charge capacitances
evaluated from Mott-Schottky plots and these are in the order
of a few microfarads. All others than nDs annealed at 900 �C or
higher showed capacitance behavior resembling that of p-type
semiconductor. nDs annealed at 900 �C or higher showed
constant capacitance values indicating higher surface
conductivities. No information about nitrogen or argon
purging

[246]

Electrode substrate: Pt wire and GC 2.6 V (from �0.6
to 2 V vs. Ag/
AgCl) (550 and
700 �C)
3.0 V (from �0.6
to 2.4 V vs. Ag/
AgCl) (800 �C)

Commercial detonation nD (DnD) particles
(d � 5 nm). Cleaned and heated in vacuum (T
not given). Pt wire inside glass with cavity
filled with DnDs used as electrode

100 mV/s 0.1 mol KCl �3.2 V (�1.2 to
2 V vs. SCE)

3.5–38 No chemical information about the nanodiamonds. EIS model
has two RC-circuits despite the fact that only one time
constant is evident from the Nyquist plots. The capacitance
value represents the electrolyte DnD interfacial capacitance
(with alpha value �0.9). The authors state that ‘‘The solutions
were purged by vacuum treatment prior to the
electrochemical measurement”

[247]

Electrode substrate: Pt wire

Commercial DnD powder (d � 5 nm) either un-
annealed or annealed at 425 �C. Either drop
coated DnD electrodes (dc) or DnD mineral oil
paste electrodes (p)

100 mV/s 0.1 mol/l
PBS
(pH = 7)

�1.6 V (�0.35 to
1.25 V vs. Ag/
AgCl)

NA Potential window given for DnD carbon paste electrode. Since
no area for the electrodes are given capacitance could not be
estimated from the CV. The nature of the DnDs in the paste
were not identified (eg. un-annealed or annealed). No nitrogen
or argon purging

[248]

Electrode substrate: Au wire (dc) and GC (p)
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Table 3.16
Heterogeneous electron transfer (HET) rate data for different nD electrodes.

Electrode type Cycling
speed (mV/s)

Electrolyte and redox probe DEp (mV) Heterogeneous reaction constant
(cm/s)

Comments Reference

Polycrystals obtained by
sintering nano- and
microdisperse diamonds
(particle sizes 2–20 nm nD
and 200–250 mm MD)

2–100 mV/s 0.01 mol Fe(CN)64�/3� in
1 mol/l KCl

218 mV centered around
0.27 V (vs. Ag/AgCl)

Not given in original paper, but
simulations by Digisim gives values
of 1.3 � 10�3 cm/s (Fe(CN)64�/3�) and
2.4 � 10�3 cm/s (for the unidentified
couple), thus giving quasireversible
electrode kinetics with moderate HET
values

Two peaks appear in the system
0.01 mol Fe(CN)64�/3� in 1 mol/l KCl.
Redox system around 0.27 V (vs. Ag/
AgCl) is the probe Fe(CN)64�/3�, but
the other one around 0.96 arises from
the nD’s themselves. The skewed
nature of the CV also indicates IR-
drop related problems, and thus the
evaluation of reaction constants is
somewhat uncertain. No information
about nitrogen or argon purging

[245]

Electrode substrate: None 145 mV centered around
0.96 V (vs. Ag/AgCl) both
with v = 100 mV/s

Two types of electrodes: (i) Pt
wire in pipette where cavity
was filled with nDs and (ii)
nD water based aliquots
pipetted on GC

20 mV/s 0.01 mol Fe(CN)64�/3� in
1 mol/l KCl

�133 mV (un-annealed),
�533 mV (for 550 �C) and
850 �C showed no peaks
and back to �133 mV with
T = 900 �C or higher

Not given in original paper, but
simulations by Digisim gives values
ranging from 1.4 � 10�3 cm/s to
2.2 � 10�5 cm/s, thus giving
quasireversible electrode kinetics
with HET values ranging from
moderate to relatively low

nDs went through different annealing
treatments at 550, 700, 850, 900 and
1100 �C. The effect of heat treatments
can be summarized so that as
temperature increases sp2 fraction
increases along with the C/O ratio.
Strong dependence of heterogeneous
reaction constant on annealing
temperature. First the reaction slows
down up to 850 �C until after 900 �C
the original reactivity os more or less
recovered. No information about
nitrogen or argon purging

[246]

Electrode substrate: Pt wire and
GC

Commercial detonation nD
(DnD) particles (d � 5 nm).
Cleaned and heated in
vacuum (T not given). Pt wire
inside glass with cavity filled
with DnDs used as electrode

100 mV/s 0.01 mol Fe(CN)64�/3� in
1 mol/l KCl

�178 mV Not given in original paper, but
simulations by Digisim gives value of
1.7 � 10�3 cm/s, thus giving
quasireversible electrode kinetics
with moderate HET value

No chemical information about the
nanodiamonds. At higher cycling
speeds (200 mV/s) the CVs are
‘‘falling ahead” indicating some IR-
drop related problems. The authors
state that ‘‘The solutions were purged
by vacuum treatment prior to the
electrochemical measurement”

[247]

Electrode substrate: Pt wire

nD powder deposited on glass
substrate resulting into 10–
20 mm thick layer. Solvent
ethanol and no binder used

NA Fe(CN)64�/3� and Ru(NH3)62+

in 0.2 M PBS (pH = 7)
NA Approximate value of 0.013 cm/s for

the heterogeneous rate constants for
both Fe(CN)64�/3� and Ru(NH3)62+

which is slightly higher than the
values obtained from CV studies
reported in this table. Nearly
reversible kinetics

Scanning electrochemical microscopy
(SECM) study of the nD film with Fe
(CN)6 and Ru(NH3)6. No information
about nitrogen or argon purging

[249]

Electrode substrate: Glass
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the chemical and structural information about the materials used are not at a very detailed level and comparison between
results, for example those of [246,247] is not easy even though both results have been produced by the same group.

Studies about the HET rates of nD’s suffer from the same problems as those of water window determination. However,
overall the results typically show HET rates in the quasireversible region when probed with Fe(CN)6 redox probe. As this
probe is surface sensitive it is a slight problem from the result rationalization point of view that in most cases the detailed
chemical information about the used materials is missing. It is also interesting to note that all the investigations about HET
rates with the exception of the work carried out by Holt et al. [249,250] have used the surface sensitive Fe(CN)6 as the probe.
This prevents to a large degree the similar analyses about the effect of different treatments on the electronic properties of the
nDs as was carried out above in the case of reduced graphene oxide electrodes. The results of Holt are interesting, not only
because they utilize a number of ‘‘true” OSR probes, but also because they report higher heterogeneous reaction constants
than other studies so far. In these studies some preliminary analysis of the possible features of electronic structure that may
help to understand the nD behavior have also been presented. However, the lack of any quantitative calculations prevent
comparison between experiments and theory. Nevertheless, these initial steps pave the road towards more sophisticated
simulation attempts as will be discussed later on.

3.1.5.3. Special features of nD electrochemistry. Electrochemical properties of nDs are seemingly affected by the (i) surface
chemistry of the nDs, (ii) morphology of the nD deposits, (iii) deposition method and (iv) time since the electrode has been
fabricated. The weight of the different factors appears to vary case by case as will be seen below. In order to assess at least
some of the factors listed above we carried out a detailed electrochemical, structural and chemical characterization of nan-
odiamond based electrodes where the nDs have been functionalized differently [251]. Figs. 3.12 and 3.13 show a few TEM
micrographs about the typical structure of our nD electrodes used, where on top of Si substrate a Ti adhesion layer (about
20 nm) is deposited by cathodic arc, followed by the DLC layer (7–8 nm), which is used as the electrode surface for the depos-
ited nanodiamonds. As can be seen the nD layer is relatively thick (�3 mm). The nD layer is homogeneous up to the surface
showing a mixture of nanocrystalline diamond cores and more disordered (amorphous-like) carbon between the crystallites.
Based on the micrographs it appears that there should be a conductive path for electrons through this relatively thick layer in
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Fig. 3.12. Cross-sectional TEM micrographs showing the structure of the nD film on top of DLC thin film.
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Fig. 3.13. Cross-sectional TEM micrograph showing the structure of the nD film in more detail.
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all cases owing to the marked amount of non-crystalline carbon between the nDs. Surface of the nD layer appears to be quite
rough and there are both crystalline and non-crystalline areas exposed to the environment, as shown by the high resolution
image (Fig. 3.13(c)). At the Si substrate side it can be noted that the originally deposited DLC layer between nD and Ti adhe-
sion layers is still intact with more or less is original thickness.

The electrochemical characteristics were studied with scanning electrochemical microscope (SECM) and CV and the
results obtained are discussed as follows. The approach curves obtained with SECM exhibited positive feedback in FcMeOH
(Fig. 3.14) on all surfaces. This was somewhat surprising considering the insulating nature of the diamond core of nDs and
was contrary to the results reported in [249]. However, the more complex outer layer structure, which consisted of both sp2

and sp3 hybridized carbon, explains the conductivity of the nD coating. As shown in Figs. 3.12 and 3.13 the complex outer
layer structure around the diamond cores provides the disordered amorphous-like conductive paths through the nD film.
Furthermore, the DLC surface (layer beneath the nD film) is always sp2 rich despite the amount of sp3 in the underlying bulk,
thus resulting into reasonable high surface density of states (DOS) [26]. This together with the small thickness of the DLC film
(7 nm) ensure that the electron transfer and transport rates through the DLC film is also feasible.

The apparent charge transfer rates j derived from the SECM approach curves demonstrated increased charge transfer for
nDandante with mixed NH2 and ACOOH surface (j = 1.8 ± 0.1) and nDH with hydrogen terminated surface (j = 1.9 ± 0.2) and
decreased charge transfer for nDamine with ANH2 terminated surface (j = 1.4 ± 0.1) and nDvox with ACOOH terminated sur-
face (j = 1.3 ± 0.1) compared to the uncoated DLC reference sample (j = 1.48 ± 0.02). The DLC sample demonstrated less
variance than those for the nD samples due to the more homogeneous and smooth nature of DLC surface. Cyclic voltammo-
grams confirmed the differences in electron transfer kinetics of the various nD functionalities. nDandante and nDhydrogen

showed almost reversible electrode kinetics (DEp 64 mV and 62 mV, respectively), whereas nDamine (DEp 404 mV) and nDvox

(DEp 303 mV) showed irreversible and quasireversible electrode kinetics, respectively (Fig. 3.14).
The FcMeOH redox reactions should not be largely affected by surface functionalities as FcMeOH is not highly surface sen-

sitive redox probe [177]. Therefore, the observed difference must mainly originate from the electronic properties of the nD
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Fig. 3.14. FcMeOH electrochemistry on nanodiamonds. The approach curves recorded in 1 mM FcMeOH with 10 mm Pt tip on (A) nDandante, (B) nDamine, (C)
nDvox, (D) nDH and (E) the reference DLC. (F) Cyclic voltammetry of 1 mM FcMeOH on different spray-coated nD functionalities [251].
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coatings. The functionalization may alter the structure of the outer carbon layers, e.g. sp2 and sp3 hybridization, and affect
the surface density of states. On the other hand, the difference may also be explainable by minor changes in packaging of the
coating that forms the film. As can be seen from the TEMmicrographs (Figs. 3.12 and 3.13) the electron transport through the
layer most likely occurs along the disordered amorphous-like carbon paths. If there is a looser packaging of the nDs in the
film and thus more open space, it will quite likely reduce the electron transport through the film. This in turn would be seen
as a decrease in HET rates for outer sphere probes in a similar manner than shown in [128] for DLC layers with different
thickness. However, it is by no means clear at the moment will and how the functionalization of the nDs affect the compact-
ness of the nD film formed on top of the DLC surface. Thus, further experimental investigations combined with detailed mul-
tilevel simulations are needed to resolve this issue.

