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S
ince their discovery, carbon nanotubes
(CNTs) have evolved into one of the
most dynamic paradigms of modern

materials science. Today their production
and applications are among the more
mature engineering fields; in particular,
the emerging applications of CNTs in-
clude super-black light absorbers,1 solar
harvesting,2,3 photonic devices,4,5 and ther-
malmanagement systems.6,7 One of themost
effective production processes for CNTs is
chemical vapor deposition (CVD);8�19 the
structural quality and morphology of CVD-
produced CNTs are affected by the carbon
precursor (methane, ethylene, acetylene,

xylene, or ethanol),8 the gas mixture flow,9

and the level of impurities.10 However,
the most essential issue for the CVD growth
of CNTs is the required catalyst,11�19 with
Ni,11,14,15 Fe,11,14�17 Co,11,14,15 and their
bimetallic alloys11�13,16 being the most
widely used cases, due to their low misci-
bility with C and their activity in forming
graphitic rings.11 In addition to the physico-
chemical properties of these catalysts, their
morphology has been proven to be very
important, as well; therefore, great research
efforts have been carried out to design
and optimize nanocatalysts for specific
CNT architectures and applications.15�19
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ABSTRACT A novel two-step approach for preparing carbon

nanotube (CNT) systems, exhibiting an extraordinary combination of

functional properties, is presented. It is based upon nanocomposite

films consisting of metal (Me = Ni, Fe, Mo, Sn) nanoparticles em-

bedded into diamond-like carbon (DLC). The main concept behind

this approach is that DLC inhibits the growth of Me, resulting in the

formation of small nanospheres instead of layers or extended grains.

In the second step, DLC:Me substrates were used as catalyst tem-

plates for the growth of CNTs by the thermal chemical vapor deposi-

tion (T-CVD) process. X-ray photoelectron spectroscopy (XPS) has shown that at the T-CVD temperature of 700 �C DLC is completely graphitized and NiC is
formed, making DLC:Ni a very effective catalyst for CNT growth. The catalyst layers and the CNT systems have been characterized with a wide range of

analytical techniques such as Auger electron spectroscopy and X-ray photoelectron spectroscopy (AES/XPS), X-ray diffraction, reflectivity and scattering,

Raman spectroscopy, scanning electron microscopy, atomic force microscopy, and optical and electrical testing. The produced CNTs are of excellent quality,

without needing any further purification, durable, firmly attached to the substrate, and of varying morphology depending on the density of catalyst

nanoparticles. The produced CNTs exhibit exceptional properties, such as super-hydrophobic surfaces (contact angle up to 165�) and exceptionally low
optical reflection (reflectivity <10�4) in the entirety of the visible range. The combination of the functional properties makes these CNT systems promising

candidates for solar thermal harvesting, as it is demonstrated by solar simulation experiments.
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In particular, nanoparticles (NPs) or thin films of Ni
have been considered as effective catalysts for CNT
growth,12,14,15 and recently, the mechanism of graphi-
tization of carbon near nanostructured Ni surfaces
has been explained.20 Therefore, the morphological
control of metal particles at the nanoscale can be an
effective way of controlling the morphology and the
functional properties of CNT arrays.
Pulsed laser deposition (PLD) has been previously

used for the growth of nanocomposite films consist-
ing of metal nanospheres embedded into a dielectric
matrix, such as diamond-like carbon (DLC)21 or AlN;22

the main concept behind this approach is that during
the successive carbon�metal deposition the DLC in-
hibits the growth of the metal, resulting in the forma-
tion of small (∼10 nm) metal nanospheres instead of
metal layers or extended grains.21 We show here that
such an approach is very promising for the production
of nanocomposite, metal-containing, catalytic surfaces
for the thermal CVD (T-CVD) growth of CNTs.
In this work, we demonstrate that a novel, simple,

two-step process, based on metal-containing DLC
(DLC:Me, Me = Ni, Fe, Mo, Sn) nanocomposite catalyst
layers can grow CNTs of varying morphology (from
aligned to interlinked, “star”-shaped CNTs) and excep-
tional functional properties (superhydrophobic sur-
faces with contact angle up to 165�, and extremely
low, <10�4, optical reflectance) without further purifi-
cation or post-growth processing; composite films of
SiC and AlN matrices have also been implemented for
comparison purposes. Finally, we demonstrate that the
combination of the functional properties makes these
CNT systems promising candidates for solar thermal
harvesting, by exposing the produced CNT systems to
concentrated solar light of realistic power and mon-
itoring their photothermal behavior for the first time;
our demonstration implies that CNT systems may find
new applications in photothermal technology.

RESULTS AND DISCUSSION

Growth and Characteristics of DLC:Me Catalysts. First, a
composite catalyst layer is grown on Si substrates by
pulsed laser deposition (PLD) using a sectored target
consisting of the matrix material (DLC, SiC, or AlN) and
metal (Ni, Fe, Mo, or Sn) sectors of varying area (see
Supporting Information). This process results in nano-
composite films consisting of metal nanospheres em-
bedded into thematrix material. In particular, for the Ni
particles, their size lies in the range of approximately
10�30 nm; the Ni particles appear as bright protru-
sions in the atomic force microscopy (AFM) image of
Figure 1a, which corresponds to sample A. Then, the
DLC:Me/Si specimens are used as growth templates for
T-CVD of CNTs at 700 �C using acetylene as the carbon
source. T-CVD of CNTs has also been implemented on
SiC:Ni, AlN:Ni, and pure Ni catalyst layers grown by PLD
and sputtering for comparison. The growth parameters

used for the various nanocomposite catalysts of this
study are summarized in Table 1.

