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1. Introduction

Diamond is a material of extremes. As a result of its
unique combination of properties, such as wide band gap,
negative electron affinity, chemical inertness, resistance to
particle bombardment, extreme hardness, and thermal con-
ductivity, diamond is a promising material for applications in
various fields.[1–3] These properties of crystalline diamond
originate from the diamond lattice structure and the strong
carbon–carbon bond. Doping process can improve the
electrical properties of diamond. Heavily boron-doped dia-
mond (BDD) has been recognized as one of the most
promising electrode materials for electrochemical applica-
tions[4, 5] because of its unique features such as high chemical
stability, wide potential window, negligible capacitive current,
and high biocompatibility. Metal catalysts are expected to be
stable on diamond because of the formation of metal carbides.
Defects also play an important role, often a beneficial one, on
the properties of diamond. Color centers are an example of
such benefits.[6] Light-emitting defects (color centers) in
diamond are increasingly attractive for their implementation
in a solid-state platform. For example, color centers based on
nitrogen,[7–9] silicon,[10] carbon,[11] nickel,[12] and chromium[13]

impurities have been shown to generate nonclassical states of
light and emit single photons at room temperature, which is
a critical resource for quantum optical communication
systems. Of these defects, the nitrogen-vacancy (NV) center
is very attractive, since it can possess additional electron and
nuclear spin degrees of freedom with long coherence times
that act as a quantum memory for long-distance quantum
communications.[14, 15] In addition, because the dislocation
movement is hindered by the impurities, the toughness and
wear resistance of diamond may increase as its impurity
content increases.

As a consequence of these unique features and the high
value of natural diamond, tremendous attention has been
paid to manufacturing diamonds and diamond-like carbon
(DLC) since the first artificial diamond was synthesized in the
1950s. The techniques, which range from the direct solid-state
transformation of graphite under static or shock pressure to
chemical-vapor deposition, allow the synthesis of materials

with properties approaching those of natural diamond.
Recently, the synthesis and characterization of nanometer-
sized clusters, including nanocrystalline films of diamond-like
carbon and nano- and polycrystalline cubic diamond, has
attracted special attention.[16–18] These studies are motivated
by the observed ability to vary the properties of these
materials through their size.[19] Ultrafine diamond synthesized
by explosive detonation was proposed to be very interesting
for many traditional diamond applications, such as the fine
polishing of ceramics and surface coatings. Polycrystalline
cubic diamond obtained by the direct conversion of graphite
at static high pressures and temperatures is extremely hard.[20]

However, it was synthesized in microscopic quantities, but
that was not sufficient for full characterization of the physical
properties of the sample. The first synthesis of a bulk sample
of nanocrystalline diamond from C60 was recently reported,[21]

and intensive investigation has suggested that the new
material was at least as hard as single-crystal diamond and,
at high temperature and ambient pressure, kinetically more
stable with respect to graphitization than usual diamonds.

Nanowires fabricated using top-down and/or bottom-up
procedures have characteristics of low weight with sometimes
extraordinary mechanical, electrical, thermal, and multifunc-
tional properties.[22, 23] Nanowires can be used for the tunable
transport of electrons, with the electronic properties strongly
influenced by small perturbations of the surface, which allows
large surface-to-volume ratio enhancements. Theoretical
evaluations of the properties of diamond nanowires and
nanorods,[24–27] which predicted superior properties of dia-
mond nanowires and made them an important and viable
target for synthesis, encouraged our search for methods for
their production. As a result of the numerous efforts, many
methods for the synthesis of diamond nanowires have been
developed, including reactive-ion etching (RIE),[28–35] plasma
post-treatment of carbon nanotubes,[36,37] transfer of ful-

C(sp3)�C-bonded diamond nanowires are wide band gap semi-
conductors that exhibit a combination of superior properties such as
negative electron affinity, chemical inertness, high Young�s modulus,
the highest hardness, and room-temperature thermal conductivity. The
creation of 1D diamond nanowires with their giant surface-to-volume
ratio enhancements makes it possible to control and enhance the
fundamental properties of diamond. Although theoretical compar-
isons with carbon nanotubes have shown that diamond nanowires are
energetically and mechanically viable structures, reproducibly
synthesizing the crystalline diamond nanowires has remained chal-
lenging. We present a comprehensive, up-to-date review of diamond
nanowires, including a discussion of their synthesis along with their
structures, properties, and applications.
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lerenes to diamond nanowires at high temperatures and high
pressures,[38] and template- or catalyst-assisted CVD meth-
ods.[39, 40] However, the synthesis of these diamond nanowires
has proven to occur with a low probability and be very
difficult to reproduce, despite the many attempts we and
others have made, and despite the their potential applications,
such as their highly efficient single-photon emission at room
temperature[41, 42] and high brightness, low-threshold electron-
field emission,[40, 43–46] as well as for high-performance nano-
electromechanical switches[47] and biosensors.[48–54] The RIE
method can realize large-scale-oriented nanopillar arrays, but
the as-prepared diamond nanopillars have large diameters,
usually larger than 50 nm. In addition, the mask materials
usually need to be removed. The CVD-based method can
achieve smaller crystalline diamond nanowires, but reprodu-
cibly synthesizing crystalline diamond nanowires has
remained challenging.

This Review is presented with the aim of generating more
interest and more effort to address this challenge. We
highlight some of the most important synthetic routes that
underpin the synthesis of diamond nanowires, then discuss the
structures and properties of the diamond nanowires from the
reported theoretical and experimental results, and finally,
summarize the applications of diamond nanowires.

2. Synthetic Strategies for Diamond Nanowires

2.1. Plasma-Assisted Reactive-Ion Etching

Reactive-ion etching (RIE) is an etching technology used
in top-down micro- and nanofabrication. As shown in
Figure 1, it uses chemically reactive plasma to remove
material deposited on wafers. The plasma is generated
under low pressure (vacuum) by an electromagnetic field.
High-energy ions from plasma attack the surface of the
sample and react with it to form the desired nanostructures.
The “output” of plasma etching depends in a nonlinear way
on a multitude of adjustable input parameters: power density,
frequency, pressure, dc bias, gas composition, flow rate, and so
forth. Plasma-based RIE processes offer higher accuracy in
replicating device patterns than wet etching patterns, but
further advances may depend on a better understanding of
gas-phase phenomena and plasma–surface interactions.[55]

The first realization of diamond nanowires by RIE was
performed by Shiomi, who demonstrated the formation of

porous diamond films by oxygen plasma RIE.[28] The plasma-
assisted RIE technologies have since been widely developed
for the top-down fabrication of diamond nanowires (nano-
pillars). In the process, a planar nanocrystalline or micro-
crystalline diamond film is first deposited, and then nanowires
or nanorods arrays film are fabricated by the etching of
a planar film. Depending on whether a mask is used, the
plasma-assisted RIE techniques for diamond nanowires
consist of two types, mask-needed and maskless ones.

2.1.1. RIE Techniques with Masks

Diamond nanowires are generally obtained by the etching
of various planar diamond films through various masks
including metal nanoparticles, oxide nanoparticles, and dia-
mond nanoparticles. The nanoparticles that are used as masks
are a few nanometers in diameter, and the density and the size
of the as-prepared diamond nanowires is dependent on the
size of the masks.

2.1.1.1. RIE Techniques with Metal Masks

The first realization of diamond nanowires was achieved
in 1997 by Shiomi,[28] who demonstrated the formation of
a porous diamond film through oxygen plasma RIE by using
Al as a mask. Numerous columnar diamond nanowires of
approximately 300 nm length and 10 nm width have been
made by etching CVD polycrystalline diamond films in O2

plasma. Ando et al. also reported that diamond nanowires
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Figure 1. A typical RIE setup, consisting of two electrodes (1 and 4)
that create an electric field (3), which can accelerate the ions (2)
toward the surface of the samples (5).

.Angewandte
Reviews

J. Zhi et al.

14328 www.angewandte.org � 2014 Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim Angew. Chem. Int. Ed. 2014, 53, 14326 – 14351

http://www.angewandte.org


with smooth surfaces (Ra< 0.4 nm) were obtained by reac-
tive-ion etching in a gas mixture of CF4 and O2 by using Al as
a mask.[32] The surface roughness (mean roughness of the
diamond surface, represented by Ra) of the etched diamond
decreased as the CF4/O2 ratio increased, although the increase
in the CF4/O2 ratio reduced the selective etching ratio of
diamond versus Al. The gas pressure also affected the surface
roughness and the anisotropy of etching. Li and Hatta
produced aligned diamond nanowires through radio-fre-
quency (RF) RIE of planar diamond film (obtained by
CVD) in an Ar/O2 plasma in the presence of a patterned Al
mask.[56] It was found that diamond whiskers preferentially
formed at the diamond grain boundaries. The densities
(number of diamond nanowires per unit area) of diamond
whiskers increased with the O2/Ar ratio. A high density of
whiskers could be obtained by RF etching with a pure O2

plasma. The Ar contributed to increasing the etching rate.
The diamond nanowires obtained by Al-masked RIE are

polycrystalline, which have the disadvantages of the existence
of grain boundaries, impurities, and large stresses in the films.
Recently, Liao et al. successfully fabricated single-crystal
diamond nanopillars through the Al-masked RIE
method,[47] as shown in Figure 2. The fabrication of single-
crystal diamond nanowires began from the high-pressure
high-temperature (HPHT) type Ib diamond substrate, which

was impregnated with carbon ions.[57] A homoepitaxial boron-
doped p-type diamond was grown on the substrate by
microwave plasma chemical vapor deposition (MPCVD) at
930 8C. After growth, the diamond epilayer was annealed at
900 8C for 3 h in an ultrahigh vacuum (UHV) chamber (base
pressure 10�7 Pa). A graphite layer with a thickness of 200 nm
was formed after the high-temperature processing. Conven-
tional photolithographic and electron-beam lithographic
processes were employed to define the cantilevers or bridge
structures. An aluminum layer with a thickness of 150 nm was
deposited on the patterned diamond epilayer as a mask for
reactive-ion etching. The sample was then treated in a boiling
acid solution of HNO3/H2SO4 to remove the Al and graphite.
Regardless of the implanted ions, high-resolution transmis-
sion electron microscopy (HRTEM) images and electron
diffraction show that the grown diamond epilayer above the
graphite layer still retains a good single-crystal nature, which
guarantees that the etched diamond nanowire is of single-
crystal structure.

Besides Al, other metals, such as Mo,[33, 58] Ni,[34, 35] Fe,[59,60]

and Au,[61, 62] have been successfully used as masks to etch
undoped or boron-doped diamond (BBD) nanowires with
oxygen plasma. Li and Hatta investigated the effect of the
metal masks, including Mo and Ni, on the etched diamond
nanowires.[60] It was found that the metal-masked diamond
films were distinctly influenced by the oxidizability of the
coating metal. Under the same etching conditions, lower
density diamond nanowires (10 mm�2) were obtained from the
Mo-masked diamond film, while whiskers obtained from the
Ni-masked film were more densely distributed (40 mm�2). The
authors postulated that oxidizable metals, such as Mo, Fe, and
Al, produced metal oxides and metal carbides, which served
as a stable coating layer during the etching process and led to
the formation of whiskers with lower density. Non-oxidizable
metals, such as Ni, which has poor crystallinity and higher
mobility in RF plasma etching, did not produce an efficient
protecting layer. The distribution of the whiskers might,
therefore, be controlled by the type of metal masks. Recently,
metal masks of 5–50 nm in diameter were obtained through
dewetting various metal films (Al, Ti, Co, Ni, Cu, Pd, Pt, and
Au films). Janssen and Gheeraert systematically investigated
the effect of the type and thickness of the metal films on the
surface density, shape, and size of the resulting metal masks.[63]

2.1.1.2. RIE Techniques with Oxide Masks

Fujishima and co-workers reported a technique for the
preparation of periodic arrays of diamond nanowires by
means of reactive-ion etching with oxygen plasma by using
two-dimensional (2D) monodisperse solid SiO2 particles
arrays as masks.[64, 65] In a planar diamond surface, fine SiO2

particle (diameter, 1 mm)[66] are packed in high-density, highly
oriented layers (2D periodically arranged SiO2 particles
coating film) over a wide surface area by water evaporation
and lateral capillary forces.[67] After preparation of the 2D
array, reactive-ion etching (RIE) was carried out with oxygen
plasma of the SiO2 arrays for 5–120 min in a plasma etching
apparatus with a radio frequency (RF) generator. Finally, the
SiO2 particles were removed from the diamond with a solution
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Figure 2. Fabrication of single-crystal diamond nanowires. a) Ion
implantation into tybe Ib diamond substrates by carbon ions at an
energy of 180 keV and a dosage of 1016 cm�2. b) Microwave plasma
chemical vapor deposition growth with boron doping (concentration:
1018 cm�3). During the growth through chemical vapor deposition,
a graphite-like layer with a thickness of around 200 nm was formed
below the diamond surface, which acted as the sacrificial layer.
c) Electron-beam lithography of the diamond. d) Deposition and lift-off
of the aluminum. e) Formation of nanowires by RIE. f) Finally, removal
of the Al and graphite by boiling in an acid solution. Reproduced from
Ref. [47]. Copyright 2010 John Wiley.
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of HF/HNO3 (24 wt % HF, 30 wt % HNO3) to afford the
periodic arrays of diamond nanowires. Hausmann et al.[41]

have since used oxide nanoparticles, such as SiO2 and
Al2O3, as masks in the synthesis of diamond nanowires with
both single-crystal and polycrystalline diamond. The authors
used inductively coupled plasma (ICP) reactive-ion etching
(RIE) with oxygen to fabricate the nanowires. Drop-casted
nanoparticles (Au, SiO2, and Al2O3) were used as
an etch mask. Al2O3 nanoparticles were found to be
the most etch resistant. The flowable oxide (Fox,
spin-on materials purchased from Dow Corning
comprising silicon, carbon, and hydrogen) electron-
beam resists (spin-on glass) proved to be suitable
etch masks for the fabrication of ordered arrays of
diamond nanowires. As shown in Figure 3, single-
crystal diamond nanowires with near-vertical side
walls were obtained by using Fox as a mask. These
well-oriented single-crystal diamond nanowires
might be suitable for applications involving quan-
tum information processing.