The SECM images (Fig. 3.15) demonstrated a highly heterogeneous surface for all nD coatings. Notably, the approach
curves were recorded with a 10 mm tip averaging the area represented in Fig. 3.14, which was recorded with a 2 mm tip. Com-
paring the SECM images to the topography recorded by AFM it seemed possible that the electrochemical properties followed
the topographical features of the sample to a certain degree. However, nDandante and nDhydrogen represented current range
from negative (i/iinf < 1) to positive (i/iinf > 1) feedback, indicating true heterogeneity of the surfaces.



Fig. 3.15. Scanning electrochemical microscopy images recorded in feedback mode on nanodiamond surfaces using 2 mm Pt electrode [251].
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Oxygenated nDs were found to exhibit the greatest electrochemical activity, followed by undoped nD, whereas the hydro-
genated nD showed the lowest electrochemical activity towards Fe(CN)64�/3� and Ru(NH3)63+/2+ in an earlier research [248].
For Fe(CN)64�/3� this could be expected as it is surface sensitive redox couple [252]. Ru(NH3)63+/2+, instead is an outer sphere
redox couple and therefore this result seems to contradict our finding. Here the poor performance of nDvox was possibly
affected by the substrate. Both DLC and nDvox are negatively charged (zeta potential for DLC is �70 mV [253] and
�45 mV for nDvox at pH 7) which causes electrical repulsion. Indeed, we observed that both drop-casted and spray-
coated nDvox detached from the surfaces during cycling. Moreover, spray-coated nDamine demonstrated changes in electro-
chemical behavior over time. The zeta positive nDamine should interact strongly with the DLC surface and therefore it is not
obvious what happens to the coating during cycling. That this did not happen for drop-casted nDamine indicates the denat-
uration of the nitrogen surface functionalities during drop-casting. This may have affected the observed electrochemical
behavior to some extent.

We have also obtained recently interesting results about vacuum annealing treatment of nDs. DLC + nD samples prepa-
ration was carried out with a spraying technique. First carboxyl functionalized nanodiamond-water suspension (Carbodeon
uDiamond, Carbodeon) with concentration of 5 wt.% was diluted with ethanol to 0.05 wt.%. The deposition was done on top
of DLC samples with a painting gun. Pressured air (3.5 mbar) was used as a carrying gas. Spraying of nanodiamonds on DLC
surface was performed ten times from a distance of �10 cm. Heat treatment was carried out for two types of nDs, where one
of the samples was treated right after fabrication (nD-I) and the other one was treated after 6 weeks of shelf-time (nD-II). The
released gases during the vacuum treatment were monitored by using Transpector MPH100M (Inficon) residual gas analyzer
(RGA). Based on the results the evaporation of water, carbon monoxide and carbon dioxide were observed to evaporate from
the fresh sample below +600 �C. Removal of water from the nanodiamonds was seen below +100 �C, whereas evaporation of
CO and CO2 appeared at temperature range 400–550 �C (Fig. 3.16). Removal of CO and CO2 was most likely due to the decom-
position of the oxygen containing surface groups. With aged sample observed evaporation of H2O, CO and CO2 were signif-
icantly lower. However, the profile as a function of temperature was practically identical. Thus, the amount of functional
groups most likely decreased during the 6 weeks waiting period whereas the nature of the groups stayed more or less
the same. This brings in another variable – time – into the group of factors affecting the properties of nD electrodes. Based
on our preliminary results these changes during vacuum annealing also improved significantly the electrochemical proper-
ties of these nD coatings. One of the factors contributing to this is expected to be the increase in the amount of sp2 type of
carbon on the films, which would increase the electron transport through the film significantly. Also the LUMO position of
the nD surface might change as the sp2/sp3 varies, as discussed in Section 2.2. However, further studies are required to verify
these issues and this work is continued in our group at the moment.



Fig. 3.16. Partial pressure as function of temperature for two nD samples measured at time periods I and II, where removal of (a) H2O, (b) CO and CO2 is
shown.
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Simulations in the nD structures can be expected to play a significant role in the near future as the structural features of
nD’s are more ‘‘simulation friendly” than for example those of bigger structures like CNF. In fact, structural models for nD’s
have been reported earlier some of them basing also on detailed atomistic simulations [70,75,156,254]. The next step would
be to proceed to detailed electronic structure calculations, analysis of the bending of the energy bands when contacted with
different solvents and finally to proceed to model the electron transfer and interaction of various surface functional groups
with different biomolecules.

We can summarize this section by stating that: (i) Electrochemical data on the DnDs is scarce and the results are far from
consistent, (ii) which can be seen to have its origin in the poor characterization of the DnD materials used in the investiga-
tions. (iii) DnDs resemble RGO materials in that they also have a wide variety of purification protocols of which all affect the
chemical and structural properties of the end materials in different ways. There have been very few studies comparing dif-
ferently functionalized nanodiamonds to each other and the results from these studies [249,250] are not at all consistent. (iv)
Simulations can be expected to play a significant role in determining the fundamental properties of nanodiamonds as with
respect to their size (as individual particles) they are more simulation ‘‘friendly” than many of the other carbon nanoforms.
However as stated already above (v) it is by no means clear how the properties of individual functionalized nanodiamond
particles are reflected in the electrochemical behavior of electrodes consisting of billions of DnDs packed into a more or less
uniform film.
3.2. Sensor performance of various carbon allotropes

Unlike the case of fundamental electrochemical performance of different carbon nanostructures, the amount of literature
data about different individual carbon based nanostructures for sensor applications is extensive. There have been several
recent reviews about the sensor applications of different carbon nanomaterials [255–260] (all of these are from years
2015 or 2016) and therefore we will not cover the numerous sensor structures used and their performance in detection
of various different biomolecules. Instead, we will first discuss shortly about the connection between the basic electrochem-
ical characteristics and (bio)sensor performance, and then briefly introduce few of the target molecules that might be of
physiological importance and the required sensitivities and selectivity issues. We then proceed to observe (for selected ana-
lytes) whether these targets have been achieved. We also discuss briefly about the specific geometrical features of various
carbon nanomaterials that cannot be ignored when reported results are analyzed. After that we give a brief note on toxicity
issue associated with different type of carbon based nanomaterials. We then conclude this section by introducing a few
requirements for biosensors and check, based on the material presented in Section 3.1, if any of the widely used carbon allo-
tropes would meet these requirements.
3.2.1. Connections between basic electrochemical properties and (bio)sensor performance
Out of the properties discussed in Section 3.1.1 the most straightforward connections with sensor performance can be

identified to be the width of the potential window and magnitude of the double layer capacitance. As discussed already
in Section 3.1.1 the wide potential window enables an extended range of analytes to be measured, since the high currents
rising from decomposition of water are postponed to as high potential limits (anodic and cathodic) as possible. Likewise, the
small apparent double layer capacitance translates into a low background current, which then enables, owing to the high
signal to noise (S/N) ratio, the detection of smaller current peaks and thus probably smaller analyte concentrations. However,
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the connection between the HET rates determined by OSR probes and (bio)sensor performance is by no means straightfor-
ward. In outer sphere reactions the interaction between the electrode and the redox probe is typically relatively small and
the species in electrolyte stays solvated. Consequently, there is always at least some solvent between the redox probe and
the electrode preventing direct contact between the two. Thus, outer sphere redox reactions occur from a distance and from
a fixed position (redox probe is located in the outer Helmholtz plane). Further, during the course of reaction no bonds are
formed or broken, there is no adsorption or electrocatalysis meaning that surface interactions have (practically) no role. This
is clearly not the case with most of the analytes of interest for (bio)sensors, where the reactions are of inner sphere (ISR)
type. Thus it is by no means guaranteed that the rate determining step (RDS) in this kind of reaction would be the electron
transfer.

Experimental results for the OSR reactions typically follow reasonably closely the well-known Buttler-Volmer (B-V)
kinetics described by the corresponding B-V equation, establishing the relation between current density and overpotential
[175,261]. If the RDS in inner sphere electron transfer is an outer sphere electron transfer step, for instance, from an adsorbed
species on the electrode surface to the electrode, similar equation is likely to hold. In ion transfer reactions (ITR) the reactive
species penetrates the double layer (contrary to the case of OSR), experiences (at least partial) desolvation, adsorbs on the
electrode, thus interacting directly with the electrode surface and may undergo other future reaction steps, such as chemical
reaction, recombination and so forth. Therefore ITR/ISR reactions are highly sensitive to the state and nature of the electrode
surface. Despite these somewhat radical differences, many of the ion transfer reactions also obey Buttler-Volmer type of
equation. However, there are some important differences in the factors appearing in the B-V type of equation between
OSR and ITR/ISR reactions. For OSR reactions the transfer coefficients (aan and acat) are always close to ½ and they sum
up to unity (they are in fact often associated with the name symmetry factor and denoted by symbol b). They are also in
general independent of temperature. On the contrary, in ITR/ISR reactions the single electron transfer step is not necessary
the RDS. There may be other steps than simple electron transfer that constitute the RDS or there are electron transfer steps
before the RDS. In these cases the simple symmetry factor must be replaced by another more complex quantity, which
includes symmetry factor (kinetics), but contains also stoichiometric and rate determining step considerations. Thus, there
are no grounds to assume that a in these cases would be close to 0.5 or anodic and cathodic parts would add up to one. It
should also be noted that in the case of inner sphere reactions where adsorption plays a significant role, the close proximity
of the electrode and the redox probe enable much higher interaction strengths than in the OSR case and thus electrocatalysis
becomes possible. Excellent in depth discussion about different type of redox reactions can be found from [175]. As a sum-
mary, we can state that a wide water window and a small apparent double layer capacitance are in general beneficial from
the (bio)sensor application point of view, whereas high HET rates are not necessary and definitely not sufficient for an elec-
trode material to show feasible sensor performance. However, it should be pointed out that in many cases a small back-
ground current and a wide water window are associated with the inert nature of the electrode material and problems
regarding sensitivity and selectivity may be encountered if such a material is used alone. This issue is further discussed
in Section 4 when carbon based hybrid nanomaterials are introduced.

3.2.2. Biosensor performance
Table 3.17 lists some of the important target biomolecules that have been measured by utilizing various carbon nanos-

tructures. Physiological concentrations, function, possible electrochemical activity and assumed oxidation potential (in vivo)
are listed for each analyte. As can be seen from Table 3.17 sensitivity becomes a real issue with some of the analytes as the
targeted concentrations are in the lower nanomolar and even in picomolar range. In addition, when one takes a look at the
assumed oxidation potential of different analytes it becomes clear that severe challenges are met also in selectivity. Further,
although in many cases the target molecules are electrochemically active enabling direct oxidative/reductive detection,
there are many important analyte substances (such as glucose and glutamate) that typically require the use of enzymes
to produce electrochemically detectable target molecule via enzymatic reaction. Finally there are a few examples of analyte
molecules that do not yet have a feasible electrochemical detection technique. An important feature that has not been incor-
porated to the table is related to the often required fast temporal resolution. This is one of the main challenges for example in
the case of glutamate [262] excluding therefore the use of some techniques, such as differential pulse voltammetry (DPV). In
the following we will discuss about a few examples concerning published data on the detection of some of the target mole-
cules listed in Table 3.17.

