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Detonation nanodiamonds (NDs) were deposited on the surface of aligned carbon nanotubes (CNTs) by
immersing a CNT array in an aqueous suspension of NDs in dimethylsulfoxide (DMSO). The structure and
electronic state of the obtained CNT-ND hybrid material were studied using optical and electron
microscopy and Infrared, Raman, X-ray photoelectron and near-edge X-ray absorption fine structure
spectroscopy. A non-covalent interaction between NDs and CNT and preservation of vertical orientation of
CNTs in the hybrid were revealed. We showed that current-voltage characteristics of the CNT-ND cathode
are changed depending on the applied field; below ~3 V/pm they are similar to those of the initial CNT
array and at the higher field they are close to the ND behavior. Involvement of the NDs in field emission
process resulted in blue luminescence of the hybrid surface at an electric field higher than 3.5 V/pm.
Photoluminescence measurements showed that the NDs emit blue-green light, while blue luminescence
prevails in the CNT-ND hybrid. The quenching of green luminescence was attributed to a partial removal of
oxygen-containing groups from the ND surface as the result of the hybrid synthesis.

combination of outstanding functional properties of two constituents, e.g. high electrical and thermal

conductivity, mechanical and chemical stability, large surface area. The CNT-ND hybrid materials can
find many applications in various technologies, as cold cathodes, biosensors, electrochemical electrodes, com-
ponents of nanoelectronic devices, additives in protective materials, and adsorbents'~*. Plasma enhanced (PE)
and hot filament (HF) assisted chemical vapor deposition (CVD) are the most common methods of synthesis of
the CNT-ND hybrids. Advantage of the CVD method is the simultaneous growth of CNT and ND structures®">.
However, it is possible to form hybrid material in a few subsequent steps”'*'>. In the work done by Kinoshita et al
the first step was a microwave PECVD growth of an array of CNT's using previously deposited iron nanoparticles
on a silicon substrate, and in the next step a diamond-like carbon coating was deposited on the CNTs by a
radiofrequency PECVD'. Shankar et al obtained the CNT-ND composites by HFCVD growth of NDs on the
multiwall CNTs pre-dispersed onto a silicon substrate'*. However, the outer layers of CNTs were significantly
etched by hydrogen plasma and there was only a narrow range of concentration of carbon precursor in hydrogen
flow allowing production of the NDs and preservation of initial morphology of the CNTs.

One could expect that a CNT-ND material with the CNTs oriented in predominant direction will have
anisotropic properties. Aligned CNTs decorated with ND nanoparticles are especially attractive for optoelec-
tronic devices such as light-emitting systems and photovoltaic cells. High aspect ratio of a CNT causes local
electric field enhancement near its tip, which may help electron injection into attached semiconducting nano-
particles. Actually, recently we demonstrated appearance of electroluminescence from CdS nanoparticles grown
on the CNT array'*™®. As of now, there are a couple of papers describing synthesis of the CNT-ND anisotropic
materials. Diamond-like carbon coating has been deposited on top of vertically aligned CNT film by PECVD
method', and the composite film showed enhanced toughness. However, the synthesis did not allow producing
the coating on a CNT body, probably, due to closely packing of CNTs in the film and relatively small nanotube
diameters (tens of nanometers). The use of vertically aligned micrometer-sized carbon fibers consisting of nested
cones of graphene sheets yielded continuous deposition of ultrananocrystalline diamond film on the fiber surface,
and the hybrid structures exhibited greatly improved field emission performance compared with the uncoated

N anostructured materials consisting of carbon nanotubes (CNTs) and nanodiamonds (NDs) possess a
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Figure 1| Optical images of surface of CNT array (a), ND powder (b), CNT-ND hybrid (c), and droplet of deionized water (d, top) and DMSO-water
(d, bottom) on the surface of CNT array. Side-view SEM images of array of aligned CNTs (e) and CNT-ND hybrid material (f). Angular dependence of
CNT orientation in array before and after the ND deposition obtained from the Fourier transform analysis of magnified SEM images (g). TEM (h, i)

images of CNT-ND hybrid material.

fibers". Near-edge X-ray absorption fine structure spectroscopy
(NEXAFS) examination revealed no changes in the electronic state
of carbon fibers after the PECVD diamond film deposition.