2.1.1.3. RIE Techniques with Diamond Nanoparticles as Masks

Yang et al. realized vertically aligned diamond nanowires
from boron-doped single-crystalline CVD diamond films by
using diamond nanoparticles as a mask.[31, 68–70] The fabrication
process of vertically aligned diamond nanowires is illustrated
in Figure 4. First, boron-doped (p-type) diamonds with

atomically smooth surfaces are grown by homoepitaxy on Ib
diamond substrates by using a microwave-assisted chemical
vapor deposition technique.[71] Then, an etching mask made
from diamond nanoparticles is deposited. Diamond nano-
particles can be produced with a well-defined size and
quality.[72] The diamond nanoparticles of about 8–10 nm in
diameter are dissolved in water by ultrasonication to form
a pseudostable suspension.[73,74] The concentration of this
suspension is crucial, and pretreatment of the diamond
powder affects the stability of the suspension. The planar
diamond film is then immersed into the suspension and
sonicated (100 W, 10 min) to seed diamond nanoparticles on
the planar surface of the diamond film. The diamond
nanoparticle layer is dense and its quality depends on the
suspension and sonication time. After deposition of the
diamond nanoparticles, RIE in an O2 (97 %)/CF4 (3 %) gas
mixture is typically applied for 2 to 60 s. Vertically aligned
diamond nanowires arise where diamond nanoparticles have
been deposited. The as-fabricated diamond nanowires were
biofunctionalizated and used for DNA sensing.[69, 70]

2.1.2. Maskless RIE Techniques for Highly Doped Diamond
Nanowires

As mentioned above, 1D nanostructured diamonds are
generally fabricated by etching through various masks, such as
anodic alumina, SiO2 ordered arrays, Au nanodots, molybde-
num, nanodiamond particles, and other materials. However,
these methods suffer from certain limitations. For example,
some masks need be removed by additional chemical or
physical processes, or an etching mask needs be intentionally
deposited by pre-preparation processes. Moreover, the mask-
etched diamond nanowires contain some impurities, which
usually result from the mask. Finally, the mask-assisted RIE is
usually unfavorable for the large-scale fabrication of diamond
nanowires. Recently, Fujishima et al. reported a RIE tech-
nique for heavily B-doped diamond (BDD) nanowires with
a boron doping level of 2.1 � 1021 B cm�3 by using oxygen
plasma without any additional mask.[75] It is assumed that

Figure 3. Single-crystal diamond nanowires realized by ICP-RIE. Fox
was used to produce an array of pillar-shaped oxide masks with EBL.
The mask was then transferred to the substrate by oxygen etching for
10 min and subsequently removed. a) Diamond wires with the same
diameters. b) The height of the wires is 2.3 mm from top to bottom.
The diameters at the broadest part at the top and the bottom are
about 110 nm and 310 nm, respectively. The diameter is about 70 nm
at the thinnest part of the nanowires. Inset: one nanowire with the
remaining Fox mask after etching. c) An array of nanowires with
a height of 2.2 mm high and a bottom diameter of 226 nm. Reproduced
from Ref. [41]. Copyright 2010, Elsevier.

Figure 4. Schematic representations of the fabrication of diamond nanowires.
Here, d is the diameter of the nanodiamond particles, and a is the distance
between the particles. Reproduced from Ref. [70]. Copyright 2008 John Wiley.

.Angewandte
Reviews

J. Zhi et al.

14330 www.angewandte.org � 2014 Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim Angew. Chem. Int. Ed. 2014, 53, 14326 – 14351

http://www.angewandte.org


boron oxides form on the surface at boron-rich nanometer-
sized locations, and they are less volatile than the reaction
products, namely, CO and CO2. In the initial stage of etching,
the boron dopant atoms at the diamond surface contribute to
the small, nanometer-scale structures. As the etching pro-
gresses, the boron species, including oxides, are removed
together with carbon atoms, and then they appear to redeposit
near the tops of the nanowires and continue to serve as an
etching mask. The boron dopant atoms in the diamond act as
the mask during plasma etching, thereby avoiding the
complicated preparation processes involved in using an
intentional mask or removal of the template by additional
processes. The formation sites of the nanowire array depend
greatly on the boron distribution. Figure 5 shows the SEM

images of the microstructure of a BDD nanowire array. It can
be seen that the nanowire arrays on the BDD surface has the
following dimensions: 20 nm diameter and 200 nm length,
and the distance between each nanograss structure is 50 nm.
This straightforward method has the advantage that it does
not require any complicated processing steps such as depo-
sition and removal of a mask. This maskless RIE method has
been widely used to realize diamond nanowires.[30,76–80]

2.2. Chemical Vapor Deposition (CVD)

Vapor-phase growth is a very useful bottom-up method to
produce nanowires. The elemental or oxide nanowires can be
achieved through the simple evaporation technique in an
appropriate atmosphere.[81–84] The CVD techniques for dia-
mond nanowires consist of two types: template-assisted and
template-free ones.

2.2.1. Template-Assisted CVD Methods

Template-assisted CVD synthesis is a convenient and
versatile method for generating 1D nanostructures.[85–88] The
template uses a pre-existing guide with the desired nanoscale
features to direct the formation of nanomaterials into forms
that are otherwise difficult to obtain. As a result, template
synthesis is capable of producing nanostructures with unique
structures, morphologies, and properties. The template serves
as a scaffold on which other materials with similar morphol-
ogies are synthesized. The in situ generated material is shaped
into a nanostructure with a morphology complementary to
that of the template. Templates can be nanoscale channels

within mesoporous materials, such as porous alumina or
polycarbonate membranes.

2.2.1.1. CVD with Nanowire Templates for Diamond Nanowires

One of the most important methods for the synthesis of
inorganic nanowires is template-assisted CVD. The semi-
conductor nanowires derived from noncolloidal synthesis are
convenient templates for gas-phase synthesis, including both
physical coating as well as chemical transformation. The CVD
method with a nanowire template for synthesizing diamond
nanowires usually consists of two steps. One is the synthesis of
various nanowire templates, and the other is conformal
coating of the nanowire templates with nanodiamond-form-
ing polycrystalline diamond nanowires by a CVD method.
The size of the as-prepared diamond nanowires is dependent
on the size of the nanowire templates. The possibility of
depositing layered microdiamond coatings onto tungsten
wires by the CVD method was demonstrated for the first
time by May.[89] Many others subsequently reported the
successful coating of microdiamond onto a variety of sub-
strate wires including silicon carbide, copper, tungsten, and
titanium.[90–92] Recently, Singh et al. reported a novel two-step
method for the synthesis of high-density nanocrystalline
diamond fibers (nanowires). This method includes the syn-
thesis of templates (silica (a-SiO2) nanofibers) by a conven-
tional vapor-liquid-solid method and the conformal coating of
the nanofibers with 15–20 nm sized nanocrystalline diamond
(NCD) grains by microwave plasma enhanced chemical vapor
deposition under hydrogen-deficient conditions.[93–95] The as-
prepared diamond nanowires showed good electron field
emission properties.[94, 95] Furthermore, our research group
also reported a hot-filament chemical vapor deposition
method using a Si nanowire template for the fabrication of
arrays of boron-doped diamond nanowires and a 2D network
of diamond nanowires.[96, 97] The synthesis of the arrays of
boron-doped diamond nanowires is illustrated in Figure 6.

First, silicon nanowires are synthesized by electroless metal
deposition (EMD) on a p-type silicon wafer.[98] The substrate
is then treated with ultrasound for 20 min in a suspension of
diamond nanoparticles. Finally, the BDD nanowires arrays
film was prepared by depositing a boron-doped diamond
nanocrystal layer onto the as-fabricated Si nanowires
(SiNWs) by hot-filament chemical vapor deposition
(HFCVD). As shown in Figure 7a, a large number of
boron-doped diamond nanorods standing vertically on a sili-
con wafer can be observed. The inset of Figure 7a clearly
shows a single nanorod viewed from the top. The coverage of
a nanocrystalline diamond film is complete and continuous

Figure 5. SEM images of a BDD nanowire array at A) low resolution
and B) high resolution.

Figure 6. Fabrication of the boron-doped diamond nanowire arrays.
Reproduced from Ref. [96]. Copyright 2010, American Chemical Soci-
ety.
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along the whole length (about 5 mm) of the SiNWs. These
nanorods possess rough and irregular surfaces with a poly-
crystalline morphology, as shown in Figure 7 b. The as-
prepared film of BDD nanowire arrays can be used for the
determination of glucose in the presence of ascorbic acid.

2.2.1.2. AAO-Templated CVD

Porous anodic aluminum oxide (AAO) templates played
a dominant role in the preparation of highly ordered nano-
wires with controllable size.[99,100] Masuda et al. reported the
preparation of well-aligned polycrystalline diamond nano-
cylinders (nanowires) and diamond-like carbon (DLC) nano-
tubes on anodic aluminum oxide templates by microwave
plasma assisted CVD.[101] The alumina templates[102,103] for
diamond deposition were prepared by electrochemical anod-
ization of an aluminum sheet (thickness 0.15 mm) in 0.3m
phosphoric acid at 1 8C under a constant voltage of 190 V for
70 min. The resultant well-ordered holey nanoporous mem-
branes were used as templates for diamond deposition. As
shown in Figure 8, prior to deposition, the alumina templates
were nucleated with 50 and 5 nm diamond particles for the
deposition of diamond nanocylinders and diamond-like nano-
tubes, respectively. For the growth of nanowire arrays, the
50 nm particles were nucleated at the bottom of the alumina
membrane pores with the same diameter (Figure 8a). This
enables the growth of diamond cylinders along the length of
the pores. For the growth of nanotubes, smaller diamond
nanoparticles (5 nm) were ultrasonically dispersed on the
pore walls by keeping the templates in suspension (Fig-
ure 8b). The growth of the diamond nanowires or nanotubes
was carried out by plasma-assisted CVD. The deposition of
diamond initially proceeds along the alumina pores and
continues to grow on the membrane to yield a continuous
film, which acts as a support for the nanostructures. The
resulting nanofibers can be released from the alumina
membrane by immersion in concentrated phosphoric acid at
250 8C.

2.2.2. Template-Free CVD for Diamond Nanowires
2.2.2.1. Microwave Plasma Enhanced CVD

Valsov et al. reported the microwave plasma-enhanced
CVD (MPCVD) synthesis and characterization of new hybrid
diamond-graphite nanowires, which were formed on a ultra-
nanocrystalline diamond (UNCD) film.[104] The UNCD films
were deposited on Si substrates in a microwave plasma CVD
reactor in Ar/CH4/H2/N2 mixtures.[105] The cores of the
diamond nanowires (DNWs) are 5–6 nm in diameter and
grow along the [110] direction. The experimental results
showed that N2 plays an important role in the growth of
wirelike diamond grains, which is consistent with the results of
Arenal et al.[106] It has been suggested that the low concen-
tration of hydrogen and the introduction of nitrogen into the
plasma are two favorable conditions for the synthesis of one-
dimensional diamond nanostructures by CVD. A transition
from a hydrogen-rich to an argon-rich plasma leads to
a decrease in the stability of the diamond phase from the
macro- to the nanoscale.[107] Theoretical models suggest that
nanocrystalline diamond may be structurally stable both in
quasi-zero-dimensional (nanograin)[108, 109] and in one-dimen-
sional nanowires.[25, 27] However, only the diamond nanograins
are observed in UNCD films grown without nitrogen. The
high renucleation rate provided by the presence of C2 dimers
in the plasma suppresses the extension of the one-dimensional
diamond nanostructures, thereby limiting the grain size within
the stability range of the diamond phase, which is about 5 nm.