3.2.2.1. Dopamine (DA), ascorbic acid (AA), uric acid (UA) and serotonin (5-HT). Dopamine is an important neurotransmitter,
which is involved in a variety of brain disorders such as schizophrenia and addictions as well as in Parkinson’s disease, where
the brain dopamine neurons are degenerating. Detection of DA is often complicated owing to the (i) small concentrations
that need to be measured, and (ii) by interfering elements present in the physiological media oxidizing at approximately
at the same potential range than DA on ‘‘conventional” electrode materials (Table 3.17). Notable examples of such elements
are ascorbic acid (AA), uric acid (UA) and serotonin (5-HT). Limit of detection (LOD) in the lower nanomolar range have been
reported for DA, especially by utilizing differential pulse voltammetry (DPV) techniques. For example LODs of a few nM or
less have been reported in [294–296]. However, in [294] Nafion coating was used to impose (possible) electrostatic attrac-
tion towards DA. This, combined with the relatively slow measurement protocol associated with DPV, most likely causes
(unintentional) pre-concentrating of the analyte on the electrode surface, quite like in stripping voltammetry. Thus, if this
is the case the low detection limit is by no means surprise. In [295,296] molecular imprinting technique was utilized. The



Table 3.17
Some important neurotransmitters, amino acids and neuropeptides, their functions, are they electrochemically active and if they are, their oxidation potential in vivo. Note, that the table describes given analytes
function in the brain. Many of these analytes can also be present in other locations of the body where their function is likely different than in the brain.

Concentration (in whole brain if not specified
differently)

Analyte Function Electrochemically
active [Y/N]

Approximate ox.
potential in vivo [mV]
(vs. Ag/AgCl)

Source

5–700 nM, 845 ± 66 ng/g, n = 5, postmortem rat Dopamine (DA) Brains ‘‘reward” system, motor control, executive functions Y 200 [263–265]
4–5784 pmol/g n = 1, postmortem human DOPAC Metabolite of DA Y 200 [265,266]
54–336 pmol/g, n = 1, postmortem human Norepinephrine Regulation of affective states, memory and learning,

endocrine and autonomic functions
Y 200 [266,267]

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

Epinephrine Plays role in the rewarding system, sensitivity towards
environmental stimuli and tonic regulation of the level of
arousal

Y 200 [265,268]

0.7 ± 0.15 lg/g, n = 56, corpus striatum, postmortem
rat

Homovanillic acid Catecholamine metabolite Y 500 [265,269]

12.25 ± 0.45 lg/g, postmortem rat Tyrosine
(derivatives)

Building block of trace amines and many catecholamines Y 700 [265,270–
272]

4 ± 4 ng/g, n = 5, postmortem rat L-DOPA Precursor for many catecholamines Y 400 [264,265]
2.26 ± 0.41 lg/g, n = 20, rat postmortem Tryptophan

(derivatives)
Building block of serotonin and melatonin Y 800 [265,273,274]

0.1–2.5 nmoles/g, n = 21–25, postmortem human Serotonin Regulation of appetite, sleep and mood, affects memory and
learning

Y 350 [265,275]

0.83 lg/g, n = 1, postmortem rat; 266 ± 22 ng/g n = 5
postmortem rat

5-
Hydroxyindoleacetic
acid

Metabolite of serotonin Y 350 [264,265,276]

32.8 ± 3.0 nmol/l, n = 1, 10 measurement locations,
in vivo microdialysis, cat

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

Y, Y* 1200 [265,277,278]

309 ± 47 lg/g n = 3, substantia nigra, control,
271 ± 15 lg/g n = 3, substantia nigra, Parkinson’s
Disease, postmortem human

Ascorbic acid Antioxidating agent, co-factor on catecholamine synthesis
reactions, collagen production and regulation of HIF-1a

Y 200 [265,279,280]

102 nmol/g, n = 1, postmortem human Uric acid Affects memory and cognitive functions in long time scale Y 300 [265,281,282]
1.88 ± 0.07 lmol/g, n = 5, postmortem cat GABA Inhibitory neurotransmitter controlling that nerve cells

don’t send impulses
Y* – [265,283,284]

3.0 ± 0.6 lM, n = 8, in vivo rat, 0.5–10 lmol/L n = 40,
postmortem human

Glutamate Excitatory neurotransmitters controlling that nerve cells do
send signals

Y* – [265,284–
286]

23.0 ± 1.7 nmol/g, n = 9, hippocampus, in vivo mouse Acetylcholine Plays a role in encoding new memories Y* – [265,287,288]
16.6 ± 1.1 nmol/g, n = 9, hippocampus, postmortem

mouse
Choline Precursor of acetylcholine Y* – [265,287]

2.4 ± 0.1 mM, n = 40, anesthesia, in vivo, rat;
9.51 lmol g�1, n = 5, anesthesia, in vivo, rat

Glucose Component of brains energy production Y* – [265,289]

1.29 ± 0.19 lmol g�1, n = 5, postmortem rat Lactate Component of brains energy production Y* – [265,290]
5.0 ± 1.3 lM, n = 14 anesthesia in vivo, NZ white rabbit Glycine Inhibitory neurotransmitter in brainstem and spinal cord N – [265,291]
1.9 ± 0.3 lM, n = 3, anesthesia, in vivo, substrantia

nigra, rat
Cysteine Ability to support the body’s antioxidant and nitric oxide

systems during stress, infections, toxic assault, and
inflammatory conditions

Y^ – [265,292,293]
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DPV data are not shown in [295], but the CV data for the DA reaction implies rather sluggish kinetics for the reaction. In addi-
tion, no data about the likely fouling of the electrodes have been presented in [295]. As the detection is based on molecular
imprinting it is likely that any unwanted adsorption on the electrode surface would severely interfere with the measure-
ments. In [296] both the CV and DPV data are reported and the kinetics in this case appears to be much faster than in
[295]. However, again no fouling experiments were carried out that might seriously compromise any long term operation
of the electrodes. It is to be noted that under physiological conditions the DPV protocol may become unfeasible, owing to
its relatively slow temporal resolution, thus seriously compromising the physiological feasibility of the proposed structures.
Nevertheless, in all the above discussed cases [294–296] the structures were able to detect DA in the presence of AA, UA and
5-HT or norepinephrine, thus showing the required selectivity, at least under optimized DPV protocols. One of the major
problems related to rationalization of the results like those reported in [294–296] is that the structures used are so compli-
cated that there is no way that one could really define the key factors and features that actually result into the observed high
performance. As discussed earlier, one of the factors behind the observed ‘‘electrocatalytic” effects may well be in fact the
porous membrane like geometry that is often associated with especially CNT based structures. As this changes completely
the mass transport regime it may lead to false interpretations about the catalytic properties of the used materials. It should
be noted that this type of ‘‘thin liquid layer” behavior cannot be readily differentiated from adsorption controlled reactions
[261], easily leading to false judgements. Thus, as a rule of thumb, whenever electrocatalytic effects are proposed for thin
films composite electrodes, one should check the morphology of the electrode to include or exclude the thin liquid layer
effects, especially if sharp narrow peaks with negligible diffusional tails are seen in CV.

3.2.2.2. Glutamate. Glutamate is the most ubiquitous excitatory transmitter in the mammalian brain (Table 3.17). Apart from
its crucial role in basic neuronal functioning, glutamate is implicated in a wide range of neurological and psychiatric disor-
ders, such as stroke, epilepsy, traumatic brain injury, schizophrenia and Alzheimer’s disease. In situ detection of glutamate is
an extremely difficult task especially owing to the strict temporal and spatial requirements (response times must be less
than 10 ms and measurement probe size approximately 1–5 mm) [262]. Currently, there are no means to detect glutamate
transients with physiologically meaningful response times and high enough spatial resolution. Glutamate is not electro-
chemically active within the ‘‘normal” potential window in physiological pH and thus requires enzymes for its detection.
Enzymatic reaction produces hydrogen peroxide that is then detected by electrochemical means. There has been at least
one investigation demonstrating enzyme free glutamate detection, but this occurs only at pHs higher than 10 [297]. Thus,
at physiological media the main detection mechanism is still based on either oxidation or reduction of hydrogen peroxide.
In enzymatic detection the immobilization of enzymes may often induce mass transport delay, especially if polymer layers,
which are often very thick, are used. As the temporal requirements are especially strict in this case, other methods for
enzyme linking must be searched for. The use of zero length EDC-NHS linkers directly connected to different carbon surfaces
provides a structure where mass transport limitations have been minimized. With this type of structure we have just
recently been able to demonstrate high sensitivity with response times less than 20 ms by using different CNF-based hybrid
carbon nanomaterials [298]. These issues will be discussed in more detail in Section 4.

3.2.2.3. Multianalyte detection. In many applications multiple analytes are present in the media and all of them must be
detected with high enough precision despite the mutual interference that often occurs. A notable example is detection of
DA in the presence of AA, UA and 5-HT, as discussed above. In this case it is often possible to modify the surface properties
of carbon based nanomaterials to differentiate for example between DA and AA [207,299]. A recent review by Jadon et al.
[258] provides a comprehensive listing of various cases where several analytes have to be simultaneously detected. Unfor-
tunately, many of the structures used for the multianalyte detection are often so highly complex and inadequately charac-
terized that it is almost impossible for one to really understand the root causes behind the observed behavior. Investigations
where complexity would have been added step by step to understand the role of different factors remain to date relatively
rare.

3.2.2.4. A note on toxicity issues with carbon nanomaterials. Due to their small size, nanoparticles are capable of penetrating
through cells and tissues. Furthermore, nanoparticles may enter the blood circulatory system and translocate to different
organs e.g. liver, kidneys and heart. Nanoparticles also have the tendency not to deposit, but rather remain in the air due
to their small size. Therefore, the main entry route to the human body is considered to be inhalation. Ways of entry include
the gastrointestinal tract or skin penetration.

There are several factors known to affect the toxicity of carbon nanomaterials such as the surface area of the particle, its
functionalization and the presence of catalyst residues from the synthesis of the nanoparticle. Furthermore, the shape, rigid-
ity and size including length and diameter of the particle determine the nanoparticle toxicity. In general, high aspect ratio is
related to increased toxicity. The toxicity assessment of carbon nanomaterials is difficult due to the lack of knowledge on
how these factors affect the cells and the cell cycle. Furthermore, little is known of the ways these factors impact on different
cells, tissues or biological systems. In addition to the lack of knowledge, it is impossible to predict the long-term effects of
nanoparticles.

Different allotropes of carbon induce different reactions in vitro and in vivo studies. Based on the existing literature (i)
carbon nanotubes and nanofibres induce severe toxicity [300–303], (ii) fullerenes and graphene generate moderate toxicity
[304,305], and (iii) nanodiamonds and -horns induce low toxicity [306,307]. The physical and chemical properties of carbon



Table 3.18
Desired properties of a bioelectrode.

Physical or chemical property Advantage

Hard, dense and uniform coating Pore free, chemically inert
Small surface roughness High signal to noise ratio, small double layer capacitance
Mechanical robustness Electrodes are implantable
Wide water window Currents arising from the oxygen or hydrogen evolution are minimized in large potential range
Surface active sites Electron transfer facilitated at these sites
High electrical conductivity Electron transfer through the electrode is easy
Biocompatibility Foreign body reaction and biofouling minimized
Corrosion resistance No dissolution or leaching products released into tissue
Patternability Possibility to fabricate tailored surface structures

Table 3.19
Summary of the advantages and disadvantages of different carbon allotropes as electrode materials. Red = poor, Yellow = fair and Green = good.

Physical or chemical property DLC Graphene CNT BDD Carbon 
fibre

Hard, dense and uniform coating
Small surface roughness
Mechanical robustness
Wide water window
Surface active sites 
High electrical conductivity
Biocompatibility
Corrosion resistance
Patternability
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nanomaterials, e.g. functionalization, rigidity and length, influence their toxicity. The modification of these properties could
potentially increase their biocompatibility. However, the effect of the physical and chemical factors on toxicity are currently
not well understood. Therefore, there is an urgent need to characterize and standardize toxicity evaluations in order to find
the factors affecting the health concerns of carbon nanomaterials. At present, there is not enough evidence to make straight-
forward and accurate conclusions on biocompatibility or toxicity of any of the studied carbon nanomaterial.