CVD approaches for preparation of the CNT-ND hybrids are not
readily scalable. There remains a necessity to develop inexpensive
and effective methods of synthesis of CNT-ND materials with pre-
determined structure and specified properties. One of such methods
is based on blending of suspended nanoparticles®”'**'. A common
procedure is the treatment of a substrate with suspension of CNTs
and NDs and subsequent drying of the hybrid until complete evap-
oration of solvent. Spin coating helps in the creation of thin hybrid
films®”, while electrodeposition improves dispersion of CNTs in a
ND matrix*. The advantages of the use of the nanoparticle suspen-
sions are processing simplicity, easy change in ratio of the compo-
nents, and mild conditions, which do not damage the CNT walls.
Morphology and properties of a CNT-ND material obtained using
this method generally depend on the dispersion and stability of the
suspension, which can be tuned choosing appropriate solvent and
modifying the nanoparticle surface. Previously, it was demonstrated
that the use of dimethylsulfoxide (DMSO) as a solvent for surface-
modified detonation NDs provides high stability of the suspension to

sedimentation and aggregation®**. Recently, carbon-based nano-
structures such as NDs**? and carbon dots*”*® were considered to
be a new class of biocompatible luminescent materials. Blue-green
field emission electroluminescence was observed from polycrystal-
line diamond films***.

In the present paper we report for the first time the synthesis of an
anisotropic CNT-ND hybrid material by impregnation of a CNT
array with a suspension of NDs. It is shown that treatment of multi-
wall CNT array by DMSO-water suspension of NDs preserves ver-
tical nanotube alignment toward substrate. Functional composition
and electronic structure of the CNT-ND hybrid are examined
by Fourier-transform infrared (FTIR) and Raman spectroscopy,
NEXAFS and X-ray photoelectron spectroscopy (XPS). Testing of
CNT-ND hybrid under applied voltage reveals field emission elec-
troluminescence of ND particles located at the array surface.

Results

Characterization of CNT-ND hybrid. Optical microscopy images
taken from the surface of samples revealed that the top of CNT array
is black (Fig. 1a), while the color of ND powder is changed from light-
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Figure 2| (a) XPS Cls spectrum of CNT-ND hybrid material. The spectrum was fitted with five components using Gaussian/Lorentzian product
function with a Doniach-Sunjic high energy tail. (b) C K-edge NEXAFS spectra of CNTs (a), NDs (b) and CNT-ND hybrid material (c). The

superposition of the spectra of CNTs and NDs taken in a ratio of 1:1 (d).

gray to dark-brown (Fig. 1b). The surface of the CNT-ND hybrid
reflects the light (Fig. 1c) indicating that NDs were successfully
deposited on the array top. Infiltration of water and DMSO-water
into aligned CNT array was examined locating a droplet on the array
surface (Fig. 1d). Contact angle for the water droplet was equal to
145° and it was unchanged over 15 min. The first droplet of a mix-
ture of DMSO and water taken in equal volume ratio penetrated into
the CNT array in less than a second, however we managed to mea-
sure the contact angle of the next droplet, which was 25°. These
experiments clearly demonstrate improvement of the CNT wett-
ability with addition of DMSO to water.

Analysis of side-view SEM micrographs showed that CNTs in the
initial sample are well aligned (Fig. le), and immersion of the CNT
array in the DMSO-water suspension of NDs did not destroy the
vertical orientation of CNTs relative to the Si substrate (Fig. 1f). The
thickness of the CNT-ND hybrid is ~40 pum that is close to the
thickness of the initial CNT array (Fig. le). The NDs are located
on the surface of CNT array and in space between the nanotubes.
Degree of CNT alignment in the samples was evaluated from the
Fourier transform analysis of side-view SEM micrographs obtained
at appropriate magnification. Details of the procedure are described
in Ref. 30, 31. The CNTs in the hybrid have the angular distribution
similar to that in the initial array with an average angle of deviation
from the normal to the substrate of ~20°.