Figure 7. SEM images of the a) top and b) side views of the BDDN.
The inset in (a) is an amplified image of a single standing nanowire.
Reproduced from Ref. [96]. Copyright 2010, American Chemical Soci-
ety.

Figure 8. Schematic representation of the fabrication process for
cylindrical diamond and tubular structures. a) The cylindrical struc-
tures were prepared by nucleating with 50 nm diamond particles at the
bottom of the membrane holes, followed by microwave plasma CVD
for 3�4 h using acetone as the carbon source. b) Tubular structures
were fabricated by nucleating with 5 nm particles on the pore walls of
the membrane followed by microwave plasma CVD. Reproduced from
Ref. [101]. Copyright 2001, John Wiley.
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The introduction of nitrogen in the plasma stimulates the
formation of molecular CN species, thus reducing the
renucleation rate. This creates favorable conditions for an
increase in the grain size and the formation of one-dimen-
sional diamond nanostructures.

Shang et al. reported the growth of ultrathin diamond
nanorods (UDNRs) by a MPCVD method (in a N2/CH4

plasma).[110] As-deposited UDNRs have a length of 50–
300 nm and a diameter of only 2.1 nm, less than the
theoretical minimum value (2.7 nm) for energetically stable
UDNRs.[25, 27] The growth of UDNRs has been suggested to
follow a heterogeneous self-catalytic vapor-liquid mechanism.
Together with diamond nanoclusters and multilayer graphene
nanowires/nano-onions, UDNRs are self-assembled into iso-
lated electron-emitting spherules and exhibit a field emission
performance with a low threshold and a high current density
(flat panel display threshold: 10 mA cm�2 at 2.9 V mm�1).
Recently, Sobia et al. reported the effect of nitrogen on the
incorporation of hydrogen in thin films of diamond nanorods
obtained by the MPCVD method (in Ar/H2/CH4/N2 plasma).
The results showed that the addition of nitrogen to the gas
phase increases the non-diamond content in the films.[111] The
incorporation of hydrogen in the diamond nanowires was
found to increase as the nitrogen in the feed gases in the
deposition chamber was increased. Raman spectroscopy
measurements show that the increase in the incorporated
amount of hydrogen is related to the low crystallinity of the
film arising from the increase in the non-diamond content in
the samples. More recently, Shalini et al. reported the syn-
thesis of diamond nanowire films by MPCVD (in Ar-N2/CH4

plasma).[112,113] The experimental results showed that the
electrical conductivity and the fraction of sp2 bonding in the
grain boundary of the diamond nanowire film (p states)
increased proportionally with the amount of nitrogen incor-
porated.[112] They used the diamond nanowire films generated
by N2-rich MPCVD (6% CH4/94%N2) as an electrode to
detect dopamine.

In conclusion, N2 plays an important role in the growth of
wirelike diamond grains during the DNW growth process by
MPCVD. The introduction of nitrogen into the plasma
stimulates the formation of molecular CN species, thereby
reducing the renucleation rate provided by the presence of C2

dimers in the plasma and creating favorable conditions for an
increase in the grain size and the formation of one-dimen-
sional diamond nanostructures. In addition, the incorporation
of hydrogen in the diamond nanowires was found to increase
as the nitrogen in the feed gases in the deposition chamber
was increased. This leads to the fraction of sp2 bonding in the
diamond nanowire film grain boundaries (p states) increasing
proportionally with the amount of nitrogen incorporated,
since the hydrogen incorporated into the DNWs can lower the
crystalline quality of the DNWs. Therefore, DNWs with an
MPCVD-induced high incorporation of N2 usually display
good electrochemical properties, which is accounted for by
the increase in the sp2 content, new C�N bonds at the
diamond grains, and an increase in the electrical conductivity
at the diamond grain boundaries.[113]

2.2.2.2. Hot Cathode Direct Current Plasma Chemical Vapor
Deposition (HCDC-PCVD)

hot cathode direct current plasma chemical vapor depo-
sition (HCDC-PCVD) is an effective method for the depo-
sition of diamond films (including nanocrystalline and micro-
crystalline diamond films), and diamond films can be
deposited uniformly over a large area and with a high
growth rate. A schematic diagram of the nonpulsed hot
cathode dc-PCVD apparatus is shown in Figure 9. The
cathode is made from a tantalum disc and is connected to
a water-cooled cylindrical copper block. The anode, on which
the substrate lies, is a water-cooled copper block, and a hot
cathode and a nonpulsed-type dc power source are used. A
long-time stable glow discharge at a large discharge current
and a high gas pressure has been used to fabricate high-
quality diamond films by using a hot cathode in the temper-
ature range 800–1500 8C and a nonsymmetrical conguration of
the poles, in which the diameter of the cathode is larger than
that of anode. Nanocrystalline diamond films with different
grain size, surface smoothness, and quality have been
prepared on Si substrates by changing the composition of
the CH4/Ar/H2 gas mixture.[114] HCDC-PCVD is an effective
method for the deposition of diamond films over a large area
and with a high growth rate. Zeng et al. reported that (111)
diamond microcrystals and (100) diamond microcrystals and
nanorods were synthesized on Si substrates by HCDC-PCVD
in a CH4/H2 gas mixture.[115] The results showed that a high
temperature (1223 K) and low CH4 concentration led to the
growth of (111) microcrystalline diamond films, but a low
temperature (1098 K) and high CH4 concentration can lead to
the growth of (100) diamond microcrystals and nanorods.
Furthermore, the low reactor temperature and high CH4

concentration decreased the grain sizes, purity, and quality
of the diamond films, but increased the transmittance of the
diamond films.

Figure 9. Schematic representation of a HCDC-PCVD device: 1. cath-
ode, water-cooled unit; 2. dc power supply; 3. cathode; 4. anode;
5. water-cooled vacuum chamber; 6. outlet to pump; 7. water-cooled
substrate holder; 8. inlet of resource gases.
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2.2.2.3. Catalyst-Assisted Atmospheric-Pressure Chemical Vapor
Deposition

Techniques for growing crystalline diamond have evolved
from the high-temperature high-pressure (HTHP) method[116]

to plasma-enhanced chemical vapor deposition (PECVD)
techniques.[112,113] Diamond microwires with a diameter of
25 mm and a length of 400 mm were synthesized in 1968 by
using a radiation heating unit developed from a super-high-
pressure xenon tube.[117] However, the fabrication of long,
single-crystalline diamond nanowires by conventional ther-
mal CVD methods has so far proven elusive, despite the
potential benefits. In 2010, however, Hsu et al. synthesized, by
chance, diamond nanowires by a chemical vapor deposition
method at atmospheric pressure without plasma or energy
radiation being used during the CVD.[39] The growth process
began with the flow of methane and hydrogen over the Fe
catalyst solution dispersed on a silicon substrate under
conventional CVD conditions at 900 8C. After this process
was completed, and without pumping the residual methane
from the chamber, pure hydrogen was flowed through the
quartz tube chamber at a rate of 200 sccm while the temper-
ature was slowly lowered to ambient at a rate of about
1.2 8C min�1 over a period of 12h. As shown in Figure 10 A
and Figure 10B, the as-prepared diamonds were straight, thin,
and long, and with a longitudinally uniform exterior diameter
(60–90 nm) along the entire lengths of tens of micrometers.
The structure of the nanowire consists of a diamond core

encased within a graphitic shell. The HRTEM image (Fig-
ure 10C) of one of these nanowires reveals a crystalline
diamond wire structure with a lattice constant of 0.21 nm,
which corresponds to the (111) orientation of diamond.
Hydrogen plays an important role in the formation of the
diamond nanowires since it can facilitate the transformation
of bonds involving sp- and sp2-hybridized into bonds involving
sp3-hybridized atoms.[118] When the final step of cooling under
a hydrogen flow was omitted, carbon nanotubes and amor-
phous carbon were synthesized, but no diamond nanowires
were evident. Transition metals (Fe in this experiment) are
now known to facilitate the dissociation of hydrogen mole-
cules into atomic hydrogen with a significantly low energy
barrier.[119, 120] Atomic hydrogen was demonstrated to enhance
diamond nucleation as well as graphite etching, and thus has
been widely used for the growth of synthetic diamonds. The
authors summarized their achievement in a minireview, and
gave a possible mechanism for the formation of the diamond
nanowires.[40] They rationalized that the growth of the
diamond nanowires begins with the conventional synthesis
of either a diamond stud or graphitic tubes through a vapor-
liquid-solid (VLS) process, which is then followed by the
in situ nucleation and growth of diamond wires, fueled by the
subsequent flow of hydrogen in the presence of a solid and
gaseous carbon feedstock.

2.3. Diamond Nanowires Generated from sp2-Hybridized Carbon
and sp3-Hybridized Diamondoids

The transformation of graphite to diamond nanocrystals
has been one of the most challenging problems in material
science for many decades. In general, high pressures and high
temperatures are needed to induce this transformation, and
catalysts are used to increase the yield of diamond. Research
has revealed that carbon nanotubes could also transform into
diamond nanocrystals under different processing condi-
tions—laser-induced transformation,[121] chemical vapor dep-
osition by coating of nanotubes,[122] shock waves,[123] and direct
transformation under high pressures and high temperatures
(HPHT).[124–126] The mechanism of the transformation of
carbon nanotubes into diamond was proposed to be nano-
tubes to carbon onions to diamond.[127] The last step was
identified to be critical in the nucleation and growth of
diamond nanocrystals in the centers of spherical carbon
onions under intense electron irradiation at high temper-
atures. However, transferring sp2-hybridized carbon to 1D
diamond nanowires is still challenging.

2.3.1. Post-Treatment of Multiwalled Carbon Nanotubes
(MWCNTs) with Hydrogen Plasma

Sun et al. described a simple way for transforming CNTs
into nanocrystalline diamond, that is, by a hydrogen plasma
induced structural transformation.[128] Diamond nanowires
with diameters of 4–8 nm and with lengths up to several
hundreds of nanometers were obtained simply by prolonging
the time of the hydrogen plasma treatment.[36, 37] The high-
magnification TEM image (Figure 11) shows that the nano-

Figure 10. A) Electron microscopy of diamond nanowires encased
within a carbon nanotube shell. The diamond core is enclosed in
a CNT sheath and is typically tens of micrometers in length and 60–
90 nm in exterior diameter. B) An SEM micrograph showing laser
stripping of a portion of the graphitic shell of a CVD-grown core–shell
diamond nanowire. C) High-resolution transmission electron micros-
copy (HRTEM) images and selective-area electron diffraction (SAED)
pattern of a single diamond nanowire, indicating a crystalline cubic
diamond (c-diamond) structure. Reproduced from Ref. [39]. Copyright
2010, American Chemical Society.
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wires form a core-sheath structure. A vapor-liquid-solid
(VLS) growth mechanism of 1D nanomaterials seems to be
unlikely for the growth of these diamond nanowires, since no
metal catalysts are used in the synthesis process. The authors
proposed a three-step process for the formation and growth of
diamonds under the treatment of MWCNTs with hydrogen
plasma, including clustering, crystallization, growth, and
faceting, which is similar to that proposed by Singh for the
nucleation, crystallization, and growth of diamonds from
amorphous carbon precursors.[129] Figure 12 shows the pro-

posed model for the formation of nanodiamonds and the
growth of diamond nanowires. Amorphous carbon clusters
are formed in step I. The crystallization of diamond then
begins in the core of the carbon clusters (step II), which is
followed by the diamond growth and faceting stage (step III).
After the diamond nanocrystallites are faceted, diamond
nanowires begin to grow at the nanowire tips (step IV). The
amorphous carbon layers that form a sheath around both the
diamond nanoparticles and nanowires are important for the
1D growth of diamond nanowires, as they prevent the lateral
growth of the diamonds and provide the carbon source for the
growth of diamond nanowires.

2.3.2. Diamond Nanowires Grown from Fullerenes

Dubrovinskaia et al. reported the synthesis of a bulk
sample of nanocrystalline cubic diamond with crystallite sizes
of 5–12 nm from fullerene (C60) at 20 Gpa and 2000 8C by
using a multi-anvil apparatus.[130] The new material is at least
as hard as single-crystalline diamond. It was found that
nanocrystalline diamond at high temperature and ambient
pressure is kinetically more stable with respect to graphitiza-
tion than usual diamond. Almost simultaneously, they syn-
thesized aggregated diamond nanorods (ADNRs) from C60 at
20(1) GPa and 2200 8C by using a multi-anvil apparatus.[38]

The individual diamond nanorods have a diameter of 5–20 nm
and are longer than 1 mm. The measured density of the
ADNRs was about 0.2–0.4% higher than that of usual
diamond.