3.2.3. Motivation for the hybrid carbon based nanomaterials
The general features and requirements that electrode materials to be used in biosensors should fulfill are listed in

Table 3.18. The properties of selected carbon allotropes with respect to these requirements are subsequently shown in
Table 3.19.

From the tables it is clear that no single allotrope of carbon can fulfill all of the requirements listed in Table 3.18. However,
if one takes a look at the list of properties in the tables, there is always at least one carbon allotrope that fulfills a few of them.
Thus, by combining the different allotropes of carbon one can in principle obtain hybrid materials that provide all the desired
properties. In addition, as shown in [207,299] hybrid materials not only combine the beneficial properties of the individual
allotropes, but they also provide new unique features thus elevating the performance of these hybrid carbon based materials
to a truly a new level.
4. Hybrid carbon based nanomaterials

As discussed in Section 3.2.3 no single carbon allotrope can meet all the desired properties required from biosensors.
Thus, arises the idea to combine, in a controlled way, different carbon allotropes together to obtain the desired properties.
In addition to various carbon allotropes it is sometimes useful to integrate also metal nanoparticles to these structures. The
strategy behind creating these hybrid materials is to integrate the constituting species together by utilizing various growth
processes. Thus, a simple pipetting of aqueous solution of CNTs on top of glassy carbon electrode is not a hybrid carbon based
material by our definition (Section 1). On the other hand, MWCNT network grown directly on top of DLC thin film, thus
firmly integrating the two together, constitutes a true hybrid material by our definition (Section 1). This kind of an approach
provides us with significant benefits: (i) electrical connections between the various allotropes are typically well established
in our method, (ii) by utilizing different microsystem technologies it is possible to make devices out of these materials, (iii)
many of the growth processes are CMOS compatible (related to the point (ii)), (iv) the nanostructures are firmly integrated to
a substrate (usually a DLC thin film) preventing them from escaping and inducing harmful effects in vivo, (v) we can ‘‘fine-
tune” the properties of the hybrid structures relatively easily by adjusting processes, (vi) it is possible to control both geom-
etry and chemistry of the resulting structures and (vii) due to the controlled integration approach of our method we will



Fig. 4.1. Schematic illustration of the concept of hybrid carbon based nanomaterials.
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typically have more well defined structures, both geometrically and chemically. The concept is visualized in Fig. 4.1. In the
next sections we will introduce a few of these hybrid carbon based materials, discuss about their structures and electro-
chemical properties as well as indicate their biosensor performance.

4.1. DLC – MWCNT

The main idea behind combining DLC thin film substrates with MWCNT networks is as follows: DLC constitutes a biocom-
patible, relatively inert and processable substrate, on which the more electrochemically active MWCNTs can be grown. By
integrating the two forms of carbon in a controllable and intimate way we can ensure that the electrical and mechanical con-
nections between DLC substrate and MWCNT network are firm and stable. Further, the geometry of the resulting structure
can be expected to favor realization of thin liquid layer conditions, which can increase the sensitivity towards the desired
analyte – in this case dopamine (DA). As will be discussed below, the non-planar geometry of the resulting electrode is
expected to also prevent or at least slow down the passivation of the electrode surface by formation of polydopamine film.

4.1.1. Structural and chemical features
The processing, properties and applications of the DLC + MWCNT hybrids are at the present stage still mostly unknown.

This becomes evident, when for example the work by Robertson’s group in 2015 [308] is compared to our recent work [214].
In these two publications, significant differences were found in what happens to the underlying DLC layer, despite the rel-
atively consistent fabrication approaches. Similarities between these two works include that (i) the growth proceeds via tip-
growth process, as the catalyst particle at the tip of the MWCNT in both cases has a partial cap of multiple graphite sheets
and (ii) multilayer catalyst seed for growth is used in both cases. In fact, using only Fe as a seed resulted in either no growth
at all, or poor growth at high (over 700 �C) temperatures [308]. A representative collection of TEMmicrographs from our DLC
+ MWCNT structure are shown in Fig. 4.2 and the corresponding EDS analysis results in Table 4.1.

From Fig. 4.2(a) it can be seen that at the interface (on top of Ti layer) a layer of disordered graphite exists. This can be
seen more clearly in the higher magnification micrograph and the measurement of the local lattice spacing from HRTEM
micrograph (see [214] resulted in 0.35 nm, which is in good agreement with the graphite (002) lattice spacing. Accordingly,
the DLC layer that was present at the interface has been completely replaced by this disordered graphite which has a thick-
ness of about 100 nm, thus considerably more than the original DLC (�7 nm). The MWCNTs are seen to start from this inter-
mediate layer and grow outward to a longer structures. Inside this disordered graphite layer there are also parts of the
MWCNTs, metallic nanoparticles (alloys of Fe and Co) as well as some silicides.

To realize the above discussed structure we used DLC layer between Ti adhesion and catalyst layers to prevent any excess
reactions between the various metals. When growing MWCNTs on DLC films, which were directly deposited on Si wafers
without Ti adhesion promoter, the grown CNTs along with the DLC layer could be easily peeled off from the Si substrate.
Thus, Ti interlayer was needed to secure adequate adhesion of MWCNTs to the substrate. In addition, a thin Ti film



Fig. 4.2. (a) Cross-sectional TEM micrograph showing the overview of the interfacial structure, (b) HRTEM micrograph showing a more detailed structure
from the area indicated by the rectangle in Fig. 4.2(a), (c) HRTEM micrograph showing a more detailed structure from the area indicated by the rectangle in
(b), (d) HRTEMmicrograph showing a more detailed structure from the area indicated by the rectangle in Fig. 4.2(c), (e) HRTEMmicrograph showing a more
detailed structure from the area indicated by the rectangle in (d), and (f) cross-sectional TEM micrograph showing the locations of the point analyses taken
and summarized in Table 4.1 [214].
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(20 nm) applied before DLC deposition not only improved the adhesion of the DLC, but also contributed to the formation of
more uniform and dense CNT films in the subsequent growth process. This fact indicates that the presence of Ti is very
important for successful synthesis. In addition to its role as a diffusion barrier the DLC was intended to have also an electro-
chemical role in maintaining a relatively wide potential window due to its inertness. As said above, the role of MWCNTs was
to modify both the chemistry and geometry of the electrodes. As the results discussed below in detail will show, this com-



Table 4.1
Results from the EDS analysis taken from the locations identified in Fig. 4.1(f).

Point Phase Comments

1 Si
2 (Fe,Co)1�xSix
3 (Fe,Co)1�xSix With higher amount of Co than in point 2
4 FeCo-alloy
5 FeCo-alloy
6 Carbon Graphite
7 (Fe,Co)1�xSix
8 FeCo-alloy
9 Carbon MWCNT
10 (Fe,Co)Si
11 Ti
12 Carbon Filler material
13 Carbon Graphite
14 (Fe,Co)1�xSix
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bination of DLC + MWCNT was especially successful as both sensitivity and selectivity of the realized electrode structure
were elevated to a completely new level.
4.1.2. Electrochemical properties
Based on the electrochemical results [207], it appeared that the DLC + MWCNT hybrid structure not only combined the

best properties of the two building blocks but actually elevated the performance of the new hybrid material to a completely
new level.

The water window of the hybrid carbon material remained relatively wide (about 2.7 V), being only slightly narrower
than that of plain diamond like carbon (DLC) (about 3.4 V) (Fig. 4.3 and Table 4.2). This is very interesting as from the
TEM analyses in Fig. 4.2 and that discussed in detail in [214] it was evident that the DLC layer was completely replaced
by the disordered graphite layer containing metallic nanoparticles, MWCNTs and Fe-silicides. Thus, in this light the decrease
in the width of the water window is surprisingly small.

The apparent capacitances of the electrical double layers of the two materials calculated based on CV data ended up to be
about 349 ± 87 mF/cm2 for the DLC + MWCNT and 62.2 ± 18.6 mF/cm2 for the DLC thin film. It should, however, be noted that
there was no clear double layer region in the voltammogram for either material indicating that most likely some faradic
Fig. 4.3. Potential windows for DLC thin film electrode and DLC + MWCNT electrode in 0.15 M H2SO4. For DLC + MWCNT electrode two potential windows
are given (for 1st and 20th cycles).

Table 4.2
Basic electrochemical data for DLC + MWCNT and DLC electrodes.

Electrode Water window
(200 mA threshold)

Double layer pseudo-
capacitance (mF/cm2)

DEp (FcMeOH)
(50 mV/s)

DEp (FcMeOH)
(400 mV/s)

ke (cm/s)
(FcMeOH)

Detection limit
(DA) (50 mV/s)

DEp (DA)
(50 mV/s)

DLC
+ CNT

2.7 V 349 ± 87 62 mV 72 mV 0.15 500 nM 22 mV

DLC 3.4 V 62.2 ± 18.6 220 mV 352 mV 7.8 � 10�4 10 mM 448 mV
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reactions took place at the surface of the electrodes and therefore the capacitance values obtained include also a ‘‘pseudo
capacitance” part in addition to the actual double layer value. In fact, based on the XPS and XAS analyses there were consid-
erable amount of oxygen functionalities on the surface of both materials [26,309]. It is anticipated that these groups will par-
ticipate the faradic reactions contributing to the measured pseudocapacitance. One could also note that the hybrid carbon
electrode was stable while in contact with H2SO4 as there were practically no changes in the cyclic voltammograms between
the 1st and 20th cycle.

The results of the measurements with FcMeOH are shown in Fig. 4.4. It can be seen that in this case there were actually
two peaks present in the voltammogram with the hybrid carbon material instead of one peak, which was to be expected
based on the one electron transfer reaction and the more or less outer sphere nature of FcMeOH. The larger peak was attrib-
uted to MWCNTs and the smaller peak to the DLC substrate, since the latter one was approximately at the same location as
the FcMeOH peak for the plain DLC sample (Fig. 4.4). The peak has been slightly displaced towards anodic direction indicat-
ing that there has been a slight change in the apparent electronic properties of the underlying layer as the original DLC layer
has been replaced by the disordered graphite layer. A possible reason for this could be the increase in thickness from 7 nm to
100 nm and the associated increase in the charge transport resistance through the more open layer as already seen in the
case of varying DLC layer thickness in Section 3.1.1. This clearly points out that the MWCNTs do not completely cover the
underlying surface, but instead the redox probe can penetrate inside the ‘‘spaghetti-like” MWCNT network. This is an inter-
esting feature of these hybrid materials and we will discuss more about it below. The peak currents associated with the oxi-
dation and reduction reactions are significantly higher in the case of the hybrid material, as expected based on the higher
surface area. The peak separations for the FcMeOH reaction on MWCNT and on DLC are given in Table 4.2 along with the
heterogeneous electrochemical constants ke calculated by the Nicholson method [237] at 298 K using the following equation
w ¼ cakeffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiðpaDoÞ
p

and taking diffusion coefficient (Dfc) of ferrocene to be 2.17 � 10�5 cm2/s [239] (same value for both oxidized and reduced
form). c is the square root of the ratio of the diffusion coefficients of the oxidized and reduced forms of the molecule in ques-
tion, a = nFv/RT (n is the number of electrons transferred, F is the Faradays constant 96,485 C/mol, R is the universal gas con-
stant 8.314 J/kmol and v is the cycling speed in volts/s and T is temperature in K) and charge transfer coefficient a has been
taken as 0.5. Values of w as a function of peak potential difference observed in the CV curve were taken from [237].