The gain in the weight of the sample after NDs deposition was
~40%. Because size of the CNT array was changed marginally, we
conclude that the deposition of NDs increases the sample density.
TEM images indicate that outer diameter of the CNTs is no more
than 50 nm, and the average size of primary ND particles is ~5 nm
(Fig. 1 h, i). The ND particles mainly form aggregates with a size of
more than 200 nm, which are located between the nanotubes. The
smaller aggregates with a size of 30 nm, consisting of a few ND
particles, are attached directly to the outer walls of CNTs.
However, we should mention that the most part of the CNT surface
is free from the NDs. Thus, our product is different from the CVD-
produced CNT-ND hybrid materials, where the ND particles almost
completely covered the CNT surface'>"’.

Overall XPS spectrum of the CNT-ND material showed signals
of carbon as a dominant element, and oxygen (14 at%), nitrogen
(1 at%), iron (1 at%), and silicon (3 at%) (see Supplementary
Fig. S1 online). The XPS Cls spectrum of the hybrid is presented
in Fig. 2a. The most intense components A and B located at 284.5 and
285.4 eV are assigned to the sp’~hybridized carbon atoms constitut-
ing the CNT walls and the sp®~hybridized carbon atoms from the ND
particles. Thus, from the analysis of the XPS data, the hybrid material

is a composition of weakly interacting CNT and ND constituents.
The high-energy spectral components C, D, and E at 286.7, 287.9 and
289.3 eV likely correspond to the oxygen-containing species existing
on the ND surface®. The component C is attributed to hydroxyl (C-
OH) or ether (C-O-C) groups, while the components D and E are
arisen from carbonyl (C=0) and carboxyl (COOH) groups, respect-
ively. According to the fitting of Cls curve, the surface of the CNT-
ND hybrid consists of ~40% of graphite-like carbon, ~25% of
diamond-like carbon, and ~35% of carbon bonded with oxygen.
To examine the electronic structure of CNTs and NDs in the
hybrid, the comparative analysis of the NEXAFS spectra near the
C K-edge of CNT-ND sample, CNTs and NDs was performed
(Fig. 2b). The CNT spectrum showed two main resonances at
285.4 and 291.7 eV arisen from ls—n* and 1s—c* transitions
within the sp’~hybridized carbon atoms (curve a Fig. 2b). The spec-
tral feature located at 288.6 eV corresponds to the oxygenated car-
bon atoms. Relatively lower intensity of this feature is indicative of
low functionalization of the CNTs. The ND spectrum exhibited the
absorption edge at 289.4 eV assigned to the 1s—c* transitions
within the sp®~hybridized carbon and the dip at 302 eV correspond-
ing to a second absolute gap in the diamond band structure (curve b
in Fig. 2b). Oxygen-containing groups located on the ND surface
contribute to the peaks B and C at 286.7 and 289.4 eV*. Addi-
tionally, the spectrum of NDs shows a weak m* resonance at
285.1 eV indicating the presence of graphite-like species on the
ND surface and low-intensity feature A at 282.7 eV, which may be
attributed to the sp-type amorphous carbon*. It should be noted that
an unambiguous interpretation of the last feature is still to be done.
NEXAFS C K-edge spectrum of the CNT-ND material exhibited
the m*(sp®) and o*(sp®) resonances characteristic of CNTs, as well as
the o*(sp®) resonance and the gap at 302 eV typical for NDs (curve ¢
in Fig. 2b). The surprising result is that the n*(sp”) and o*(sp?)
resonances in the CNT-ND spectrum are narrower and more appar-
ent than those in the spectrum of the initial CNTs. It is likely that the
ND deposition process decreases amount of amorphous carbon on
the CNT array surface. Relative concentration of the sp® carbon
atoms in the CNT-ND hybrid was estimated from the NEXAFS data
using a procedure described in Ref. 35. The portion of the sp” carbon
fraction, %sp?, was obtained dividing the ratio of n*(sp®) and c*(sp?)
peak intensities for the CNT-ND hybrid by that for the CNTs:

Yasp® ~100% (1 * (sp*) /o * (%)) cnep_wp/ (7 % () /0 * (D7) o,

For numerical integration, the energy ranges of 282.5-286.7 eV
and 291-295 eV were used to represent contributions of the 7* and
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o* states to the spectra. The concentration obtained of the sp® carbon
in the CNT-ND hybrid is ~50%. To more clearly elucidate the
difference between the electronic structure of the CNT-ND hybrid
and its constituents, we constructed a profile summing up the
NEXAFS spectra of CNTs and NDs in ratio of 1:1 (curve d in
Fig. 2b). The resultant profile is close to that of CNT-ND spectrum
in the region of n*(sp?) and c*(sp®) resonances and the post-edge
region. The most significant difference (gray-highlighted in Fig. 2b)
between the plotted spectrum and the measured spectrum is the
absence of the peaks A and B at 282.7 and 286.7 eV and substantially
lower intensity of the peak C at 289.4 eV in the latter spectrum. All of
these peaks arise from the ND spectrum and correspond to graphite-
like species and oxygenated carbon atoms located on the ND surface.
Suppression of the peaks provides evidence of the modification of the
ND surface, namely, decrease of amount of oxygen-containing
groups in the hybrid material. Analysis of the NEXAFS data does
not indicate formation of any covalent bonding between constituents
of the CNT-ND hybrid, while it shows the change in the chemical
state of the surface of deposited ND particles.

Partial defunctionalization of the ND surface in the hybrid was
confirmed by FTIR spectroscopy (see Supplementary Fig. S2 online).
Analysis of the spectra revealed that purification of the NDs in
DMSO-water mixture occurs only in the presence of CNTs. It is
difficult to propose the definitive mechanism of interaction between
NDs and CNTs, but it is obvious that oxygen-containing groups are
involved in this interaction. It can be supposed that a part of chem-
ically active functional groups on the surface of NDs are bound to
defect states or hydrocarbon species located on the CNT surface
yielding a non-covalent interaction between partially defunctiona-
lized NDs and CNTs. Quantum-chemical modeling reveals mod-
erate electron transfer from a hydrogen-terminated diamond
surface to an adsorbed nanotube, while there is no charge transfer
between a clean diamond surface and the nanotube®®. However, the
clean diamond surface can form chemically stable interface with an
open-ended nanotube®.

Raman spectra of the CNTs, NDs and CNT-ND sample are com-
pared in Fig. 3. The CNT spectrum has wide G and D bands at ~1580
and ~1360 cm™' (Fig. 3a). The G band corresponds to the in-plane
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Figure 3 | Raman spectra of untreated CNTs (a), CNTs treated by

DMSO-water mixture (a’), untreated NDs (b) and CNT-ND hybrid
material (c).

tangential stretching of the sp’~hybridized carbon atoms, while the D
band is believed to be associated with the disorder-induced double-
resonance. A ratio of D band integral intensity (Ip) to G band integral
intensity (Ig) is often used to evaluate defectness of graphitic materi-
als. Relatively high intensity of the D band in the spectrum of CNTs
(Ip/Ig ratio is 1.2) indicates a presence of large amount of non-
graphitic carbon in the CNT array, and this is typical for the CNTs
produced by CVD technique®®. The Raman spectrum of NDs shows
three prominent features. The weak peak at ~1330 cm™' corre-
sponds to the symmetric vibrations of the sp’~hybridized carbon
atoms in diamond lattice, the peak at ~1530 cm™' is a down-shifted
graphite G peak, and the wide shoulder at 1600-1800 cm™" origi-
nates from oxygen-containing groups located on the ND surface
(Fig. 3b). Mochalin et al. had demonstrated that hydroxyl and carb-
oxyl groups may contribute to this shoulder”, and presence of such
groups on the ND surface was revealed from the analysis of XPS and
FTIR spectra (Fig. 2b and Supplementary Fig. S2b online). Low
intensity of the diamond peak and presence of the features, corres-
ponding to the graphitic and surface species, denote the low crystal-
linity and large surface area of ND particles. The Raman spectrum of
the CNT-ND sample is dominated by the graphitic G and D bands at
~1580 and ~1360 cm™', while the diamond band at ~1330 cm ™' is
overlapped by the larger D band (Fig. 3¢). The bands in the spectrum
of the hybrid are narrower than those in the CNT spectrum, and,
moreover, the Ip/Ig ratio decreases to 0.7. Based on these data, we
conclude that the amount of defective carbon on the surface of CNT-
ND sample is less than that on the CNT array surface. It might be
supposed, that small carbon particles located on the outer surface of
CNTs were washed due to immersing of the array into solution.
However, no similar changes were observed in the Raman spectrum
of CNTs treated by DMSO-water mixture (Fig. 3a). So, we conclude
that ND particles somehow participate in the process of purification
of the CNT array surface from small carbon impurities. It is possible,
that DMSO helps penetration of ND agglomerates into intertube
space and the agglomerates mechanically move small carbon part-
icles from the surface to the array depth. Deposition of ND particles
yields 40% increase in density of the array that confirms good pen-
etrating capacity of the used ND suspension.