2.3.3. Diamond Nanowires from Diamonoids

Diamondoids have been found to have strong affinity
towards compatible host structures, such as cyclodextrins[131]

and CNTs.[132] Analogous to the fabrication of 1D sp2-
hybridized CNTs from 0D sp2-hybridized fullerenes,[133,134]

diamondoids may also fuse and transform into 1D sp3-
hybridized diamond nanowires. The templated growth of
these nanowires from 1D diamondoid aggregates confined in
CNTs provides a possible pathway through a “face-fused”
reaction. However, the fusion reaction of adamantane into
diamond nanowires has been shown to be energetically
unfavorable.[109] Zhang et al. presented theoretical and exper-
imental evidence for the feasibility of a fusion reaction of
diamantane-4,9-dicarboxylic acid, a diamondoid derivative
containing relatively reactive functional groups, to 1D
diamond nanowires inside CNTs.[135] The diamondoid diacid
is more reactive than the pristine diamondoid, and thus
requires milder reaction conditions. Unlike in 3D space, the
diamantine dicarboxylic acid molecules are pulled inside
a CNT by an effective “capillary force” that originates from
the stabilization of the molecule inside the surrounding
nanotube. The fusion of diamantane-4,9-dicarboxylic acid
under the confinement of CNTs may be a promising way to
generate diamond nanowires. The diamantane-4,9-dicarbox-
ylic acid was sublimed and self-assembled into the quasi-1D
space of double-wall CNTs (DWCNTs) by a vapor-phase
reaction. Since the sublimation temperature of the diaman-
tane-4,9-dicarboxylic acid was 300 8C in air atmosphere, an
encapsulation temperature of 280 8C at 10�6 Torr was chosen.
Similar to adamantane, the encapsulation of diamantane-4,9-
dicarboxylic acid is highly selective with respect to the inner
diameter (Dinner) of the CNT. There is no encapsulated
diamantane-4,9-dicarboxylic acid in DWCNTs which have
Dinner< 0.8 nm (Figure 13a). However, the diamantane-4,9-
dicarboxylic acid aligned well along the axis of DWCNTs with
compatible Dinner� 1.0 nm (Figure 13b), which is consistent
with computational results for the encapsulation of diamond-
oids.[136] Multiple arrays of encapsulated molecules can often
be found in CNTs with much wider Dinner values (Figure 13c).
As demonstrated by the formation of diamond by chemical
vapor deposition (CVD)[137] and the thermal annealing of

Figure 11. A) High-magnification TEM image of the nanowires showing
the core–sheath structure, with the core being the diamond nanowire.
The inset shows the SAED along the [111] zone axis perpendicular to
the nanowire growth direction. B) HRTEM image of the crystalline-
diamond core and amorphous-carbon sheath. The inset shows the
(111) planes with a spacing of 0.21 nm. Reproduced from Ref. [37].
Copyright 2013, John Wiley.

Figure 12. Proposed model for the formation of nanodiamonds, and
the growth of diamond nanowires by irradiation of multiwalled carbon
nanotubes with hydrogen plasma at high temperatures. Reproduced
from Ref. [37]. Copyright 2013, John Wiley.
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adamantane inside CNTs,[132] hydrogen plays a crucial role in
retaining the sp3-hybridized diamond cages. The as-produced
diamondoid 1D aggregates in DWCNTs were annealed at
600 8C for 12 h under a flow of hydrogen. Diamond nanowires
(DNWs) were then found inside DWCNTs with Dinner

� 1.3 nm. The rod-shaped product has a diameter of about
0.78 nm, and it is very stiff and straight. No nanowire
structures have been observed in DWCNTs with a smaller
Dinner value of around 1.0 nm.

In conclusion, numerous efforts have been directed at
developing various synthetic methods to prepare diamond
nanowires, including reactive-ion etching (RIE), plasma post-
treatment of carbon nanotubes, transformation of fullerene to
diamond nanowires at high temperature and high pressure, as
well as template- or catalyst-assisted CVD method. Diamond
nanopillars obtained from RIE maintain the structural
features of the planar diamond matrix. The RIE method
can lead to large-scale oriented nanopillar arrays, but the as-
prepared diamond nanopillars have a large diameter, usually
larger than 50 nm. In addition, the mask materials usually
need to be removed. The CVD-based method can achieve
smaller crystalline diamond nanowires, but reproducibly
synthesizing the crystalline diamond nanowires is still chal-
lenging.

3. Structures and Properties: Simulations and
Experiments

3.1. Structural Stability of Diamond Nanowires

Diamond-based materials have been suggested to be the
optimal choice for nanomechanical applications because of
their high elastic modulus and strength-to-weight ratio.[140]

This has prompted a number of theoretical studies on various
properties of diamond on the nanoscale. The results of these
investigations have shown that dehydrogenated C(111) octa-
hedral nanodiamond surfaces are structurally unstable, with
their presence inducing phase transitions from the sp3

structure of nanodiamonds to the sp2 structure of carbon
onions. However, the presence of cubic surface facets has
been found to promote stability. For example, whereas
cuboctahedral nanodiamond structures have exhibited pref-
erential exfoliation of C(111) surfaces over lower-index
surfaces, increasing the C(100) surface area produces
a more stable nanodiamond structure and reduced surface
graphitization.

Although the sp2 bonding of carbon nanotubes (CNTs)
offers many structural advantages, the smallest nanotubular
structure has been predicted to possess sp3 bonding,[138] as sp2

bonding appears to be unfavorable.[139] Only a few diamond
nanowire structures have been observed experimentally,
which raises questions as to the phase stability of one-
dimensional diamond structures (nanowires or nanorods). If
diamond is to play a significant role in the future of
nanodevices, it is important to gain a full understanding of
the phase stability of dehydrogenated diamond nanowires
and carbon nanotubes, to determine if diamond nanowires are
energetically favorable compared to carbon nanotubes.
Barnard et al. studied the structural properties of dehydro-
genated diamond nanowires using the Vienna ab initio
simulation package (VASP).[25] Three kinds of diamond
wires, dodecahedral, cubic, and cylindrical nanowires, were
considered. The dodecahedral structures are bound by (110)
surfaces in all lateral directions, with a square cross-section,
and have a principal axis in the [100] direction. The cubic
diamond nanowires are bound by two C(100) surfaces and
two C(110) surfaces in the lateral directions, with a rectangular
cross-section, and have a principal axis in the [110] direction.
Finally, the three cylindrical nanowires considered in the
study are bound by two C(100) surfaces and two C(110)
surfaces in the lateral directions, with a circular cross-section,
and have a principal axis in the [100] direction. Changes in the
energy per atom (DE), cross-sectional area (DA), and nano-
wire segment lengths (DL) resulting from the relaxation of
the morphology of each nanowire are shown in Table 1. The
structural changes DA and DL are also shown in terms of the
percentage change in Figure 14. In theory, each plot in
Figure 14 should converge to zero as the number of atoms
increases (the macroscopic limit), but there are too few data
points to deduce anything but the overall trend. The smallest
cubic nanowire has been excluded from this comparison
because of its conversion into a nonclassical nanotube. It is
apparent from Table 1 that the remaining cubic nanowires
still exhibit unusual structural changes. The slopes for the

Figure 13. HRTEM and simulated images as well as model structures
of a) empty DWCNTs (Dinner<0.8 nm), b) linear diamondoid arrays
inside DWCNTs (Dinner�1 nm), c) multiple diamondoid arrays inside
DWCNTs (Dinner�1.3 nm), and d) optimized structure of the diaman-
tane-4,9-dicarboxylic acid molecule. Reproduced from Ref. [135]. Copy-
right 2013, John Wiley.
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cubic nanowires are positive, whereas the slopes for the
cylindrical and dodecahedral nanowires are negative. This is
thought to be a product of the cubic nanowire having
a principal axis in the [110] direction, and suggests that this
is not an optimal choice for diamond nanowire structures. It
has been shown from the ab initio relaxation of diamond
nanowires that nanocrystalline diamond may be structurally
stable in one dimension. Diamond nanowires with dodeca-
hedral and cubododecahedral morphology retained the
diamond structure upon relaxation, but did exhibit significant
relaxation involving changes in the length and cross-sectional
area. The stability, characterized by the variation in these
structural properties from that of bulk diamond, has been

found to be dependent on both the surface morphology and
the crystallographic direction of the principal axis of the
nanowire. For example, nanowires having a principal axis in
the [110] direction do not represent an optimal choice for
diamond nanowire structures. Although all the structures
under consideration exhibited significant changes in the
length and cross-sectional area, dodecahedral diamond nano-
wires with their principal axis in the [110] direction appear
less structurally favorable.

Barnard et al. presented a theoretical investigation of the
relative phase stability of 1D carbon nanostructures, including
carbon nanotubes and diamond nanowires, based on a heat of
formation model previously used successfully to compare the
phase stability of diamond nanocrystals and fullerenes.[27] The
results of this study indicate that carbon nanotubes represent
the most energetically preferred form of fine 1D carbon
nanostructures, and the diamond nanowires occupy
a “window” of stability. This window ranges from approx-
imately 2.7 nm to 3.7–9 nm in (lateral) diameter, beyond
which graphite is energetically preferred. The limits of this
range are sensitive both to the nanowire morphology, and the
method used to scale the graphite structures (required to
ensure dimensional consistency). These results are considered
to be useful in estimating the size range for which diamond
nanowires may be expected during synthesis, and as a guide to
the relative stability of sp2- and sp3-hybridized carbon atoms
in 1D nanostructures.

Tanskanen et al. studied the structural stability of the
polyicosahedral diamond nanowires obtained from icosahe-
dral diamondoids and conventional diamond nanowires that
are superimposable with bulk diamond.[141] The molecular
structures of three icosahedral diamondoids, C20H20,
C20@C80H60, and C20@C80@C180H120, together with the corre-
sponding polyicosahedral diamond nanowires are illustrated
in Figure 15. The B3LYP-calculated energetics, HOMO–
LUMO gaps, and band gaps are summarized in Table 2. The
strain energies suggest the 1D diamond nanowires (DNWs) to
be favored over the dodecahedral C20H20. The low structural
strain of the DNWs derived from dodecahedrane is in
agreement with previous studies on short oligomers of
dodecahedrane.[142, 143] To take the effect of thermodynamics
into account, the authors calculated the Gibbs-corrected
strain energies at T= 298.15 K for dodecahedrane and its 1D
counterparts. The Gibbs corrections show the dodecahedrane
to be slightly favored over its 1D counterparts. The differ-
ences are small, however, which suggests the polyicosahedral
DNWs are thermodynamically viable. With the exclusion of
dodecahedrane, the strain energies increase, but only slightly,
as a function of the length of the polyicosahedral diamondoid,
thus suggesting the preference for icosahedral structures.
Combining the icosahedral diamondoids with polyicosahedral
DNRs reduces the number of strain-inducing pentagons.
However, connecting the cages introduces additional strain to
the interface region through fused pentagons. Nevertheless,
the strain energies are systematically lower for the polyicosa-
hedral DNRs than for the experimentally known dodecahe-
drane. The relative proportion of the fused pentagons
becomes lower as a function of the diameter, thereby
decreasing the strain energies of the polyicosahedral DNRs

Figure 14. Percentage change in the cross-sectional area DA (top) and
in the periodic segment length DL (bottom) for the respective
morphologies. Reproduced from Ref. [25]. Copyright 2003, American
Chemical Society.

Table 1: Changes in energy per atom (DE), cross-sectional area (DA),
and nanowire segment lengths (DL) resulting from the relaxation of the
morphology of each nanowire.[25]

Morphology Atmos DE [eV] DL [nm] DA [nm2]

dodecahedral 75 �0.2271 + 0.0883 �0.0428
dodecahedral 144 �0.2150 + 0.1051 �0.0578
dodecahedral 196 �0.2057 + 0.0722 �0.0586
cubic[a] 84 �0.9812 �0.0222
cubic 132 �0.4847 �0.0094 �0.0265
cubic 240 �0.4339 �0.0038 �0.0615
cylindrical 63 �0.7063 + 0.0199 �0.0336
cylindrical 128 �0.5687 + 0.0182 �0.0421
cylindrical 228 �0.2676 + 0.0017 �0.0448

[a] Nonclassical nanotube.
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derived from the larger icosahedral diamondoids. Compar-
isons between the 1D diamond nanowires of
C20@C80@C180H120 and the corresponding hollow
C80H20@C180H120 show the filled structures to be energetically
favored.

Representative examples of the hydrogenated conven-
tional DNWs, namely, DNWs that are superimposable with
bulk diamond, have been investigated. The calculated strain
energies are clearly the lowest for those conventional DNWs
whose principal axes are parallel to the [110] direction of bulk
diamond. The highest stability of the [110] DNWs can be
understood to originate from surface hydrogenation. The H-
H distance between the surface hydrogen atoms is around
2.5 � for the [110] DNWs, but only 2.0 � for the [100] and
[111] DNWs. The repulsion between the surface hydrogen
atoms thus somewhat destabilizes the [100] and [111] DNWs,
whereas the repulsion is negligible for the [110] DNWs. The
described preference for hydrogenated [110] DNWs has also
been observed experimentally, with DNRs synthesized by
post-treatment of multiwalled CNTs with hydrogen plasma
preferring the [110] growth direction.[34] Previously, dehydro-
genated DNWs had been shown to prefer structures with their
principal axis parallel to the [100] direction, while [110]
DNWs had been reported to be unstable.[25, 26] As a conse-
quence of the impact of H-H interactions at the surface, the
presence (or absence) of hydrogen in the synthesis of DNWs
and DNRs may have an effect on the orientation of the
products.