Based on the results it is evident that there was a very large difference in the electron transfer properties between the
hybrid carbon material and plain DLC. In fact, the heterogeneous electron transfer coefficient is among the highest values
obtained with CNT containing electrodes [197,310], but at the same time double layer capacitance (349 ± 87 mF/cm2) was
much smaller than reported with other high performance CNT electrodes [197]. Thus, it can be concluded that the new
DLC + MWCNT material did not only combine the electrochemical properties of the two carbon allotropes, but in fact took
the electrochemical performance to a new higher level. However, some caution is in place when the calculated heteroge-
neous electron transfer coefficients for the hybrid electrode materials are considered. As discussed above in Section 4 as well
as shown in [205,206] the presence of porous layers on top of planar electrode will significantly alter the diffusion behavior
of the reactive element, as there will be a marked contribution from thin liquid layer next to the electrode surface. Thus, one
should not directly compare the heterogeneous reaction constants calculated for the DLC and DLC + MWCNT electrodes as
the mass transport regimes in the two cases are most likely quite different based on the structure seen in Fig. 4.2.

Sensitivity of the electrodes towards dopamine (Fig. 4.5(a) and (b)) shows that concentrations down to 500 nM of DA
could be detected by cyclic voltammetry with the hybrid carbon sensor whereas the plain DLC could detect only 10 mM.
It should be noted that no background subtraction was used. Thus, sensitivity of the hybrid material falls within the range
Fig. 4.4. Redox reactions of FcMeOH on top of DLC thin film electrode and on top of DLC + MWCNT electrode.



Fig. 4.5. Cyclic voltammetry analyses of (a) DLC and (b) MWCNT on DLC hybrid sensor response towards dopamine at cycling speed of 50 mV/s.
Measurements done in the presence of ascorbic acid are shown for (c) DLC and (d) DLC + MWCNT hybrid [207].
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required under physiological conditions. The peaks associated with DA oxidation and reduction at 10 mM concentration in
the DLC + MWCNT hybrid were situated at about 98 mV and 72 mV, respectively, whereas those for plain DLC at 100 mM
were at about 404 mV and – 44 mV (all vs. Ag/AgCl). The reason for using different concentrations in the peak separation
comparison was that in the case of DLC there was no reduction peak visible at 10 mM concentration. Thus, the better electron
transfer properties implicated by the FcMeOH measurements were (in this very specific case) reflected also as higher sen-
sitivity towards DA. The benefits of the DLC + MWCNT hybrid material over that of DLC electrodes in the electrochemical
detection of dopamine can be summarized as follows: (i) The peak positions were more easily attributable owing to the bet-
ter defined shape of the peaks in the case of DLC + MWCNT hybrid. (ii) Concentrations down to 500 nM showed distinct
peaks with DLC + MWCNT hybrid whereas with DLC alone there was hardly any peak at 10 mM, but instead a step-like
increase in current followed by a shoulder was observed. (iii) More importantly, the peak separation was much smaller with
the DLC + MWCNT hybrid material (Fig. 4.5(a) and (b)), which indicated that the heterogeneous electrochemical reaction
constant (contributing to peak position) of the hybrid material was higher than that of plain DLC.

In fact, the observed peak separation in the case of the hybrid material was smaller than the value corresponding to rever-
sible two electron redox process (which is 29.5 mV). However, as discussed above, these results may be interpreted based on
the relatively high contribution of thin layer diffusion of species entrapped within the porous-like layer to diffusional mass
transport regime. This is consistent with the results from FcMeOH measurements (Fig. 4.4) which showed the likely pene-
tration of FcMeOH redox probe inside MWCNT forest. Moreover, as it is known that DA shows complex adsorption behavior
on top of many electrode materials [311], one should not draw too strong conclusions based on the different peak values and
further investigations must be carried out. It appeared that in the case of DA most likely owing to the adsorption of this inner
sphere probe, the apparent electrocatalytic effect of DLC + MWCNT layer was even more pronounced that with FcMeOH.
Despite these complications the oxidation currents for dopamine scaled approximately linearly as a function of concentra-
tion with the DLC + MWCNT electrode in the concentration range of interest. Thus, the new hybrid material showed great
potential to be used in biodetection applications. As it was discussed above, it is of utmost importance for a feasible electrode
material to be able to distinguish between dopamine and common interfering elements, such as ascorbic acid, present
in vivo. In Fig. 4.5(c) and (d) CV results from the dopamine measurements in the presence of ascorbic acid are shown. Ascor-
bic acid is one of the major interfering elements in the detection of dopamine in vivo. When one compares the performance



Fig. 4.6. Cyclic voltammogram showing the behavior of DLC + MWCNT electrode when cycled ten times in 1 mM solution of dopamine at cycling speed of
50 mV/s [207].
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of the hybrid DLC + MWCNT material to the plain DLC electrode it is evident that when dopamine and ascorbic acid were
present at the same time DLC could not resolve between them whereas the hybrid DLC + MWCNT was capable of differen-
tiating between the two (Fig. 4.5(c) and (d)). Note that all the above reported figures of merits were achieved with simple CV
measurements without any background subtraction or other data manipulation. This underlines the feasibility if this new
carbon based hybrid nanomaterial as it could achieve similar sensitivities and selectivities as reported normally only with
DPV techniques. Finally the biofouling properties of the DLC + MWCNT structures were assessed by cycling them with
50 mV/s in the presence of 1 mM of dopamine for multiple cycles. This type of treatment has been shown earlier to com-
pletely passivate DLC electrodes [311]. However, as Fig. 4.6 shows there was no such effect with DLC + MWCNT electrodes
possibly owing to the geometrical features preventing the formation polydopamine films.

To summarize, the DLC + MWCNT electrodes provided extremely interesting electrochemical properties and excellent
biosensor performance. However, the connection between the structure, chemistry and electrochemistry in these materials
is far from well understood at the moment. Despite the step by step approach utilized here the mere complexity of the final
structure (Fig. 4.2) necessitates that extensive further investigations are required to obtain further understanding of these
novel materials. This work is carried out in our laboratory at the moment.
4.2. DLC – CNF

Similarly to the case of DLC + MWCNT the driving force behind the effort to combine DLC and CNF was to modify the
chemistry and geometry to achieve optimum performance in detection of selected biomolecules. Here the resulting structure
is somewhat better defined than that of the shown in Section 4.1, as the CNF on top of DLC form more or less ordered forest
type structure in contrast to the disordered ‘‘spaghetti-like” structure of the DLC + MWCNT electrode. Thus, even though the
DLC + CNF electrodes were expected to provide excellent properties for DA detection the major objective was, as will be dis-
cussed below, to realize a structure that would provide optimum chemistry and geometry for enzymatic detection of gluta-
mate. This, as the detection principle indicates, requires immobilization of enzymes on the electrode surface and it can be
expected that the forest-like geometry provided by DLC + CNF electrodes should offer excellent structure for this.

These type of combinations are very new as based on an extensive literature review, our group was the first one to report
such hybrid structure where CNF were directly grown on top of DLC layer [58,147,220,299]. As was observed in the case of
the DLC + MWCNT hybrid, the DLC layer under the seed layer is consumed during the growth process. In the CNF case how-
ever, there was no trace of DLC remaining and the interface between the fibers and the substrate was clean of any graphite-
like particles that was observed in the DLC + MWCNT hybrids case.

The resulting fibers were remarkably different than their counterparts, where there was no DLC film, and a different adhe-
sion layer, but the exactly same growth parameters. The fiber structure in the DLC including sample consisted of (i) first hor-
izontally stacked sheets up to �80 nm in height, and after that of (ii) the graphite sheets edges pointing upwards (Figs. 3.5–
3.7). In the case where there were no extra DLC thin film the fibers had a bamboo-like structure instead of the more platelet-
like structure (see Figs. 3.5–3.7). Thus, by using DLC layer as an additional carbon source the alignment of the fibers graphite
sheets could be altered, and the structure did not result into a bamboo –like. This has significant effect on the properties of
the CNF as already discussed in Section 3.

Following the hypothesis that the DLC is contributing significantly to the growth process by introducing additional carbon
for the growth process it is possible that further modifications of the morphology of the fibers could be achieved by
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increasing the thickness of the DLC layer under the seedlayer. Since the DLC layer under the metallic seed layer clearly has
some influence on the growth, it would be interesting to study the effect of the metallic seedlayers thickness to the growth
result with the additional DLC underlayer.
4.2.1. Electrochemical properties of DLC + CNF
The water window of DLC + MWCNF electrodes is reported in Table 4.3 along with the apparent double layer capacitance

values. As can be seen from Table 4.3, the water window for DLC + CNF electrodes (1.8 V) is markedly narrower than that of
DLC alone (3.4 V) in contrast to the DLC + MWCNT case where the difference was not this drastic. This can likely be attributed
to the complete absence of any kind of carbon film on top of the Ti adhesion layer. Thus, the water windowmight be a super-
position of those of TiOx and CNF. The relatively large double layer capacitance again contains most likely a large pseudoca-
pacitance contribution from faradic reactions at the surface, since based on the XPS and XAS results we know that there were
considerable amount of oxygen containing groups on top of DLC + CNF electrodes. It is expected that this contribution arises
mainly from the CNF owing to their large surface area. Ferrocenemethanol measurements (Table 4.3) showed that there was
some difference between the electron transfer rates of DLC and DLC + CNF electrodes. The latter ones exhibited more rever-
sible electron transfer, which again of course does not guarantee better sensor performance. The peak separation was slightly
smaller and changed less as a function of cycling speed. In this respect DLC + CNF electrodes resemble quite much DLC +
MWCNT electrodes. The detection limit of DLC + CNF electrode for dopamine was similar to that of DLC + MWCNT
(Fig. 4.7(a)) and this hybrid material could also resolve between DA and AA in CV measurements, thus without the need
Table 4.3
Summary of the electrochemical properties of the DLC + CNF hybrid material.

Electrode Water window
(200 mA threshold)

Double layer pseudo-
capacitance (mF/cm2)

DEp (FcMeOH)
(50 mV/s)

DEp (FcMeOH)
(400 mV/s)

Detection limit (DA)
(50 mV/s)

DEp (DA)
(500 mV/s)

DLC + CNF 1.8 V 1055 ± 104 68 mV 85.8 mV 500 nM–1 mM 161 mV

Fig. 4.7. Cyclic voltammograms of DLC + CNF electrodes for (a) different amounts of DA in PBS solution and (b) combination of 1 mM of AA and different
amounts of DA [299].
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to use DPV. The oxidation wave was remarkably sharp with DLC + CNF electrode when 100 mM solution was used. This indi-
cates either thin liquid layer formation at the interface or adsorption behavior (surface reaction). Based on the relatively
open structure of these DLC + CNF structures one would not expect the former contribution to be large. However, further
investigations are required before any definite conclusions with respect to this issue can be carried out. The significant oxi-
dation current after the main peak with concentrations of 10 and 100 mM as well as the two reduction peaks seen during the
reverse cycle indicate towards the chemical reaction of DAQ to LDAC, its oxidation to DAC and the corresponding reductions
of DAQ to DA and DAC to LDAC as discussed in depth in [311].