Field emission and luminescence of CNT-ND hybrid. Since
anisotropic materials based on the aligned CNTs and NDs have
potential application as cold cathode in light-emitting devices, a
study of field electron emission and electroluminescence of the
hybrid prepared were performed. A scheme of the measurements
is shown in Fig. 4a. The current vs voltage (I-V) curves of field
emission from the initial CNTs, NDs, and obtained CNT-ND
hybrid measured at various distances (50, 100, 300 and 500 pm)
from the anode surface are compared in Fig. 4b. The applied field
is given as the macroscopic electric field defined by the ratio of the
voltage to the given interelectrode distance. The value of voltage
threshold was determined at the emission current density of
107® A/mm?®. The current from the CNT sample appear at 0.8, 1.4,
2.2 and 3.9 V/um at the distance of 500, 300, 100 and 50 pm,
respectively. Such low electric field threshold is characteristic of
the arrays of aligned multiwall CNTs***?. Increase in the threshold
value with a decrease of the interelectrode distance is attributed to the
change in the enhancement factor due to screening effects”. Low
electrical conductivity and small aspect ratio of ND particles cause
reduction of the threshold up to ~4.4 V/pm at the interelectrode
distance of 100 pm and ~6.5 V/um at the 50-pm-distance. For
distance of 100 pm the maximum current density for the NDs was
2.5 A/mm”. That is three times lower, than current density of 7.3 A/
mm?® for the CNT sample. It is believed that in the case of NDs,
electron emission originates from their modified surface (graphite-
like species and functional groups)****. The threshold field for the
CNT-ND hybrid is ~0.9 V/um at 500 pm and ~1.6 V/um at
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Figure 4 | Scheme of set-up for field emission and electroluminescence measurements (a). I-V curves for CNTs (blue), NDs (red) and the CNT-ND
hybrid material (black) measured at 50, 100, 300 and 500 pm (b). Arrows indicate the threshold field. Images of light emission from surface of the CNT—

ND hybrid material at electric field from 0 to 15 V/pm (c).

300 um that is very close to that for the initial CNT array. Current
density for the hybrid is twice lower than that for the initial CNTs.
We believe that a part of CNTs does not emit due to their covering by
the ND particles. However, at the closest interelectrode distances of
100 and 50 pm, the voltage thresholds of 4.1 and 6.0 V/um are
slightly lower, than that for the ND powder. The behavior of I-V
curves for the hybrid material indicates, that at low electric field,
electron emitting centers are mainly CNTs, while at electric field
higher than 3.5 V/um, electron emitting located on the top surface
of CNT array are mainly ND particles and the thickness of deposited
ND layer is large enough to screen the electron emission from the
CNTs.

Registration of the electroluminescence glow was done through a
transparent anode. Optical image of the surface of a CNT-ND cath-
ode located in measurement camera is presented in upper-left corner
of Fig. 4c. Remaining images were obtained when an electric field was
applied to the cathode. It should be noted that light emission was not
observed until the field was less than ~3.0 V/pum. At this field value,
our optical system was able to register blue spots on the CNT-ND
surface. Based on the I-V data presented in Fig. 4b, we assume that
the NDs are responsible for the luminescence. The number and
brightness of luminous blue spots increase with the applied field.
Red bright dots appeared at 7.5 V/pum should be attributed to the
CNT burning.