3.2. Mechanical Properties of Diamond Nanowires

With its exceedingly high bulk modulus and hardness,
diamond has historically been considered the strongest
material. Recently, however, it has been claimed on the
basis of both theory and experiment that carbon nanotubes
are both stiffer and stronger along their axis than diamond. A
problem with this claim is that it is difficult to make a fair
comparison between these two representatives from the
macro- and nanoscales unless some additional assumptions
about their structure are made, for example, an effective
“thickness” of a sheet of carbon atoms comprising a nanotube.
Shenderova et al. compared the stiffness and fracture force of
hydrogenated diamond nanorods with those of single-walled
(SWNTs) and multiwalled carbon nanotubes (MWNTs).[24] It
was determined that the mechanical properties of the nano-
rods depend on both the diameter of the nanorod and the
orientation of the principal axis. The general analysis suggests
that while a SWNT has a higher strength-to-weight ratio,
above a critical radius between about 1 and 3 nm (depending
on the DNR structure) the force needed for brittle fracture of
a DNR exceeds that of a SWNT. This higher fracture force
results from the larger load-bearing cross-sectional area of
DNRs compared to SWNTs at the same diameter. Similarly,
the calculations show that the zero-strain stiffness of DNRs
will exceed that of SWNTs for radii greater than about 1 nm.
Two additional important factors to consider when comparing
the mechanical properties of SWNTs and DNRs are their
relative compactness and strength-to-weight ratios. The
calculated results clearly show that DNRs are more compact
than SWNTs, and therefore a DNR would in general displace
less volume in a nanocomposite than a comparable SWNT. To
illustrate the relative strength-to-weight ratios of DNRs and
SWNTs, the ratio between the diameter of a DNR and

Table 2: Dimensions, strain energies, and HOMO–LUMO band gaps of
the icosahedral diamondoids and their 1D counterparts.[41]

Stoichiometry No. of
combined
cages

Diameter
[nm]

Length
[nm]

DE Band
gap
[eV]

C20H20 1 0.66 0.66 14.6 8.49
C35H30 2 0.64 0.87 13.8 8.26
C65H50 4 0.64 1.56 13.2 8.14
C125H90 8 0.64 2.59 13.0 8.05
C30H20 1 0.64 1 12.8 8.01
C20@C80H60 1 1.09 1.09 8.3 7.39
C175H90 2 1.09 1.59 8.7 7.26
C325H150 4 1.09 2.56 9.0 7.14
C625H270 8 1.09 5.04 9.1 7.11
C150H60 1 1.09 1 9.4 7.13
C20@C80@
C180H120

1 1.52 1.52 6.3 7.01

C490H180 2 1.53 2.31 7.0 6.81
C910H300 4 1.53 3.92 7.5 6.68
C280H120 1 1.53 1 8.2 6.65
C80H20@
C180H120

1 1.52 1.52 7.9 6.43

C450H220 2 1.52 2.30 8.7 6.04
C830H380 4 1.52 3.89 9.2 5.87
C380H160 1 1.53 1 9.9 5.75

Figure 15. Icosahedral diamondoids (top left) and their polyicosahedral
diamond nanowires (top right and bottom): a) C20H20, b) C20@C80H60,
and c) C20@C80@C180H120. Reproduced from Ref. [141]. Copyright 2008,
American Chemical Society.
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a SWNT as a function of the nanotube diameter was
calculated by the authors for two cases, under the condition
of equal fracture force and under the condition that the two
structures being compared were of equal weight. Under the
equal fracture force condition, the DNR/SWNT weight ratio
for the two structures is constant at 1.47:1. When the
diameters are smaller than the critical diameter, DNRs
require a larger diameter to bear the same load as the
corresponding SWNT. Under the requirement of equal
weight, the ratio between the related fracture forces for the
DNR/SWNT is 0.68:1. At larger diameters, DNRs are there-
fore stronger, but at the cost of a lower strength-to-weight
ratio. Similar to the strength analysis above, the stiffness of
DNRs and SWNTs was compared by the authors. The
calculated results show that < 001> and < 111> DNRs are
stiffer than SWNTs at diameters exceeding about 1 nm.

The results above establish that DNRs are important
target structures for synthesis. To explore whether DNRs are
viable target structures, the authors used molecular modeling
studies to characterize the binding energies of several
examples of DNR structures. For large carbon-to-hydrogen
ratios, the DNRs and the SWNTs are roughly comparable in
binding energy, while for small ratios the sp3-bonded struc-
tures are energetically favored, in agreement with a previous
analysis of carbon-hydrogen clusters.[16]

The mechanical properties of the polyicosahedral and the
conventional DNWs, including Poisson�s ratios, Young�s
moduli, and shear moduli, were investigated by Tanskanen
et al.[141] For a point of comparison, the elastic properties of
a zigzag (22,0) CNTwere determined by periodic calculations.
The elastic moduli increases as a function of the length of the
structure, as is clear from the calculated mechanical proper-
ties of C20H20 and C20@C80H60 cages and their finite 1D
counterparts. The Young�s moduli increase because the stress
caused by distortion from the equilibrium becomes distrib-
uted among a larger number of C�C bonds. The increase in
shear moduli is due to a larger shear surface.

In general, the Young�s and shear moduli follow the same
trends. The calculations give the highest Young�s modulus for
the CNT, included as a reference, a value of about 900 GPa,
which is in agreement with previous theoretical and exper-
imental studies.[144] The studied conventional DNWs have
Young�s moduli around 360–680 GPa, with the moduli
increasing as a function of the wire diameter. For approx-
imately the same cross-sectional area of the wire, the [100]
DNWs have clearly lower moduli than the [110] and [111]
DNWs. At a cross-sectional area of 1.4 nm2 and greater, the
[111] DNWs have the highest Young�s moduli of the studied
conventional DNWs. This is in agreement with previous
calculations, which suggest the [111] direction to have the
highest Young�s modulus for the low-index orientations of
bulk diamond.[38] The Young�s moduli of both hydrogenated
conventional DNWs and the polyicosahedral DNWs are
presented in Figure 16. Similar to the conventional DNWs,
the elastic moduli of the polyicosahedral DNWs increase as
a function of the cross-sectional area. Furthermore, their
Young�s moduli are even higher than those of the conven-
tional DNWs. Accordingly, the polyicosahedral DNWs,
although being somewhat more strained than the conven-

tional DNWs, could turn out to be valuable in nanomechan-
ical applications.

Recently, Guo et al. used molecular dynamics simulations
to investigate the strain-rate-, temperature-, and size-depen-
dent mechanical properties of [001] orientation diamond
nanowires.[145] It was found that, for the same cross-sectional
areas, strain rates have almost no effect on the yield strength
and Young�s modulus, provided the strain rates are within the
range of 0.001 to 0.025 ps�1. The calculated results have also
indicated that the yield strength, Young�s modulus, fracture
strength, and fracture strain of diamond nanowires all
decrease as the temperature increases from 100 to 500 K.
Furthermore, the yield strength, Young�s modulus, fracture
strength, and fracture strain increase dramatically with
increasing cross-sectional area at a temperature of 300 K.
The orientation-dependent mechanical properties of diamond
nanowires were also studied. Three crystal orientations of
DNWs were considered, that is [111], [001], and [011] crystal
orientations. The cross-sectional areas of all the DNWs
considered here are about 4.58 nm2. The relationships
between the crystal orientations and stress-strain responses
for these DNWs with the three crystal orientations are shown
in Figure 17. For DNWs with a [001] crystal orientation, the

Figure 16. Young’s moduli (Y) of the hydrogenated conventional and
the polyicosahedral DNWs as a function of the cross-sectional area of
the stucture. Reproduced from Ref. [141]. Copyright 2008, American
Chemical Society.

Figure 17. Stress–strain curves of DNWs in the [111], [001], and [011]
crystal orientations at 300 K. Also shown are data for bulk diamond
computed in this simulation. Reproduced from Ref. [145]. Copyright
2011, Elsevier.
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yield strength is 63 GPa and the Young�s modulus is 688 GPa.
However, for DNWs with a [011] crystal orientation, the
Young�s modulus falls by 74.7 % and the yield strength is
77.8% lower. For DNWs with a [111] crystal orientation, the
yield strength is 47.7 % greater and the Young�s modulus
0.8% larger. In particular, the Young�s modulus in the [111]
crystal orientation is significantly larger than in the [001] and
[011] crystal orientations. It was also found that the Young�s
moduli of all the studied DNWs were lower than those of bulk
diamond.

3.3. Density and Compressibility of Diamond Nanowires

Dubrovinskaia and Dubrovinsky reported the synthesis of
aggregated diamond nanorods (ADNRs) from fullerene (C60)
at 20(1) GPa and 2200 8C by using a multi-anvil apparatus.[38]

Individual aggregated diamond nanorods (ADNRs) have
diameters of 5–20 nm and lengths greater than 1 mm. The X-
ray density of diamonds with natural abundances of isotopes
is 3.515–3.519 gcm�3. The X-ray density of the material was
found to be 3.528(1) gcm�3, which is about 0.2–0.4% higher
than that of usual diamond.[146,147] The samples synthesized in
a multi-anvil apparatus have a cylindrical shape that allows
their volumes to be determined. The measured density of the
bulk ADNR sample was 3.532(5) g cm�3, in good correspond-
ence with the X-ray data.[146, 147] This result is in agreement
with theoretical calculations on the structural relaxations of
the diamond nanowires.[25] Although the exact crystallo-
graphic configuration of individual rods in ADNRs was not
theoretically considered in Ref. [25], the main conclusion that
the outerlayer contraction, characteristic of diamond nano-
wires, causes shortening of the C�C bonds may explain the
higher density of the ADNRs. Both diamond and ADNRs
were compressed simultaneously in Ar to a pressure of over
27 GPa, at which the samples became bridged between the
diamond anvils and further compression was not possible. The
experimental pressure–volume data were fitted (Figure 18)
using the third order Birch–Murnaghan Equation of state.

The fitting procedure for diamond gave K T= 442(4) GPa,
K’= 3.2(2), and V0 = 3.4157(9) cm3 mol�1. For the ADNRs the
authors found K T= 491(3) GPa, K’= 3.1(2), and V0 =

3.4014(5) cm3 mol�1. Thus, ADNRs are more than 11 % less
compressible than normal diamond, thus making it an
incompressible form of carbon. It also has the lowest
experimentally determined compressibility.[148]

3.4. Phonon Optical Mode and Electronic Structure of Diamond
Nanowires

The electronic structure of the polyicosahedral diamond
nanowires and conventional diamond nanowires were deter-
mined by Tanskanen et al. through quantum chemical calcu-
lations.[141] As shown in Table 2, the HOMO–LUMO gaps of
polyicosahedral diamond nanowires are smaller than those of
diamondoids,. The gaps are generally smaller for polyicosa-
hedral diamond nanowires with larger diameters and longer
lengths. For conventional diamond nanowires, the band gaps
show the same trend as the band gaps calculated for the
polyicosahedral DNWs. It is well-known that phonon proper-
ties play an important role in the considered systems because
of their significance in the analysis of various physical
processes, such as charge and thermal transport, and optical
transitions, hence the phonon band structures of Si and Ge
nanowires have been investigated through DFPT (density
functional perturbation theory).[149,150] Recently, a local bond-
polarization model based on Green�s displacement–displace-
ment function and the Born potential were applied by Trejo
et al. to study the confined optical phonons and Raman
scattering of diamond nanowires (DNWs).[151] The electronic
band structure of DNWs were also investigated by means of
a semiempirical tight-binding (TB) approach and compared
with density functional theory (DFT) with local density
approximation (LDA). The results show that the highest-
frequency Raman peak shifts to lower frequencies as the
nanowire width increases, as a result of phonon confinement,
in accordance with the experimental data.[152] The authors
described the electronic properties of H-passivated, free-
standing diamond nanowires with widths ranging from 0.25 to
2.52 nm oriented along the [001] direction and contained in
the corresponding supercells of 9 to 441 carbon atoms.
Figure 19 a–d shows the electronic band structure of c-D and
DNWs, obtained from TB (blue lines) and DFT-LDA (orange
area) calculations. The TB calculations of the electronic band
structure of DNWs with d = 0.50, 0.37, and 0.25 nm have been
shifted by d = 4.58, 3.43, and 2.69 eV, respectively to adjust
the valence band maximum (VBM) energy to that of the
DFT-LDA calculation. It can be seen that the good agreement
continues for the VBM but the underestimation of the LDA
band gap becomes greater when the size of the DNWs is
reduced. It is noteworthy that the DFT-LDA band gap is
always direct, while the TB one is indirect in all cases. The
difference between the conduction bands could be due to the
s* orbital having non-d wave symmetry and additionally
because the geometry optimization is absent from the TB
calculations. However, in both approaches the band gap
shows a clear broadening as a result of quantum confinement.