Thus, the DLC + CNF hybrid electrodes provided (i) a significantly enhanced sensitivity and (ii) the required sensitivity for
DA detection in comparison to the DLC thin films. Despite the different geometrical and chemical features there were sim-
ilarities with the DLC + MWCNT structures especially in the case of oxidation of ascorbic acid (AA) as will be discussed next.
4.2.1.1. DA and AA behavior on different carbon electrodes. At this point it is of considerable interest to take a look at the exper-
imental peak potential values determined by our group for the oxidation of dopamine (DA) and ascorbic acid (AA) on differ-
ent carbon based hybrid materials (pseudo or true) starting from DLC base structure in PBS solution (pH � 7.4). The results
for various material combinations are shown in Table 4.4. As a general trend from the selectivity point of view one can see
that if AA is oxidized significantly before DA differentiation between the two can be achieved, but if the oxidation of AA takes
place only after DA (or very near of) then this appears not to be possible. From the table it can be seen that by using either
MWCNT-networks or CNF forest type structures on top of DLC significantly decreases the oxidation peak potential value for
AA. With DLC the peaks are very near to each other but with MWCNT and CNF structures grown on top of DLC the AA peak
shifts as much as 275 mV to the cathodic direction. It is to be noted that also the DA peak potential is affected but to a lesser
degree. Similar, but weaker trend is observed when PRGO is deposited on top of DLC. While trying to understand the factors
that may induce the observed behavior it is beneficial to divide the effects of additional carbon allotropes to (i) geometrical
and (ii) chemical. In the case of DLC + MWCNT and DLC + CNF there is clearly a major change in the geometry of the electrode
from flat DLC surfaces to ‘‘spaghetti-like” DLC + MWCNT and ‘‘forest-like” CNF + DLC (Fig. 4.8(a) and (b)). The DLC + MWCNT
hybrid provides a porous like geometry that most likely favors formation of thin liquid layer near the electrode [206]
whereas with the forest like more open geometry of CNF this is not expected to be strong. Nevertheless, the CV shown in
Fig. 4.7(a) exhibits a relatively sharp peak for DA when the concentration reaches 100 mM, which can be taken to indicate
either thin liquid layer or adsorption effects. Therefore, one could expect the mass transfer regimes to be slightly different
in these two cases in comparison to DLC alone. On the chemistry side obvious difference is the presence of metallic nanopar-
ticles in the MWCNT and CNF modified structures, which are definitely absent from the DLC electrode. With this respect it is
useful to note that the metallic NPs are not the same in the two hybrid structures, as in the MWCNT case they consist of Fe
and Co [312] and in the CNF case they are Ni [147,220]. Thus, based on this fact the electrochemistry of the two structures
Fig. 4.8. SEM micrographs showing top views of (a) DLC + MWCNT and (b) DLC + CNF hybrid electrode surfaces.

Table 4.4
Oxidation peak potentials of AA and DA on different carbon electrode materials in PBS and against Ag/AgCl. Cycling speed 50 mV/s.

Electrode material Oxidation potential for DA (vs. Ag/AgCl) Oxidation potential for AA (vs. Ag/AgCl) Able to resolve between DA and AA

DLC 350 mV 300 mV NO
DLC + MWCNT 100 mV �25 mV YES
DLC + CNF 200 mV �25 mV YES
DLC + nDVox 220 mV 550 mV NO
DLC + nDAndante 475 mV 600 mV NO
DLC + nDH 450 mV 600 mV NO
DLC + PRGO 220 mV 80 mV �YES

nDVox is ACOOH terminated, nDAndante has mixed ANH2 and ACOOH functionalities and nDH is hydrogen terminated.



T. Laurila et al. / Progress in Materials Science 88 (2017) 499–594 577
would not expected to be similar. This is seen to be the case with DA as the oxidation potentials are clearly not the same,
whereas, somewhat surprisingly, the oxidation potential for AA is the same for both hybrids. As the position of the peak
potential is connected with the heterogeneous charge transfer coefficient it indicates that kinetics for the AA reaction closely
resemble each other in MWCNT and CNF modified structures. The reasons behind the significantly different behavior of AA
and DA are not unambiguously known at the moment. We expect that detailed simulations combined with the already exist-
ing experimental data will be able to reflect some light over this issue in the future.

While looking at the three types of ‘‘pseudohybrid” materials where nDs with different functionalization have been
deposited on top of DLC thin film, it is interesting to note that NDs with carboxylic acid functionalization result into clearly
the lowest values of peak potential with DA whereas mixed functionalization (ANH2 andACOOH) and hydrogen termination
result approximately to the same values. Thus, in this case it is the DA that is most heavily influenced by the different surface
chemistries and AA oxidation peak is in fact shifted to anodic direction with respect to that of plain DLC. Again the reasons
behind this behavior are difficult to tackle as the electrode itself contains billions of nDs (Figs. 3.12 and 3.13) in a film like
format and it is not clear at all how functionalization of individual NDs then should contribute to the properties of the final
structure. Also the electron transport might be influencing the electrochemical behavior as the electrons most likely utilize
the disordered graphitic like surface layers of nDs as they paths through the structure and thus the packaging of the dia-
monds in the film may contribute to electrical behavior as discussed above in Section 3.1.5. On the other hand, it is not
expected that there would be significant differences in the film density between the films formed from the differently func-
tionalized nDs. The surface topography is again changed from planar DLC to a more or less ‘‘rough” DLC + nD surface. How-
ever, in this case the surface cannot be considered to provide any ‘‘porous” membrane-like topography as is the case
especially with DLC + MWCNT. The results from the last ‘‘pseudohybrid” in Table 4.4, where partially reduced graphene
oxide has been deposited on the DLC thin film surface reflect again that the AA appears to be more heavily influenced than
DA with respect to shift in the peak potential. As was the case with DLC + MWCNT and DLC + CNF with DLC + PRGO electrode
there is a similar change in the geometry from almost flat DLC surface to a much more irregular topography for the ‘‘pseu-
dohybrid” material (Fig. 4.9). More importantly, one can also expect that some kind of ‘‘porous” membrane-like geometrical
effect could be possible with this surface. The chemistries of the surfaces are also quite different between DLC and DLC
+ PRGO, as the latter one contains higher amount of oxygen functional groups at the surface.

To really conclude what are the actual key factors contributing to the root cause of the behavior is very difficult with
structures that are as complicated both chemically and structurally as the ones depicted in Table 4.4. However, it appears
that when there are oxide surface functional groups three is a slight cathodic shift in the DA and AA peaks and DA appears
to be affected more. On the other hand, when the existence of oxygen surface functionalities are combined with highly irreg-
ular, almost porous membrane-like, geometry oxidation peak potential of AA is markedly shifted to less anodic values
enabling clear separation between AA and DA. This may act as a guide line for fabrication of structures where AA peak is
shifted in purpose away from the DA peak, but it is of course clear that much more work is necessary to obtain a better
understanding about the above discussed factors.
4.2.1.2. Detection of hydrogen peroxide and glutamate. We have utilized the DLC + CNF hybrid nanostructures also for the
detection of hydrogen peroxide and consequently for the measurements of glutamate concentrations. As mentioned above
the glutamate cannot be oxidized directly and requires enzymatic detection to produce electroactive hydrogen peroxide. In
addition, it was stated that the critical aspect in glutamate detection is the fast response time that must be in the ms scale.
Amperometric response of DLC + CNF to H2O2 is shown in Fig. 4.10. Current density (circular sample area, r = 1.5 mm) was
averaged between 1 and 2 s from step 2 to evaluate the linear response.

DLC + CNF hybrid showed linear behavior with limit of detection of 26 mM (S/N = 3) and sensitivity of 0.221 A M�1 cm�2

between 50 mM and 1000 mM (Fig. 4.10(b)). Earlier study with vertically aligned CNFs showed sensitivity of 0.0906 A M�1

cm�2 and detection limit of 66 mM at anodic potential (at 0.6 V vs Ag/AgCl [313]). Thus, utilization of these novel hybrid
Fig. 4.9. Cross-sectional SEM micrograph showing the uneven surface morphology of DLC + PRGO electrode [240].



Fig. 4.10. H2O2 detection. (A) Amperometric response to H2O2 concentrations at �0.5 V vs Ag/AgCl. Inset shows a zoom at the beginning, demonstrating
that H2O2 response deviates from background quite early. (B) Linear response to H2O2 as averaged from the current between 1 and 2 s [298].
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structures resulted into a significantly improved sensitivity, over 10-fold, at the cathodic end (�0.5 V) with improved limit of
detection compared to earlier studies. The difference in growth process affects the structure of the CNF (see Section 3.1.3),
which may to a large degree explain the observed differences between these two studies. The growth from Si + Ni + Cr layer,
as in Suazo-Dávila et al. [313], results typically in a bamboo-like structure with significantly smaller number of active side
walls on the fibers (see Fig. 3.5), whereas growth from Si + Ti + DLC + Ni layer, as here, results in stacked graphene layers with
more active edge planes along the fiber (Fig. 3.6) [147].

The improvement in sensitivity was even more significant when other carbon based materials are considered. Previous
study using CNTs and nitrogen-doped CNTs showed sensitivities of 0.27 mA M�1 cm�2 and 830 mAM�1 cm�2 respectively,
for hydrogen peroxide [314]. The present CNF structure exhibit nearly 1000 fold higher sensitivity towards H2O2 than CNTs.
The ordered structure of vertically aligned CNFs can result in an extremely high exposed surface area even when compared
to CNTs, which could partly explain the improved sensitivity. Some of the previous studies where carbon based materials
have been used in H2O2 detection are compared in Table 4.5. It can be argued that for example Pt containing materials
Table 4.5
Comparison of properties of amperometric carbon based H2O2 sensors [298].

Material Detection
potential
(V vs. Ag/AgCl)

LOD (mM) Sensitivity
(mA mM�1 cm�2)

Detection
time (s)

Linear
range
(mM)

Reference

PtNPs/CNT on GC 0.55 0.025 3.57 N/A 0.025–10 [315]
1.85 100–2000

AgNPs/Chit-GO/cysteamine on Au �0.442 0.7 N/A 2 6–18,000 [317]
PB/graphene on GC �0.2 0.02 1.6 N/A 50–5000 [318]
GNPs/SGS on GC �0.242 0.25 0.00321 3 2300–16,000 [319]
Chit–MWCNTs/Hb/AgNPs on GC �0.3 0.347 N/A 5 6.25–93 [320]
ERGO–ATP–Pd on GC �0.2 0.016 0.49209 10 0.1–10,000 [321]
CNT/PB 0 0.00474 31.4 5 0.05–5 [322]
NanoCoPc-graphene on GC 0.278 10.1 N/A 0.2 14–63 [323]
Pt/porous graphene on GC �0.1 0.5 0.34114 3 1–1477 [324]
Au@Ag@C nanocomposite on GC �0.55 0.14 0.07602 5 5–75 [325]

8.32 0.01912 75–4750
Nitrogen-doped CNTs on GC 0.49 0.5 0.83 N/A N/A [314]

0.19 10 0.27
Au@C@Pt nanocomposite on GC 0 0.13 0.1447 10 9–1860 [326]

0.0801 1860–7110
Pd core-PtNDs/PDDA-rGO on GC 0.018 0.027 0.672753 5 5–500 [327]
CNFs 0.6 66 0.0906 N/A N/A [313]
MnO2/rGONRs on GC 0.8 0.071 N/A Several seconds 0.25–2245 [328]
CNFs �0.5 26 0.221 <0.05 50–1000 [298]

PtNP: Pt nanoparticle; AgNP: Ag nanoparticle; Chit: chitosan; GO: graphene oxide; PB: Prussian Blue; GNP: gold nanoparticle; SGS: sulphonated graphene;
MWCNT: multiwalled carbon nanotubes; Hb: hemoglobin; ERGO: electrochemically reduced graphene oxide; ATP: aminothiophenol; CoPo: cobalt
phthalocyanine; PtND: Pt nanodendrite; PDDA: poly (diallyldimethylammonium chloride); rGO: reduced graphene oxide; rGONR: reduced graphene oxide
nanoribbons.
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can show even lower detection limit as for example in the study by Hrapovic et al. [315]. However, Pt is an expensive noble
metal and it is known to be prone to inhibition from Cl� [316] thus providing strong driving force to seek other means for
H2O2 detection.

The inset in Fig. 4.10(a) shows that the response of the sensor was rapid and current significantly deviated from the
charging current already at 0.04 s. In biological environment, accurate temporal resolution (<0.1 s) is often mandatory
due to the fast diffusion of analytes.

Based on the discussion above, the immobilization of enzymes with zero-length crosslinkers onto CNFs could provide a
simple platform to create ultra-fast bioelectrodes for biosensing applications. Thus, we have utilized glutamate oxidase
(GlOx) as a model enzyme for bioelectrode studies. Oxidative deamination of glutamate is specifically catalyzed by GlOx
the in the presence of water and oxygen and as the end result the formation of electrochemically detectable hydrogen per-
oxide takes place.