To understand the origin of the emitting centers, room-
temperature photoluminescence spectra of CNT-ND hybrid mater-
ial, CNT array treated by a DMSO-water mixture, and NDs deposed
on a Si substrate from a DMSO-water suspension were measured
(Fig. 5). The spectrum of CNTs shows no peaks in the spectral range
0f 300-800 nm, because multiwall CNTs are metallic. The spectra of

CNT-ND hybrid and NDs have a broad peak from 380 to 700 nm
with a full width at half maximum of ~200 nm for both spectra. The
spectrum of NDs shows the blue-green band with near constant
intensity in a region from 400 to 600 nm. Blue-green photolumines-
cence and electroluminescence have been previously observed for the
diamond films*>*°. It is believed that blue luminescence arises due to
nitrogen contaminations*, while C=0 surface groups are respons-
ible for green emission®®. The spectrum of the CNT-ND hybrid has
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Figure 5 | Photoluminescence spectra of CNT-ND hybrid material,
CNTs and NDs treated by a DMSO-water mixture.
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intense blue band centered at 440 nm (2.8 eV) with a tail in the green
emission region. Decrease in the green emission from the hybrid
material as compared to the initial NDs is likely caused by partial
removal of carbonyl groups from the ND surface as the result of the
hybrid synthesis. Intensity of the photoluminescence of the CNT-
ND hybrid is roughly twice higher than that of the NDs. Thus, we
believe that blue glow observed on the CNT—ND hybrid surface
under applied electric field is due to electroluminescence of the
ND particles located at the CNT tips.

The NDs deposited on a copper substrate produced no glow at an
electric field as high as 15 V/pm (See Supplementary Fig. S3a online).
Kim at al reported that field emission electroluminescence from
polycrystalline diamond films is observed only at the field higher
than 50 V/um®. Due to high aspect ratio of a CNT, electric field is
strongly enhanced at its tip, and high field strength helps in excita-
tion of the valence electrons to unoccupied levels within a ND par-
ticle. The back relaxation of electrons causes photon emission. High
intensity and stability of luminescence observed for the CNT-ND
material as compared to the NDs can be explained by injection of
electrons from a conductive CNT into semiconductive NDs attached
to the tip of the CNT. The nature of red bright spots in the electro-
luminescence images of CNT—ND hybrid (Fig. 4c) could be attrib-
uted to radiation from resistively heated multiwall CNTs. Actually,
the same glow was observed for the surface CNT array treated by
DMSO-water mixture (without NDs) at the field of 8 V/um (see
Supplementary Fig. S3b online). Previously, light emission from
CNTs induced by the field emission current was explained by the
Joule heating of CNTs up to temperatures of 1500-2000 K*. As the
result of this process, CNTs can be destroyed*>. XPS examination of
the CNT-ND hybrid material after the field emission measurements
showed the same set of the peaks (Supplementary Fig. S4 online) as
the spectrum of the hybrid before the experiments (Fig. 2a). One of
the main differences in the spectra is a higher ratio of sp’- to sp*-
carbon in the hybrid after application of the electric field. It is more
likely that spectrum of the sample after application of field emission
was measured at another spot, than that of the sample before experi-
ment. We suggest that high amount of sp’- diamond like carbon was
observed in the spectrum of sample after measurements just because
ND particles non-uniformly cover the CNT array surface. Moreover,
the peak E at 289.3 eV has too low intensity due to partial decarbox-
ylization of NDs during the field emission. This could explain sup-
pression of green emission observed in the photoluminescence
spectrum of the CNT-ND hybrid.

Discussions

Anisotropic CNT-ND hybrid material was successfully synthesized
treating the array of vertically aligned CNT's by a suspension of NDs
in a DMSO-water mixture. The developed method allows varying
the ratio of constituents, which can be as large as 1 : 1. Analysis of the
CNT-ND hybrid using microscopy methods shows that ND agglom-
erates are located on the array surface and partially fill the space
between CNTs. Penetration of ND particles into the depths of the
CNT array is realized owing to wetting property of DMSO. It was
found that NDs take a part in the purification of the CNTs array
surface from carbon impurities, formed during the CVD synthesis.
Furthermore, DMSO is likely to provide interaction between func-
tional groups located on the ND surface and CNTs that result in
partial defunctionalization of NDs. XPS and NEXAFS methods
reveal that CNTs and NDs preserve their identity in the hybrid.
CNT-ND hybrid material possess field emission behavior of CNT
array at an electric field less than 3 V/um, while under higher electric
field, the ND particles located on the CNT tips emit electrons.
Despite of non-covalent interactions between the hybrid constitu-
ents, the ND particles located on the CNT tips emit photons, which
are blue and green colored. Removal of oxygen-containing groups
from the ND surface as the result of the hybrid synthesis and field