Figure 18. Pressure-dependence of the reduced volume (V/V0) of
diamond (triangles) and aggregate diamond nanorods (inversed
triangles). The dashed line shows the third-order Birch–Murnaghan
Equation of state (EOS) with parameters KT = 446(3) GPa, K’= 3.0,
V0 =3.4170(5) cm3 mol�1. The continuous line is the fit to our data
with KT = 491(3) GPa, K’=3.1(2), V0 = 3.4014(5) cm3 mol�1. Repro-
duced from Ref. [38]. Copyright 2005, American Physical Society.
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The calculations also showed the almost linear decrease in the
band gap as the width of the diamond nanowires is increased,
as well as the important contribution of hydrogen atoms to
the electronic states around the conduction band minimum
(CBM).

3.5. Thermal Conductivity of Diamond Nanowires

In view of the high thermal conductivity of bulk diamond,
DNWs may have thermal conductivities that rival CNTs.
Moreover, the thermal conductivity of DNWs may be less
sensitive to surface functionalization than modeling suggests
for CNTs,[153] thereby providing a potentially important mode
for enhancing heat transfer within a nanocomposite through
cross-linking. On the other hand, the nanometer-scale dimen-
sions of DNWs may severely reduce their thermal conduc-
tivity compared to bulk diamond. Experiments and theoret-
ical analysis by Novikov et al.,[154] for example, show that
thermal conductivity in polycrystalline diamond thin films is
severely reduced as grain sizes approach the nanometer scale
as a result of phonon scattering. Moreland et al. used
simulations to characterize the thermal conductivity of
a (10,10) CNT and a diamond nanowire.[155] They showed
that the conductivity of the diamond nanowire is significantly
less than that of the CNT, but that the calculated values for
the thermal conductivity for both structures depends on the
choice of thermostat. Padgett et al. reported thermal con-
ductivity calculations by using classical trajectories of hydro-
gen-terminated and functionalized DNRs with a [110] long
axis, and cross-sectional radii and lengths ranging from 0.578
to 1.606 nm and from 0.016 to 0.128 mm, respectively.[156] The
simulations predict that thermal conductivities for DNRs with
a hydrogen surface termination are about a factor of 4 less
than previously calculated values for pristine (10,10) CNTs.
To study the effect of surface functionalization on thermal
conductivity, structures have been modeled in which bound
phenyl groups replace the surface hydrogen. The simulations
indicate that the thermal conductivities of DNRs are much
less influenced by surface functionalization than are the

thermal conductivities of CNTs, which suggests that DNRs
are a viable alternative to CNTs for thermal management in
nanocomposites. The simulation results show that the thermal
conductivity is strongly dependent on the length and radius of
the DNRs for both the hydrogen-terminated and surface-
functionalized structures. Guo et al. carried out non-equilib-
rium molecular dynamics simulations on the geometry- and
temperature-dependent thermal conductivities of diamond
nanowires.[157] The calculated results indicated that at a tem-
perature of 300 K, the thermal conductivities of the diamond
nanowire increases as the length and cross-sectional areas
increase. It was also found that the thermal conductivities of
the [011] crystal orientation DNWs are larger than those in
the [001] and [111] crystal orientation DNWs af the same
length, temperature, and cross-sectional area. The thermal
conductivities of all the diamond nanowires considered in this
study are smaller than those of the corresponding orientations
of bulk diamond. Additionally, the thermal conductivities of
diamond nanowires in the temperature range 0–1000 K
initially increase as the temperature increases, and then
decrease. The effects of the geometry and temperature on the
thermal conductivities of diamond nanowires can be
explained well by the calculated densities of the phonon
states.

3.6. Electrochemical Properties of Diamond Nanowires

Planar boron-doped diamond (BDD) electrodes have
been recognized as one of the most promising electrode
materials and sensing platforms because of the unique
physical properties of the diamond film. The diamond
interface is chemically stable, exhibits favorable biocompat-
ibility and shows an enlarged potential window together with
a low background current relative to other electrode materi-
als such as gold or glassy carbon.[158] Boron-doped diamond
(BDD) has been recognized as the best electrode material for
electrochemistry, since diamond electrodes have unique
features such as a) high chemical stability, b) low tendency
for fouling, c) good biocompatibility, d) low background
current, and e) wide potential window.[158] The electrochem-
ical background current of BDD in phosphate buffer is
10 times lower than that of a gold electrode and 400 times
lower than that of glassy carbon electrode. In addition, boron-
doped DNWs, irrespective of whether the nanopillars are
obtained by RIE or the nanowires are obtained from CVD,
possess better electrochemical properties than planar dia-
mond, although the electrochemical properties of the DNW is
dependent on its surface structure and geometrical shape. The
working potential window remains wide for the diamond
nanopillars and nanowires[31, 96, 113] in a similar way to the
planar BDD electrode, while the redox peak currents of the
diamond nanopillars and nanowires are much higher than
those on the planar BDD electrode. The redox peak currents
of boron-doped diamond nanopillars (NA� 7 � 1019) obtained
by using the reactive ion etching method with nanodiamond
particles as a hard mask is almost two times larger than that
on the planar BDD electrode.[31,70] The enlarged redox peak
currents (about 1.8 times) are also observed on boron-doped

Figure 19. Electronic band structure for: a) c-D and b–d) DNWs calcu-
lated from TB (lines) and DFT-LDA (gray area). Reproduced from
Ref. [151]. Copyright 2012, Elsevier.
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diamond nanopillars (NA� 3 � 1019) obtained from maskless
RIE compared to the initial planar BDD electrode.[159]

Boukherroub and co-workers reported that the boron-
doped diamond nanopillar (NA� 8 � 1019) electrode obtained
by maskless RIE shows highly increased currents (about
2.4 times) compared to the initial hydrogenated planar BDD
electrode.[77] The enlarged redox currents of boron-doped
diamond nanopillars obtained by masked or maskless RIE
might result from the generation of surface defects by RIE.
Hydrogenation of the boron-doped diamond nanopillars can
also enhance the redox current. In addition, the electro-
chemical properties of the etched diamond nanopillars are
heavily dependent on the length of the nanopillars. Szunerits
and co-workers reported maskless-etched long and short
boron-doped diamond nanopillars for the direct electro-
chemical detection of glucose under strong basic (pH 12)
conditions. The electrochemical behavior of the short and
long BDD NWs was investigated by cyclic voltammetry.
Hydrogen-terminated electrodes show reversible redox
behavior with currents being about 2.4 times larger with
short BDD nanopillars and 3.5 times larger with long BDD
nanopillars compared to that recorded on the flat BDD.[76,77]

Besides boron-doped diamond nanopillars obtained by
RIE, N2-incorporated ultra-nanocrystalline diamond nano-
wires (UNCDNWs) obtained by the microwave plasma CVD
process also possess good electrochemical properties.[112,113]

The electrochemical properties of the N2-incorporated
UNCDNWs are heavily dependent on the concentration of
the incorporated N2 in the Ar/CH4 plasma. The lower
conductivities of UNCDNW3.4 and UNCDNW5.0 (3.4% and
5% N2 in Ar/CH4 plasma, respectively) result in them
showing smaller redox currents than the boron-doped
planar BDD electrode. In contrast, the conductive
UNCDNW10, UNCDNW20, and UNCDNW25 films show
larger redox currents and smaller separation between the
anodic and cathodic peaks (DEp = 73–79 mV) than the boron-
doped planar BDD electrode, thus showing their better
electrochemical properties. The separation between the
anodic and cathodic peaks (DEp) indicates a degree of
reversibility of the electrochemical reaction. The DEp value
of UNCDNW10 is even lower than that of the RIE-etched
boron-doped diamond nanopillars (DEp = 868 mV),[113] thus
showing that the electrochemical reaction on UNCDNW10 is
more reversible than that on the RIE-etched boron-doped
diamond nanopillars. However, a smaller separation between
the anodic and cathodic peaks (DEp) can be achieved by
increasing the concentration of boron doping in the etched
diamond nanopillars to > 3 � 1020 cm�3.[70] Moreover, boron-
doped diamond nanowire arrays obtained from the CVD
method with a Si nanowire template also possess better
electrochemical properties than planar BDD electrode,
including larger redox currents and smaller DEp values.

Furthermore, diamond shows the strongest bonding
stability to deoxyribonucleic acid (DNA).[48] Applications of
diamond electrodes in electrochemistry[49–51] and in biosen-
sors[52–54] have been well-demonstrated. The electronic and
chemical properties can be tuned by changing the surface
termination of the diamond.[160] BDD electrodes have been
consequently used for a wide range of electrochemical

applications.[49, 158] In the past few years, the surface area of
diamond nanowires has been increased to achieve higher
sensitivity and selectivity than planar BDD interfaces.[68,69]

For example, experimental results show that the good
biocompatibility and electron-transportation ability of a nano-
grass array BDD greatly improve the direct electron transfer
and can make it suitable for the anode of high-performance
MFCs.[161] The nanograss array BDD showed higher electro-
catalytic activity toward catechol detection than did the as-
grown BDD planar electrodes.[162] The BDD nanograss array
can enhance the chemiluminescence signals from the [Ru-
(bpy)3]

2+/TPA system, as a result of the superior properties of
the BDD nanograss array, such as improved electrocatalytic
activity and accelerated electron transfer.[163] In addition,
nanotextured diamond nanowire surfaces are promising for
application as novel platforms for the direct electrochemistry
of redox proteins and for the construction of novel biosen-
sors.[164]

4. Application of Diamond Nanowires

4.1. Field Emission from Diamond Nanowires

Diamond is a good candidate for solid-state electron
emitters because of its negative or very low electron
affinity.[165] Electron emitters can be used in vacuum micro-
electronics such as Spindt-type emitters. Diamond has
a negative electron affinity (NEA) when the diamond [111]
surface is terminated by hydrogen atoms.[165, 166] Nishimura
et al. reported that the diamond [100] surface also exhibits the
NEA property.[167] NEA permits diamond to be a superior
field emitter.[168] Defects at the diamond tip may further assist
the emission by providing a focal point for both the field and
current.[169] There are many reports concerning field emission
from chemical vapor deposited (CVD) diamond nanocrystals
or diamond-like carbon thin films. To date, only a few
examples of the synthesis and field emission study of 1D
nanowire diamond based systems have been reported.

4.1.1. Electron Field Emission (EFE) from Planar Films of
Diamond Nanowire Arrays

Diamond was expected to be the most promising cold
cathode material with a low EFE threshold field because of
the NEA of hydrogenated diamond surfaces.[170,171] It was
demonstrated that the EFE of diamond could be strongly
enhanced by structuring nanodiamond surfaces into nano-
pillar arrays by plasma etching.[172] Li and Hatta reported the
electron field emission of highly aligned diamond nanopillars
with diameters of 50 nm and heights of 500 nm that were
obtained by RIE in O2 plasma by using Fe as metal masks.[59]

A field emission current over 1 mA at 130 V mm�1 was
obtained from the diamond nanopillars, with a threshold
field of about 44 V mm�1. The authors also found that the
metal mask played an important role in the electron field
emission of the diamond nanopillars obtained from RIE in O2

plasma with a metal mask.[60] The electron field emission
property of Al-masked diamond nanopillars is clearly better
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than that of Fe-masked diamond nanopillars. A field emission
current over 10 mA at 100 V mm�1 from the Al-masked
diamond nanopillars was obtained, which is 10 times higher
than that of Fe-masked diamond nanopillars. The threshold
field also decreased from 44 V mm�1 to about 30 V mm�1, thus
showing that the electron field emission property of the Al-
masked diamond nanopillars is better than that of the Fe-
masked ones. Of the Fe-, Al-, and Mo-masked diamond
nanopillars studied, the authors also found that the Mo-
masked ones possessed the best electron field emission
properties. A field emission current over 10 mA at 80 V mm�1

was obtained with the Al-masked diamond nanopillars.[60] The
CVD diamond nanowire films possess better electron field
emission properties than the etched diamond nanopillars.
Madaleno et al. reported the electron field emission of
a diamond nanowire film obtained by the MPCVD method
templated by SiO2 nanowires in 1 % CH4, 98 % Ar, and 1%
H2 at 120 Torr pressure.[95] The EFE was measured using
a parallel plate diode structure (Figure 20 A). Emission starts

abruptly when the applied field reaches 5.5 V mm�1 (Fig-
ure 20B). This type of phenomenon was also reported by
Jiang et al.[173] and Gupta et al.[174] with NCD films. A small
plateau can be observed in the current density between 5.5
and 7 V mm�1, after which the emission does not increase even
if the applied field is increased. A similar behavior was
reported by Gan et al.[175] in the electron emission from
hydrogenated natural diamond. Electron field emission of

nanodiamond nanowire arrays templated with SiO2 nano-
wires was observed with a threshold field of 5.5 V mm�1. A
high emission current density of 10 mA cm�2 at 11 V mm�1 has
been obtained, which is about 1000–10000 times larger than
that of the etched diamond nanopilars (Fe-, Al-, and Mo-
masked diamond nanopillars). The field-enhancement factor
b can be taken from the slope of the FN plot, if we assume
a work function of 4.6 eV, which is typical for graphitic
materials. The experimental field-enhancement factor is b =

2000, which is extremely high. The authors then found that the
electron field emission of nanodiamond nanowire arrays
templated by SiO2 nanowires was much improved when 20%
N2 was introduced into the gas source during the synthesis
process.[94] The enhancement of the electron field emission
properties of N2-doped diamond nanowires is reflected in the
lowering of the threshold field and in the increase of the
current density. The threshold field decreases from 7.6 V mm�1

(diamond nanowires templated with SiO2 nanowires and
grown without N2) to 3.5 Vmm�1 (diamond nanowires tem-
plated by SiO2 nanowires and grown in N2), and the current
density at 10 V mm�1 increases around 20 times with N2

doping.
Very recently, Sankaran et al. reported the synthesis of

conducting diamond nanowire (DNW) films by microwave
plasma enhanced chemical vapor deposition with N2.