Results from immobilization of GlOx and subsequent activity measurements on HNO3 treated and untreated DLC + CNF
hybrid are presented in Fig. 4.11(a). Based on the figures the acid treatment alters the surface chemistry of CNFs, resulting in
a more optimal distribution of binding sites for the GlOx. This is evidenced by the fact that the activity of GlOx is over 4-fold
higher on the acid treated CNF samples in comparison to the pristine CNF.

Fig. 4.11(b) shows the amperometric response to glutamate. With CNFs we have improved the sensitivity almost 10 folds
to 18.8 mA M�1 cm�2 compared to a DLC based electrode (2.9 mAM�1 cm�2 [329]). The sensitivity was estimated from aver-
aged values between 10 and 11 s. The limit of detection was 0.000767 mM (S/N = 3). Further optimization of GlOx concen-
tration on the surface may result in enhanced detection limits and sensitivity. For example, overloading the surface with
the enzyme may cause steric hindrance [330].

The inset in 4.11(b) shows the rapid response of the glutamate sensor. At less than about 0.05 s glutamate concentrations
were clearly separated from the background, although clear concentration dependence could be observed only after longer
times (around 1.3 s). The temporal resolution was decreased compared to that observed in detection of H2O2 most likely due
to the enzymatic reaction producing H2O2. However, this kind of ultra-fast sensor has significant physiological relevance as it
could be used for achieving a real time signal of glutamate transmission during field potential measurements, for instance. It
is to be noted that at the present time quantification of neurotransmitter transport dynamics is hindered by a lack of suffi-
cient tools to directly monitor bioactive flux under physiological conditions. This type of real-time glutamate-oxidase-H2O2

sensor could be used for following the rapid changes in extracellular glutamate concentrations during synaptic activity.
While doing this it is not of crucial importance to be able to measure the exact analyte concentrations, but instead to be able
to detect changes in the amount of glutamate in physiologically meaningful timescales and see if these transients are con-
sistent with the field potential changes, for instance. Thus, the time point where we see significant separation of the mea-
sured faradic current from the background signal (ie. 0.05 s) is relevant for this purpose. The benefit from the temporal
resolution point of view of the present CNF structure is that there are hardly any mass transport limitations on the contrary
to, for example, many polymer layer based systems. Traditionally, polymer films have been used as layers for enzyme
entrapment, but their usage results in a slow time response due to the fact that the analyte (H2O2) has to diffuse inside
the often significantly thick polymer film subsequently making the obtained information completely meaningless from
physiological point of view.

The properties of current CNF sensor for glutamate detection are compared to data obtained from the recent literature in
Table 4.6. It is clear, based on the data, that the DLC + CNF material platform offers superior performance over previous
Fig. 4.11. Glutamate detection on CNF samples. (A) Glutamate oxidase activity on CNF and CNF etch samples and (B) amperometric response to different
concentration of glutamate. Inset shows a zoom at the beginning, demonstrating that glutamate response deviates from background clearly below 0.05 s.
Step potential �0.5 V (vs. Ag/AgCl) [298].



Table 4.6
Comparison of properties of amperometric glutamate oxidase based glutamate sensors [298].

Material Detection potential
(V vs. Ag/AgCl)

LOD
(mM)

Sensitivity
(mA mM�1 cm�2)

Detection time
(s)

Linear range
(mM)

Reference

Pt-SWCNT/PAA 0.35 0.0046 27.4 5 0.05–1600 [331]
cMWCNT/AuNP/CHIT on Au 0.135 1.6 0.155 2 5–500 [332]
CeO2/TiO2/CHIT/o-PD/Pt 0.6 0.594 0.1 2 5.0–90 [333]
GC/Pt-GNPs/PPD 0.5 0.75 0.174 4 0.2–100 [334]
GC/Pt/PPD 0.5 2.4 0.091 5 0.5–50
BDD/Pt/PPD 0.5 0.35 0.024 4 0.5–50
Pt/DLC/APTES 0.6 10 0.0029 N/A 10–500 [329]
ZnONRs/PPy/PG 0.065 0.000018 N/A 5 0.02–500 [335]
CNFs �0.5 0.000767 0.0188 0.05 20–500 [298]

SWCNT: single-walled carbon nanotube; PAA: porous anodic alumina; xMWCNT: carboxylated multiwalled nanotube; AuNP: Au nanoparticle; CHIT:
chitosan; o-PD: o-phenylenediamine; GC: glassy carbon; GNP: graphene nanoplatelet; PPD: m-phenylenediamine; BDD: boron-doped diamond; APTES: (3-
aminopropyl)triethoxysilane; ZnONR: zinc oxide nanorod; PPy: polypyrrole; PG: pencil graphite.

580 T. Laurila et al. / Progress in Materials Science 88 (2017) 499–594
electrode materials and may enable, for the first time ever, recording of real time glutamate transients during electrophys-
iological measurements.
4.3. DLC + CNF + Pt

It is of common knowledge that complete removal of metal catalyst particles from carbon nanofibers (CNF) and other car-
bon nanostructures is extremely difficult and the intended applications may be suffer from the these impurities. To avoid
these problems, one should use, wherever possible, such catalyst materials that are meant to stay in the final structure
because they have some end-application-specific role that is to be exploited. This approach makes any catalyst removal steps
unnecessary. Thus, we presented very recently realization of a nanocarbon based material platform for electrochemical
hydrogen peroxide measurement by utilizing Pt catalyst layer to grow CNFs with intact Pt particles at the tips of the CNF
[336]. This choice stems from the fact that Pt is regarded as probably the best catalyst metal for H2O2 redox reactions, as
exemplified for example data given in Table 4.5.

Fig. 4.12 shows the structure that was a result from the growth process where 10 nm thick Pt catalyst layer was used as
the application specific catalyst. The length of the fibers was typically a few hundreds of nanometers, but some structures
could be seen to be up to the micrometer scale. Form 4.12 a fairly large number of finely dispersed Ti particles along the body
of the fiber can be observed. More importantly, Pt particles were seen at the tip of the fibers (Fig. 4.12), giving us the desired
microprobe-like structure with catalytic Pt particle at the tip of the ‘‘connection” wires. A notable feature of the structure
was that the CNF appeared to adhere to the surface only from the locations where the Ti adhesion layer was still intact
and not where formation of Ti-silicide had taken place. Thus, this underlines the role of Ti as the adhesion layer in our struc-
ture, not only for the DLC carbon source layer, but also for the CNF themselves. Despite the fact that the 10 nm thick Pt cat-
alyst layer did produce carbon nanofibers, the growth kinetics was rather slow when compared to the same process with Ni
catalyst [147,220].

Higher magnification imaging of the CNFs grown with the 10 nm Pt catalyst layer revealed several features: (i) in most
cases, the Pt could be found exclusively at the tip of the CNF as a particle. At some locations, it appeared that a few Pt par-
ticles were also distributed along the fiber body, but this represented a minority case. In addition, in many occasions this
may have been a result of fibers of different lengths crossing each other. (ii) Pt particles at the tip of the fibers did not seem
to have any specific shape or size, but they were more or less of random orientation and size. This was likely to be a result of
the mostly repulsive interaction between Pt and C, which is evident also form the binary Pt-C phase diagram showing eutec-
tic system with limited terminal solubilites. This fact of course does not prevent mixing of Pt and C to take place, as this pro-
cess is fundamentally an entropy driven process and occurs readily at as high temperatures as used here. (iii) The amount of
finely dispersed Ti particles strongly decreased in number as one moved from the root of the fiber towards the tip. (iv) The
ordering of graphene planes in the fibers and around the Pt particles was not so pronounced as with many other catalyst
materials such as Ni [147,220], which again most likely was a result of the repulsive interaction between Pt and C.

Fig. 4.13(a) shows the cyclic voltammogram of the CNF + Pt hybrid material in 0.15 M H2SO4. Similar voltammogram for
thin film Pt sample is shown in Fig. 4.13(b) and Pt-like features are evident from a comparison of Fig. 4.13(a) and (b). At the
anodic end of Fig. 4.13(a), one can see the shoulder related to the formation of Pt oxide although it is not possible to observe
clearly all the three peaks corresponding to the gradual formation process of Pt-oxide on polycrystalline Pt in ultra-high pur-
ity H2SO4 [337]. However, these three peaks cannot be easily resolved in the case of thin film Pt electrode either (Fig. 4.13
(b)), thus pointing out the likelihood of some impurities present in the measurement system. The effect is, however, not sev-
ere as there is no significant increase of the current at the anodic end of the CVs in either case that would point towards
presence of oxidazible impurities. The reduction peak of Pt oxide is likewise clear with the CNF + Pt electrode. Further, at
the cathodic end, the hydrogen adsorption and desorption peaks are evident although they are not as clearly exhibited as



Fig. 4.12. STEM micrographs of CNF grown with the 10 nm thick Pt catalyst layer with higher magnifications [336].
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with the thin film Pt sample. The notable differences between the CNF + Pt and thin film Pt samples include (i) the cathodic
shift and less well defined shape or spread out nature of the Pt-oxide reduction peak and (ii) the narrower double layer
region and higher background current density in the case of CNF + Pt electrode. These differences are likely a result of the
CNF + Pt having much higher active area than the geometrically same sized thin film Pt electrode and because Pt is in the
form of nanoparticles instead of a film, as discussed later on.

Fig. 4.14(a) shows the results from the chronoamperometry measurements with different amounts of H2O2 in PBS with
the CNF + Pt (10 nm) samples. The step was made to – 0.1 V vs. Ag/AgCl reference i.e. to the double layer region and the solu-
tions were not purged with argon. The reasons for these were that (i) we were aiming of detecting the reduction current
originating from the reduction of the unstable Pt-oxide formed as a consequence of the chemical decomposition of the
H2O2 on the originally metallic Pt surface and that (ii) we needed to assess wheather oxygen, which would be inevitably pre-
sent in the in vivo condition, would disturb our measurements. Details of the mechanism related to (i) are described else-
where [338]. As can be seen in Fig. 4.14 the presence of hydrogen peroxide increased the cathodic current that started to
significantly deviate from the charging current already after 20 ms although the differences in the concentrations became
more evident after about 60 ms. Thus, the response time was very fast as required by many applications such as enzymatic
glutamate detection [262]. Fig. 4.14(b) shows that the CNF + Pt (10 nm) electrode also had a fairly long linear range for H2O2.
This feature together with the very fast response time and high sensitivity makes this material a very promising platform for
hydrogen peroxide detection.

The electrochemical features seen in Fig. 4.13 and especially the cathodic shift in the Pt-oxide reduction potential and the
shape of the peak can be understood based on the structural features of the CNF + Pt hybrids shown in Fig. 4.12. As discussed
above the Pt-oxide reduction peak was shifted cathodically with respect to that of the thin film Pt electrode. This behavior is
most likely connected with the small size of the Pt particles at the tip of the CNF, as the small size can be expected to lead to
higher adsorption strength of OH on the particles in comparison to continuous Pt thin film, as shown in [339,340]. Thus, as a
consequence the reduction of the Pt-oxide becomes more difficult than in the case of uniform (‘‘infinite”) Pt film. The elec-
trode shown in Fig. 4.13(a) was cycled already circa 50 cycles before recording the voltammogram. This exemplifies the



Fig. 4.13. Cyclic voltammograms in 0.15 M H2SO4 of (a) CNF/Pt (10 nm) and (b) thin film of Pt (4 nm) on Si/Ti sample. Cycling speed 50 mV/s [336].
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stability of the CNF anchored nanoparticles as the Pt-oxide reduction peak did not become narrower and did not shift back to
that of bulk Pt, which would have indicated significant coarsening/agglomeration of the structure [339] even with this pro-
longed cycling. Also there were no marked changes in the shape or current densities in the hydrogen region of the voltam-
mogram that would have pointed towards agglomeration of Pt particles and thus loss of active area. Thus, the desired high
active catalyst area in these materials was retained after prolonged cycling. This is a clear advantage over conventional Pt
nanoparticle carbon hybrids where Pt is deposited on top of an existing carbon structure and can be expected to be beneficial
not only in basic research of nanoparticle electrochemistry but also, for example, in fuel cell technology. In addition, as
shown in Fig. 4.12, there was a relatively large size distribution among the Pt particles. This is suggested to lead to the
observed broadening of the Pt-oxide reduction peak as the OH adsorption strength is expected to change as a function of
the Pt particle size [340] and lead to a gradual reduction (thus to a wide peak) reaction where largest particles are reduced
first followed by the smaller ones.