emission experiments causes a quenching of green light emission.
We believe that the anisotropic CNT-ND hybrid materials will be
attractive for development of bright blue-light sources.

Methods

Materials. CNT arrays were grown on p-doped Si(100) substrates of size 10 X

10 mm?* using an aerosol-assisted catalytic CVD method. The details of the method
are described elsewhere*®. Reaction mixture obtained from a solution of 2 wt%
ferrocene in toluene was dispersed into a volume of tubular reactor via injector. The
pyrolysis was performed at ~800°C and atmospheric pressure in an Ar flow

(200 cm*/min) during an hour. A ND-containing soot was produced by detonation of
trinitrotoluene and hexogen in the absence of oxygen. ND particles were extracted
from the detonation soot using NaOH accordance to with the technology developed
by the “Real-Dzerzhinsk” Limited Liability Company (Russia). The purified NDs
were fractionated via centrifugation of ND suspension in an aqueous solution of NaCl
following procedure described in Ref. 49. The fraction of NDs sized ranging 4-

200 nm was taken to prepare a hydrosol by dissolving the powder (5 wt%) in
deionized water. The final ND suspension was obtained by diluting the hydrosol by
DMSO in a ratio of 1: 1. The CNT-ND hybrid was prepared by immersing the CNT
array into the ND suspension for 5 min. After that the sample was dried at ambient
conditions for 48 hours.

Characterization. Morphology of the samples was investigated by optical
microscopy on an Olympus BX51 microscope, scanning electron microscopy (SEM)
on a JEOL JSM-6700F microscope, and transmission electron microscopy (TEM) on
a JEOL 2010 microscope. To prevent disintegration of the hybrid material during a
sonication procedure commonly used for the TEM specimen preparation, a portion
of sample was scratched from the Si substrate using a sharp tungsten tip, and the
collected material was deposited on a copper TEM grid. XPS measurement was
performed using a Specslab PHOIBOS 150 spectrometer with a monochromatic Al
K, (hv=1486.6 eV) radiation. The Cls spectrum was measured with high resolution
at the constant pass energy of an electron energy analyzer of 20 eV and the energy
step of 0.1 eV. The curve fitting was carried out using a Gaussian/Lorentzian product
function with a Doniach-Sunjic high energy tail (asymmetry factor o is not zero only
for the component at 284.5 eV) with CasaXPS 2.3.15 software. The C K-edge
NEXAFS spectra were recorded in the total-electron yield mode at the Berliner
Elektronenspeicher ring fiir Synchrotronstrahlung (BESSY II) using radiation from
the Russian-German beamline and with the MUSTANG experimental station. The
monochromatization of the incident radiation was ~80 meV. The spectra were
normalized to the primary photon current from a gold-covered grid recorded
simultaneously. The FTIR spectra were acquired using an IFS-85 «Bruker»
spectrometer in a range from 400 to 4000 cm ™. A sample (1 mg) was mixed with KBr
powder (100 mg) and then the mixture was pressed into a pellet. The Raman analyses
were performed using a Spex 1877 triple spectrometer with a 488 nm Ar™ laser.

Filed emission, PL and EL measurements. Field electron emission and
electroluminescence measurements were carried out in a vacuum chamber at
~5-10"* Pa at room temperature using a home-made set-up®. Si substrate with a
sample was attached to a negative electrode by carbon conductive tape, while ITO
(indium tin oxide) coated glass was used an anode. The distance between the surface
of a sample and the anode was changed from 50 to 500 pm. The current-voltage (I-
V) dependence was obtained by applying a dc voltage of up to 1000 V. A sawtooth
voltage regulated the electric field with a frequency of 0.1 Hz. For the
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