[176] The
EFE properties of the DNWs encased by the highly conduct-
ing graphite were tested. The results show the emission
current density J to be a function of the applied electric field
E. A low turn-on field of 4.35 Vmm�1 at a current density of
3 mAcm�2 was found. In addition, the current density
increases rapidly and reaches the large value of about
3.42 mAcm�2 at a field of 9.1 V mm�1. The DNW film exhibits
far more efficient EFE properties with lower E0 and highest Je

values than that of other diamond-related materials reported
previously.[177–179] This excellent EFE feature of DNW films
suggest great potential for flat panel display applications.[180]

In conclusion, both etched diamond nanopillars and CVD-
grown diamond nanowires show good field emission proper-
ties. Compared to etched diamond nanopillars, all the CVD-
grown diamond nanowires, including diamond nanowires
templated by SiO2 nanowires and N2-incorporated MPCVD
diamond nanowires, possess better field emission properties,
with a low-threshold and high current density. The ultrathin
diamond nanorods produced by the microwave plasma
assisted chemical vapor deposition method in the presence
of a gas mixture of nitrogen and methane shows the best field
emission properties of all the diamond nanowires.

4.1.2. Electron Field Emission from a Single Diamond Nanowire

Hsu and Xu reported the first measurement of the field
emission from a single diamond nanowire from samples
synthesized by a catalyst-assisted chemical vapor deposition
method at atmospheric pressure.[40] Figure 21 shows the
results as an I–V plot with a near-linear Fowler–Nordheim
(F-N) relationship and an electron field emission with an
ultralow threshold. By taking f= 5 eV for diamond, as
suggested by Shiraishi and Ata,[43] it was found that the
field-enhancement factor b reached about 60 000. This is

Figure 20. A) Schematic diagram representing electron flow from the
Si substrate to emission at the fiber tip. B) Plot of the emission
current density versus the external electric field of the as-synthesized
NCD microtip array. Inset: corresponding FN plot. Reproduced from
Ref. [95]. Copyright 2008, American Physical Society.

Diamond Nanowires
Angewandte

Chemie

14343Angew. Chem. Int. Ed. 2014, 53, 14326 – 14351 � 2014 Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim www.angewandte.org

http://www.angewandte.org


almost two orders of magnitude larger than the factor
reported for carbon nanotube field emitters (ca. 1000).[44] It
is also worth noting the low threshold field (ETH). The
threshold field is defined as the applied field required for an
emission of a certain current, which was set to be 100 nA. The
authors then compared their diamond nanowire to the field
emission characteristic obtained from a single 80 nm diameter
carbon nanotube reported by Smith and Silva.[45] The thresh-
old field of the diamond nanowire is 1.25 V mm�1, which is
four times lower than that of the carbon nanotube at
5 V mm�1. The possible reasons for such a remarkably high
field-enhancement factor (60 times higher) and low threshold
field (four times lower) of the diamond nanowire over carbon
nanotubes are the negative electron affinity, the greatly
intensified field at the tip of a large curvature, and the
possible defects at the nanowire tip, which itself is a “geo-
metric singularity”.[46] Furthermore, the chemical inertness,
high mechanical strength, and high thermal conductivity of
the diamond nanowires allow them to endure a longer and
more intense emission. In addition, the wide band gap and the
chemical inertness make diamond nanowires suitable for
applications in high-temperature and aggressive environ-
ments such as space or military applications.

4.2. Diamond Nanowires for Highly Sensitive Matrix-Free Mass
Spectrometric Analysis of Small Molecules

Diamond-like carbon (DLC), an amorphous carbon with
mixed levels of sp3- and sp2-hybridized carbon atoms, has
been successfully used for matrix-free laser desorption/
ionization mass spectrometry (LDI-MS), particularly for the
analysis of small metabolites such as carbohydrates, lipids,
and low-molecular-weight peptides.[181] More recently, Coffin-
ier et al. reported, for the first time, the use of boron-doped
diamond nanowires (BDD NWs) as an inorganic substrate for
matrix-free LDI-MS analysis of small molecules.[78] The

diamond nanowires were prepared by reactive-ion etching
(RIE) of highly boron-doped (the boron level is 1019 B cm�3)
or undoped nanocrystalline diamond substrates with oxygen
plasma. The resulting diamond nanowires were then coated
with a thin silicon oxide layer that confers a superhydrophilic
character to the surface. To minimize droplet spreading, the
nanowires were chemically functionalized with octadecyltri-
chlorosilane (OTS) and then treated with UV/ozone to reach
a final water contact angle of 1208. Figure 22 A shows the
mass spectrum of the peptide mixture obtained at the BDD
NW interface. As can be seen, all the peptides were detected
with a relatively high signal intensity. As a control, the same
experiment was performed on a planar nanocrystalline BDD,
that is, the same interface without any RIE etching process.
The absence of signals in the MS spectrum (Figure 22 B)
clearly indicates that the presence of nanostructures on the
BDD substrate is mandatory for the detection and identifi-
cation of biomolecules. The signal to noise (S/N) ratios
obtained with BDD nanowires were 1078:1, 431:1, 55:1, and
59.3:1 for [Des-Arg1]-bradykinin, angiotensin I, [Glu1]-fibri-
nopeptide B, and neurotensin, respectively, whereas those
obtained on UDD nanowires were 115:1, 44:1, 8.3:1, and
4.3:1. We can notice that the S/N ratio values obtained using
the UDD NWs are very low compared with those with BDD
NWs, which suggests that to obtain an efficient detection and
identification on diamond, the surface should be nanostruc-

Figure 21. Field emission data obtained from an individual diamond
nanowire in an SEM by a nanomanipulator. The inset shows the
emission current data plotted in Fowler–Nordheim coordinates,
thereby demonstrating the field emission behavior of the diamond
nanowire. Reproduced from Ref. [40]. Copyright 2012, Royal Society of
Chemical.

Figure 22. MS spectra obtained for a peptide mixture (50 fmolmL�1)
on A) BDD NWs and B) NcBDD starting material substrates. Repro-
duced from Ref. [78]. Copyright 2012, Royal Society of Chemical.
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tured with a dense layer of wires and display antireflective
properties. Boron-doped diamond nanowire substrates were
successfully used as energy-absorbing materials under UV
laser irradiation, which allowed the detection and identifica-
tion of small molecules by mass spectrometry.

4.3. Suspended Single-Crystal Diamond (SCD) Nanowires for
High-Performance Nano-Electromechanical Switches

The current nano- or micro-electromechanical systems
(N/MEM) based on silicon technologies suffer from problems
of stiction, abrasion, and poor mechanical and tribological
properties, which leads to the poor reliability of the electric
contacts.[160, 182] In particular, silicon-based switches are not
able to work under extreme conditions such as high temper-
ature, environments with corrosive chemicals, high-speed/
high-power radio-frequency switches, etc. Diamond is the
ideal material for high-performance N/MEM devices because
of its outstanding properties such as its extremely high
Young�s modulus, its highest hardness, hydrophobic surface,
low mass density, its highest thermal conductivity, high
corrosion resistance to caustic chemicals, and biocompatibil-
ity. However, all the reported diamond N/MEM devices are
based on polycrystalline or nanocrystalline films, which have
the disadvantages of the existence of grain boundaries,
impurities, and large stresses in the films; difficulty in
controlling the electrical conductivity; and poor reproduci-
bility.[183,184] Therefore, N/MEM devices made from these
diamonds suffer from degradation in performance and poor
reproducibility.

Liao et al. demonstrated high-performance all-SCD nano-
electromechanical (NEM) systems by developing a batch
fabrication process for suspended SCD nanowires with well-
controlled dimensions and by proposing a lateral device
concept.[47] The single-crystal diamond (SCD) NEM switches
utilize a unique concept of diamond (conductor)-on-diamond
(insulator), different from those of silicon-based techniques.
It has been shown that the SCD NEM switches exhibit no
stiction, high controllability, high reproducibility, high-tem-
perature stability above 500 K, and repeated switching. This
study not only opens a novel class of NEM switches based on
the concept of diamond-on-diamond, but also has an exten-
sive impact on the field of NEM systems. The NEM switching
devices exhibit extremely low leakage currents (< 0.1 pA),
which provides a high ON/OFF ratio of more than 6 orders of
magnitude. The power consumption of this device in the OFF
state is lower than 1 pW, which was calculated from the gate
voltage and source leakage current. A high Young�s modulus
of the SCD nanowires provides a high lateral resonant
frequency for high-speed switching. For example, the lateral
fundamental resonant frequency for a cantilever with a width
of 400 nm and a length of 5 mm reaches around 50 MHz,
which corresponds to a maximum switching speed of 20 ns.
The speed could be as fast as 3 ns if the cantilever length was
reduced to 2 mm. With the steady development of SCD wafer
technology, accompanied by cost reduction, the diamond
NEM switch may rival Si-NEM structures. In particular, the
resulting switches also function under harsh environments as

a result of their all-SCD nature. On the other hand, since no
p–n junction is required for NEM switches, the challenge of
shallow doping a semiconductor diamond, which has been an
issue for decades, can be circumvented by using the electro-
mechanical switching approach.[185, 186]

4.4. Diamond Nanowires for Scanning Probe Microscopy (SPM)
Probes

SPM techniques such as atomic force microscopy (AFM),
scanning tunneling microscopy (STM), scanning spreading
resistance microscopy (SSRM), and scanning electrochemical
microscopy (SECM) provide direct and reliable access to the
structure of materials on the nanoscale, which is nowadays
indispensable for almost all scientific fields. Diamond has
been recognized as a perfect material for fabricating SPM
probes because of its unrivalled physical and chemical
properties. The CVD diamond thin film technology has
resulted in diamond-coated Si tips now being widely com-
mercially available and showing improved performance.[187,188]

Furthermore, all-pyramidal diamond tips constructed by
molding techniques have also attracted much interest.[189,190]

Recently, diamond nanowires were grown to be used as
AFM tips by plasma etching of diamond films which were
coated on standard Si AFM tips.[62] The idea was derived from
the finding that enhanced resolution could be achieved by
mounting[191] or growth[192] of sharp objects such as carbon
nanotubes on commercial AFM tips. To grow diamond
nanowires, firstly, NCD layers are deposited on standard Si
AFM tips. The resulted tips are then treated in an O2 ICP
plasma for 30 s with an Au mask formed by thermally
annealing a thin Au layer. The sharp diamond nanowires with
apex radii at the tips of 5 nm are obtained after etching
treatments. The fabricated scanning tips showed improved
resolution and low tip wear relative to the standard Si tips and
commercial diamond-coated tips when imaging nanocrystal-
line diamond surface and DNA.[62]