Amperometric response of the CNF + Pt structure to H2O2 is shown in Fig. 4.14. The current density (circular sample area,
r = 1.5 mm) was averaged between 0.05 and 0.2 s from step 2 to evaluate the linear response. Between 10 mM and 1000 mM,
the DLC/CNF hybrid showed a linear behavior with a limit of detection of �0.2 nM (S/N = 3) and sensitivity of
0.1478 mA mM�1 cm�2 (Table 1). An earlier study with vertically aligned CNFs discussed above showed a detection limit of
66 mM and sensitivity of 0.0906 mA mM�1 cm�2 at anodic current (at 0.6 V vs Ag/AgCl [313]). Thus, here we gained significant
improvement in sensitivity, over 300,000 fold, at the cathodic end (�0.1 V) when the calculated limit of detection is consid-
ered. Thus, incorporating Pt (and only Pt) intentionally to CNF tips has had a significant positive effect on the electrochemical
performance of the CNF structure as desired.

To further justify the use of Pt catalyst layer and the crucial role of the Pt particles in the resulting structure we made
some experiments with metal free CNF, which had been grown on top of nanodiamonds without the use of any metal



Fig. 4.14. (a) Chronoamperometry measurements (step potential at �0.1 V vs Ag/AgCl) with different concentrations of H2O2 with Si/Ti/DLC/Pt (10 nm)
electrode and (b) dependence of current density on the H2O2 concentration [336].
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catalyst. The use of Ti adhesion layer below DLC (on top of which nanodiamonds were deposited) thin film resulted into a
reasonable similar structure than that of CNF + Pt (Fig. 4.15), but of course without Pt. The identical interfacial structure at
the Si/Ti/DLC side of the nanodiamond catalyzed material with that of the CNF + Pt one is shown in Fig. 4.16. The fibers were,
however, less well defined when nanodiamonds were used for the growth than when Pt was utilized. With these Pt-free
structures there was practically no response to hydrogen peroxide, which points out the crucial role of the Pt nanoparticles
in the present CNF + Pt material.

The improvement in sensitivity was also significant when compared to other carbon nanomaterials, as can be seen when
one benchmarks these result to those shown in Table 4.5 above and remains unmatched even by Pt nanoparticles on CNTs
[315]. The fact that we utilized a reductive potential of – 0.1 V (vs. Ag/AgCl) should significantly reduce the interference from,
for example, dopamine and ascorbic acid, as these are typically oxidized at higher (positive) potentials on carbon based
structures and Pt [299,311,341] than the reductive potential used here. Moreover, the response time of our electrode mate-
rial for H2O2 was clearly faster than for any other structure listed in Table 4.5, exception being only our earlier CNF structure
with Ni nanoparticles at the CNF tips. This is a huge advantage in enzymatic sensing of different biomolecules such as an
important neurotransmitter glutamate. In situ detection of glutamate is an extremely difficult task especially owing to the
strict temporal and spatial requirements (response times must be few tens of ms and measurement probe size approxi-
mately 1–5 mm) [262]. Based on the values shown in Table 4.5 the CNF + Pt structure is the only one that can meet this tem-
poral requirement and has the potential to provide physically meaningful information from in situ measurements. The CNF
structure also provides means to meet the spatial requirement as the individual CNF-Pt fibers have diameters less than
100 nm, thus making the present material platform extremely interesting from sensing point of view.



Fig. 4.16. TEM micrograph showing the interfacial structure and the layer sequence of Si/Ti/DLC.

Fig. 4.15. Fiber like structure grown on top of Si/Ti/DLC/nanodiamond sample to realize metal free CNF.
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4.3.1. Role of simulations
It is evident that the structures discussed above are highly complex and clever simulation strategies are needed in order

to obtain useful information about these systems as already discussed in Section 2.2. Many of the issues related to these mul-
tilevel simulations are the same as discussed already in the case of CNF structures. However, in some cases the identification
of the electrochemically active locations with these hybrid structures may be somewhat easier. For example, in the case of
CNF + Pt electrodes used for detection of hydrogen peroxide the active site for the reaction may be identified with significant
certainty to be the Pt particle. Thus, in simulations wemay concentrate on these location with some confidence and study for
instance the chemical reactions of H2O2 on Pt surfaces with different orientation, the effect of particle size on the adsorption
strength of OH-groups and so forth. Another interesting issue is to compare CNF structures with either Ni or Pt on top and
quantify the catalytic activities of the different metals for H2O2 reactions. When variation in the electrode potential is
included into the model it is possible to examine in more detail the reduction/oxidation reactions on metal surfaces, which
provides the measured current during the detection of hydrogen peroxide and try to optimize the shapes of the metallic
nanoparticles, potential used for reduction/oxidation and so forth. Another very interesting issue that we are currently work-
ing on is the interaction of different biomolecules (AA, DA, etc.) with the electrode surface with different local geometries,
chemistries and as a function of potential. This information is especially important while trying to understand the shifts in
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the oxidation potentials of AA for example, when MWCNT structures are imposed on DLC surfaces (see Section 4.2.1). This
atomistic level information must then be combined with a more macroscopic level simulations dealing with changes in the
diffusion behavior as the geometry is changed and so forth.
5. Summary

As the above presented results highlight integration of different carbon allotropes together provides us with a new class
of materials exhibiting many unmatched properties. With respect to electrochemical properties we can for example greatly
increase sensitivity and selectivity and still maintain relatively wide water window and low background current. By control-
ling both chemistry and geometry of the hybrid carbon based materials this approach is likely to have applications in a wide
variety of different technological and scientific fields. Further, the use of application specific catalyst, in addition to its unde-
batable technological credits, will also be a feasible tool in more fundamental studies as the approach significantly simplifies
the structures to be used in the measurements. Consequently, it can be expected that the analysis and rationalization of the
results obtained can be carried out with more confidence. In the field of simulations the new class of materials will provide
new challenges but also opportunities. It is likely that the simulation of the various hybrid structures reveal many interesting
features from the electronic structure, for instance, that may be utilized in gaining more understanding of the properties of
these materials. It is likewise possible that based on simulations some new innovative experimental set-ups might be sug-
gested. The various feature sizes and relative complexness of these hybrid materials ensure that multilevel simulation strate-
gies must be utilized. Therefore, combining the expertise from different simulation communities is likely to advance this
field the best.
6. Outlook for the future

As it has been shown above by several examples carbon based hybrid nanomaterials provide many unique and advanta-
geous properties over conventional materials in the field of electrochemistry. Likewise it is clear that the materials are com-
plex and our understanding of their structure–property relationships are at the very early stages. This becomes even clearer
when one considers that the similar knowledge about the individual building blocks (single allotropes of carbon) of these
materials is also often missing, although the latter ones have been investigated for much longer time.

We have reported several investigations about the structure and chemistry of different carbon allotropes in this review.
Despite the abundant literature it can be stated that detailed information about these issues are still scarce and sometimes
even contradictory. This occurs partly because there are no standardized ways to assess the properties of carbon nanoma-
terials and every group essentially combines their own unique approach. This is acceptable to some degree in the fundamen-
tal materials research where each group fabricates their own materials. However, with commercial producers this is not
acceptable. As many electrochemistry papers especially utilize commercial carbon nanomaterials without any detailed fur-
ther characterization the interpretation of the results becomes crucially dependent on the accuracy of the data (if there is
any) given by the supplier as well as on the blind faith that batch to batch variations with these suppliers are reasonable
small. Further, when these poorly characterized materials are then combined with polymers, enzymes and so forth, without
detailed information about the morphology and surface chemistry, to realize sensor structures, the assessment of the
reported data become very difficult.

Another route that has been utilized to assess the properties of individual carbon allotropes is by simulations. As dis-
cussed in the review there have been many efforts to model CNTs, a-C, graphene, etc. with variable success. Here also the
variation in the approaches and simulation strategies make the comparison between the works done in different groups
somewhat difficult. Based on the structure of carbon based hybrid materials it is evident that with these materials multilevel
strategies to simulation are required. Further, if one considers modeling of electrochemical processes charge transfer as well
as dynamics must be included into the simulations, which increases the level of difficultness by several orders of magnitude.
This calls for clever simulation strategies and identification of several experimentally determinable benchmark properties
that can then be used to confirm the simulation results. In addition, as the field advances it may become possible for the
simulations to suggest a few key experiments and become proactive instead of reactive.

While considering the experimental results and information given by atomistic simulations the obvious questions arise:
(i) To what degree the properties of single or few nanosized carbon structures resemble the behavior of more macroscopic
higher level structures with billions of individual building blocks? (ii) What kind of new properties arise when wemove from
the most elementary level up to more complex structures? Can we just take the properties of a ‘‘macroscopic” complex to be
the sum of all the lower level properties or is there some emergence associated with the higher levels? These are important
questions as we are approaching our research problems many times by combining experimental results and atomistic sim-
ulations. In the latter case it is obvious that we must heavily reduce the system under investigation and the representative-
ness of the reduced model becomes one of the key issues. This is understandably even a more complex issue when we move
from individual carbon allotropes to carbon based hybrid nanomaterials. Nevertheless, we genuinely believe that with time
tight combination of experimental and simulation work will enable us to obtain a deeper understanding of these unique
materials as well as the complex phenomena related to the many applications where they are used.
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We have shown that by utilizing these new hybrid materials several unique properties in electrochemical behavior can be
achieved. Even though the application examples are all from the biosensing side it is by no means the only application area of
these materials. Even if we stick to the electrochemistry there are technological fields such as advanced energy solutions and
storage of electricity, environmental sciences, pollution control, water purification, food industry and so on that can greatly
benefit from these new materials. Based on the properties that we have encountered while working with these materials
implicate that they could have interesting applications in optics, electronics, as low friction materials and so forth.

We started this review by pointing out a few unique properties of different carbon allotropes in their nanoforms. During
the review we hope that the reader has noticed that by combining these different allotropes we can, not only sum up the
properties, but realize materials that have unique and unmatched properties of their own. We are quite confident that when
these types of materials start to be investigated more widely many new properties and application areas emerge. To give a
few examples about probable routes one can list topics as follows: (a) a carbon-based hybrid nanomaterial interface that will
convert the electrochemical language used by neurons in the brain to ones and zeros used in the information technology can
be realized with these materials. Such a tool would be a major breakthrough in the development of neuroscience and ther-
apeutic methods. (b) Interactive, flexible, transparent and wearable touch screens and electronic skin for smart living envi-
ronment can be foreseen to be realized with these unique materials. (c) New high performance catalysts for energy
conversion based on platinum free carbon-based hybrid nanomaterials, e.g. in fuel cells are natural applications of these
materials already based on the data given in this review. All the above are the very key enabling technologies when the
worldwide megatrends related to increasing and aging population, energy crisis and environmental challenges are tackled.
It is likewise evident that these research problems require fundamental understanding of the underlying chemical and phys-
ical phenomena that take place with and on these materials. Hence, there is much work to be done.
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