4.5. Diamond Nanowires for Photonic Systems

The development of material-processing techniques that
can be used to generate optical diamond nanostructures
containing a single-color center is an important problem in
quantum science and technology. Light-emitting defects
(color centers) in diamond are increasingly attractive for
incorporation in a solid-state platform. For example, color
centers based on nitrogen,[7, 8] silicon,[10] carbon,[11] nickel,[12]

and chromium[13] impurities have been shown to generate
nonclassical states of light and emit single photons at room
temperature, which is a critical resource for quantum optical
communication systems. Hausmann et al. presented two
scenarios for the combination of ion implantation and top-
down diamond nanofabrication: diamond nanopillars and
diamond nanowires.[42] The first approach consists of a “shal-
low” implant (20 nm) to generate nitrogen-vacancy (NV)
color centers near the top surface of the diamond crystal prior
to device fabrication. Individual NV centers are then
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mechanically isolated by etching a regular array of nanopillars
in the diamond surface. Photon antibunching measurements
indicate that a high yield (> 10 %) of the devices contain
a single NV center. In the second type of devices, the authors
modify the approach slightly and implant single NV centers in
diamond nanowire antennas. Nanowire arrays with diameters
of about 200 nm and heights of 2 mm were fabricated in
a single diamond chip by an RIE etching process. 15N was then
implanted in the diamond nanowires at 1.7 MeV and a dosage
of 1 � 109 cm�2, and then annealed at 750 8C in a high vacuum
(< 10�6 Torr) for 2 h. The calculation results indicated that
this produces a layer of NV centers about 1.0 mm below the
diamond surface. The reduced dosage, used to potentially
minimize implantation-related damage (important for future
low-temperature studies), resulted in a relatively low yield of
nanowires containing a single NV center. Photon antibunch-
ing in the nanowire fluorescence g(2)(0)� 0.06 was possible
without background subtraction, which represents a fivefold
reduction compared to nanowire devices with type Ib mate-
rial.[7] In addition, photon antibunching g(2)(0)< 0.5 is sus-
tained at pump powers where the single-photon signal is
saturated. The high single-photon flux of the nanowire
geometry, combined with the low background fluorescence
of the ultrapure diamond, allowed sustained photon anti-
bunching to be observed even at high pump powers. Burek
et al. reported a three-dimensional fabrication technique
based on anisotropic plasma etching at an oblique angle to
the sample surface. As a proof of concept, this angled-etching
method was used to fabricate free-standing nanoscale com-
ponents in bulk single-crystal diamond, including nanobeam
mechanical resonators, optical waveguides, and photonic
crystal and microdisk cavities. With the ability to create
suspended nanobeam structures at virtually arbitrary angles
and curvatures, the angled-etching process is a novel platform
for realizing integrated photonic and mechanical structures in
bulk media. This nanofabrication method will have an impact
on a wide variety of areas, ranging from classical and quantum
photonic devices to NEM-based sensors and actuators.[193–195]

4.6. Diamond Nanowires for Electrochemical Sensors

BDD electrodes have been used for a wide range of
electrochemical applications.[49, 158] In the past few years,
studies on diamond nanowires were focused on increasing
the surface area of the electrode to achieve higher sensitivity
and selectivity compared to planar BDD interfaces.[1, 196–198]

4.6.1. Diamond Nanowires for DNA Sensing

Yang et al. introduced for the first time the electro-
chemical application of vertically aligned diamond nanowires
for DNA sensing. Nanowires separated by approximately
11 nm were selected because anchoring DNA molecules onto
these wires would result in a DNA density of about 1012 cm�2,
which is promising for DNA sensing with high effi-
ciency.[31, 69, 70] The tips of the nanowires are functionalized
electrochemically with phenyl groups. Such functionalized
nanowires are used to bond geometrically controlled oligo-

nucleotide molecules to diamond. As the DNA self-aligns
with the phenyl linker groups, functionalization of the nano-
wire tips produces a pattern of dispersed DNA bonding that is
governed by the structure of the nanowires. Sensitivity curves
for DNA hybridization were measured by varying the
concentration of complementary target DNA from 1 mm to
10 pm. Sensing with diamond nanowires is about 100 to
1000 times better than with smooth surfaces of Au or
polycrystalline diamond. To identify the sensitivity limit
exactly, experiments with between 0 and 10 pm of comple-
mentary DNA were performed, and the results indicate
a sensitivity limit of around 2 pm. No degradation of the DNA
on the nanowires was detected over 30 cycles of DNA
hybridization/denaturation, which is comparable with the
chemical stability of optical DNA biosensors based on
diamond.[48]

4.6.2. Diamond Nanowires for Amperometric Glucose Biosensing

Szunerits and co-workers reported maskless etched
boron-doped diamond nanopillars for the direct electro-
chemical detection of glucose under strong basic (pH 12)
conditions. A linear relationship between the current and
glucose concentration in the range of 60 mm to 8 mm was
obtained with a correlation coefficient of r2 = 0.999 according
to i(mA) =�0.50 + 49.34 [glucose]. The detection limit of
glucose was determined to be 60 mm from five blank noise
signals (95% confidence level).[76] The results reported by
Nebel and co-workers showed that the Ni-coated etched
diamond nanopillar electrode can greatly improve the
sensitivity of the sensor for glucose detection.[35] Ni-coated
diamond nanopillars were fabricated through a Ni-masked
RIE process. Planar boron-doped diamond (BDD) films were
first grown in an ellipsoidal-shaped microwave plasma
enhanced chemical vapor deposition system. Briefly, after
growth of the planar BDD, a thin Ni layer (2–5 nm) was
evaporated on to it. Annealing this layer in a vacuum at
700 8C for 5 min resulted in the homogeneous formation of Ni
nanoparticles on the diamond surface. These Ni nanoparticles
were then used as the etching mask for the RIE etching
process in an O2 plasma. As Ni is resistive in oxygen
atmospheres, diamond nanopillars were obtained, whose
tips were coated with Ni nanoparticles. The redox current
on Ni-coated diamond nanopillars is 30 times higher than that
on planar BDD electrodes, and 6 times higher than that on
bare nanopillars. The enhancement of the current on Ni-
coated diamond nanopillars is proportional to the concen-
tration of glucose in the range of 10 mm to 1 mm, and the
detection limit of glucose was determined to be 10 mm, which
is about 6 times more sensitive than the results of Szunerits
et al.

Diamond nanowire electrodes obtained from the CVD
method show more sensitivity than the etched diamond
nanopillars to glucose. Our research group reported the
synthesis of films of boron-doped diamond nanowire arrays
by the hot-filament chemical vapor deposition (HFCVD)
method using Si nanowires as a template.[96] This BDDNW
electrode exhibits a very attractive electrochemical perfor-
mance compared to conventional planar boron-doped dia-
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mond (BDD) electrodes, with notably improved sensitivity
and selectivity for biomolecule detection. As shown in
Figure 23 a, it is clear that the electrochemical response to
glucose at the BDDNF electrode is very fast at reaching
a dynamic equilibrium upon each addition of the sample
solution, thereby generating a steady-state current signal
within a short time (less than 20 s). The calibration curve for
the electrochemical response of the BDDNF electrode to
glucose at 0.7 V (versus SCE) is shown in Figure 23b. The
response to glucose is linear over a range from 0 to 7 mm, with
a correlation coefficient (R) of 0.993 and a sensitivity of
8.1 mAmm

�1 cm�2 (slope). The limit of detection was esti-
mated at a signal-to-noise ratio of 3:1 to be 0.2 + 0.01 mm,
which is 300 times more sensitive than bare diamond nano-
pillars, and is 50 times more sensitive than Ni-coated diamond
nanopillars. The loss of the electrochemical activity was about
8% after 150 repetitive cycles, which suggests that the
BDDNW electrode is relatively stable because of the inert-

ness of the H-terminated diamond surface (Figure 23c).
Moreover, the BDDNF electrode is very favorable for the
selective determination of glucose in the presence of ascorbic
acid (AA) and uric acid (UA).

4.6.3. Diamond Nanowires for Tryptophan Sensing

Szunerits et al. reported on the fabrication and electro-
chemical investigation of boron-doped diamond nanopillar
electrodes.[77] The nanopillars were obtained directly from
highly doped polycrystalline diamond substrates by reactive-
ion etching (RIE) with oxygen plasma. The interface with the
most favorable electrochemical response was investigated for
the detection of tryptophan by differential pulse voltammetry.
The direct detection of tryptophan by differential pulse
voltammetry (DVP) was previously reported for polycrystal-
line BDD by Zhao et al.[199] A linear relationship between the
oxidative peak at E� 1.02 V versus SCE and the concen-
tration of tryptophan was observed, with a detection limit of
1 � 10�5

m. In this study, the authors used similar conditions for
the electrochemical detection of tryptophan at oxidized BDD
NW interfaces. As shown in Figure 24, a detection limit of 5 �

10�7
m was obtained on BDD NWs. This is significantly lower

than on planar polycrystalline BDD,[199] but an order of
magnitude higher than reported on glassy carbon electrodes
modified with single-walled carbon nanotube films.[200] Very
recently, Szunerits and co-workers reported the simultaneous
detection of tryptophan and tyrosine by electrochemical
means using etched diamond nanopillars when the proportion
of tryptophan present in the mixtures of Tryp and Tyr was not
larger than Tryp/Tyr �0.5:1. For the planar BDD electrode,
the detection limit was 5 mm for tryptophan and tyrosine in
individual solutions, 10 mm for tryptophan (in the presence of
500 mm tyrosine), and 20 mm for tyrosine (in the presence of
50 mm tryptophan) from five blank noise signals (95%
confidence level), while lower detection limits of about
0.5 mm and 0.2 mm were obtained for tryptophan and tyrosine
with BDD nanopillars.[201]

Figure 23. a) Current–time responses of the BDDNF and BDD electro-
des to a stirred solution containing 0.1m NaOH at an applied
potential of 0.7 V (versus SCE). b) Calibration curve of the BDDNF
electrode at a working potential of 0.7 V (versus SCE). c) Long-term
electrochemical cycling stability of the BDDNF electrode for 1.5 mm

glucose. Reproduced from Ref. [96]. Copyright 2009, American Chem-
ical Society.

Figure 24. A) Differential pulse voltammograms of different concentra-
tions of tryptophan (50 mM, 25 mM, 5 mM, 0.5 mM) in Na2PO4/NaOH
(pH 11) on oxidized BDD NWs; bg= background. B) Calibration curve.
Reproduced from Ref. [77]. Copyright 2010, Elsevier.
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4.6.4. Diamond Nanowires for Dopamine Sensing

Shalini et al. reported the in situ detection of dopamine
using a nitrogen-incorporated diamond nanowire elec-
trode.[113] DNW films were grown on planar Si substrates
using a microwave plasma enhanced chemical vapor deposi-
tion (MPECVD) method. The N2-rich plasma led to an
increase in the sp2-hybridized graphitic phase. The nanowire-
like structure could be responsible for the outstanding
electrochemical properties, and exhibits considerable poten-
tial for biosensing applications. The electrodes based on
a DNW film with incorporated N2 show excellent electro-
catalytic activity towards the oxidation of small molecules,
such as ascorbic acid (AA), dopamine (DA), and uric acid
(UA). The electrochemical behavior of conducting DNW
films with incorporated N2 has been studied by CV and DPV
in both the absence and presence of AA and UA. The DPV
results show that the DNW electrodes with incorporated N2

exhibit high electrocatalytic activity for the oxidation of AA
and UA. A high selectivity and reliable antifouling ability may
result in the DNW film electrodes being an effective sensor
for the direct determination of AA, DA, and UA in a real
sample.

5. Conclusions and Outlook

Numerous studies have focused on developing the various
synthetic methods to prepare diamond nanowires. However,
the synthesis of these diamond nanowires has proven to be
a low probability event and very difficult to reproduce. RIE,
a conventional technique in the semiconductor industry, has
shown great potential for fabricating nanoscale patterns
because of its high anisotropic nature and fine controllability.
Various gas mixtures and masks have been developed for
etching diamond nanopillars. Despite the promising progress
made in fabricating diamond nanopillars, challenges still
remain when fabricating practical devices based on diamond
nanopillars by RIE. Firstly, it is not easy to fully understand
the basic mechanisms in RIE because the parameters are
mutually affected by each other and a better understanding of
the procedure of plasma etching is essential to make the
processes and products more controllable. Secondly, as the
material systems become multicomponent and multifunc-
tional, it is harder and harder to preferentially remove specific
materials, such as reaction gas and masks, without affecting
others when trying to achieve precision at the as-etched
diamond nanopillars. As a consequence of the chemical
inertness of sp3-hybridized carbon, although diamond nano-
wires are energetically favorable compared to carbon nano-
tubes, few diamond nanowire structures have been observed
experimentally by the CVD method. CVD synthesis assisted
by a nanowire template, including SiO2 nanowire templates
and Si nanowire templates, is an effective approach for
realizing reproducible diamond nanowires because of its
unparalleled ability to produce nanostructures in a highly
controlled manner. However, is very difficult to remove the
template materials which are encapsulated in the diamond
nanowires. In addition, this method cannot realize the large-

scale production of diamond nanowires. Although there are
challenges, it can be expected that the combination of the top-
down and bottom-up approaches may be a better solution for
the realization of large-scale diamond nanowires.

On other hand, simulation and experiments have verified
that 1D diamond nanowires possess excellent properties,
including mechanical, electron field emission, structural
stability, good electrochemical properties, and so on. Many
practical applications, such as EFE devices, high-performance
nano-electromechanical switches, and electrochemical bio-
sensor etc., have been developed. However, the promise of
diamond nanowires in applications has not been fulfilled. For
example, despite the impressive progress in the development
of BDD-based amperometric biosensors, the promise of the
application of these biosensors in real biological systems has
not been realised, and there are still many challenges and
obstacles related to the achievement of the highly stable and
reliable continuous monitoring of biomolecules.

Future developments in the applications will rely upon the
large-scale synthesis of diamond nanowires, and the close
collaboration of analytical technology, electrochemistry, bio-
logical engineering, nanoelectronics, and other related tech-
nologies. Continued investigation into this area will likely
yield many new synthetic approaches and open up broader
application areas for diamond nanowires.
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