An essential issue is the accurate description of the
chemistry of the outer surface of the catalyst layer,
which is exactly the part of the catalyst that reacts with
the flowing acetylene to form CNTs during T-CVD;
Auger electron spectroscopy (AES) fulfils the criterion
of being surface-sensitive,21,23 and thus, it has been
employed for the determination of the Me content in
all samples and the fraction of the sp3-bonded carbon
on the surface of DLC:Me samples. In the case of Ni
nanoparticles, the particle sizes on the DLC:Ni surface
have been determined from AFM images. The Me con-
tent in DLC:Me has been determined from the relative
strength of the CKVV and metal (NiLMM, FeLMM, SnMNN,
MoMNN) peaks manifested in the in situ AES differential
spectra, taking into account the corresponding sensitivity
factors (see Table 1 and the Supporting Information).
Note that the small Me atomic concentration corre-
sponds to higher geometric surface coverage (SC) of
metal, as shown in the AFM image of Figure 1a (sample A)
because of the different ionic radii of metals and C.
The C hybridization (sp3/sp2 ratio) has been deter-
mined from the broadening of the CKVV peak

21,23 and
has been confirmed by analyzing the C 1s envelope of
X-ray photoelectron spectra (XPS)23�25 for selected
samples. The thickness, the density, and the surface
roughness of the nanocomposite catalyst layers have
been determined by X-ray reflectivity (XRR) following
the analysis presented in ref 25. The main structural

Figure 1. (a) AFM image from a DLC:Ni template (sample A)
before the growth of CNTs, (b) SEM images of CNTs grown
by various conditions on DLC:Ni (the capital letters corre-
spond to the data of Table 1).
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and chemical features of the nanocomposite catalysts
are summarized in Table 1.

Structural and Morphological Features of CNTs and the Effect
of Catalyst Composition. The CNT layers, which have been
grown on the DLC:Ni templates, are purely graphitic,
according to XPS and AES analysis (see Supporting
Information), and exhibit strong morphological varia-
tions that are dictated predominantly by the [Ni] con-
centration on theDLC:Ni surface. This is revealed by the
plan-view SEM images presented in Figure 1b; the
capital letters of the SEM images correspond to the
relevant samples in Table 1.

Samples A and B exhibit strongly interlinked CNT
bundles of star shape (for a detailed image, refer to
Figure 4e, as well), resembling the octopus-type CNT
growth.26,27 Although configurations of several CNTs
starting from a single Ni particle have been observed
to follow both base26 and tip26,27 growth mode, in our
case, the CNTs follow strictly the base growth when
DLC:Ni catalysts are used, as it has been revealed by the
XPS wide-scan spectra of Figure 2a. Indeed, the surface
of sample B consists predominantly of C and Ni
and some O attributed to environmental adsorbates,
such as OH groups due to humidity in the laboratory
environment. After in situ annealing in the analysis
chamber at 700 �C (i.e., the temperature of T-CVD of
CNTs), the O contamination has been significantly
reduced; after the growth of CNTs, no traces of Ni exist
and the surface consists exclusively of C, indicating a
pure base growth of CNTs. Our findings regarding the
base growth of CNTs oppose the results of El Mel
et al.,28 who used hydrogenated DLC:Ni catalyst tem-
plates and observed a clear tip growth of CNTs; how-
ever, this difference is quite well understood. The PLD-
grown, unhydrogenated DLC matrix is harder29 and
more dense23,30 compared to the hydrogenated amor-
phous carbon used by El Mel et al.28 Hence, it is ex-
pected that the Ni diffusion will be less pronounced
and the Ni nanoparticles are attached more firmly in
the unhydrogenated DLCmatrix in our case, compared
to the soft and underdense, hydrogenated carbon.
Similar XPS experiments have been carried out for all
DLC:Me catalysts used in this study. CNTs grown using

nanocomposite catalysts that incorporate Ni or Fe
follow the base growth since no metal has been de-
tected on the surface after T-CVD, while the use of DLC:
Mo catalysts results in a tip growth of CNTs (XPS did
detect Mo on the surface; refer to Supporting Informa-
tion for more details). Finally, the DLC:Sn is a very un-
stable catalyst due to the low melting point of Sn,
which results in outdiffusion of Sn at 700 �C (i.e., the
T-CVD growth of CNTs) and agglomeration into micro-
meter metal droplets that serve as selective nucleation
sites of CNTs on the DLC surface.

XPS was used for the identification of the CNT
growth mechanism from the DLC:Ni catalyst by de-
tailed analysis of the Ni 2p and C 1s high-resolution
spectra shown in Figure 2b�e. In particular, the Ni 2p
doublet of the as-deposited sample B exhibits a fine
structure with contributions attributed to metallic Ni
(853.2 eV for the Ni 2p3/2) and NiO2 or Ni(OH)2 (856.3 eV
for the Ni 2p3/2);

31,32 after in situ annealing, the peak at
856.3 eV disappeared, confirming that it originates
from Ni(OH)2. The hydroxyl groups desorbed after
annealing, and a clean Ni surface remained around
the particle. Further insights can be extracted from the
analysis of the C 1s peak (Figure 2c�e); the C 1s peak
has been analyzed to contributions of contamination
carbon (blue lines), C�C sp2 bonds (red), C�C sp3

bonds (magenta), and Ni�C bonds (green). The con-
tamination carbon itself consists of several types of
bonds (e.g., C�O, C�OH, etc.); in order to minimize the
fitting parameters, the C 1s peak has been measured
for a variety of non-carbonaceous samples (Si wafers,
Ag, Au, and Cu films) exposed intentionally to lab
atmosphere, in order to identify the contribution of
contamination carbon and then to use it as a fixed line
shape in the fitting procedure. The as-deposited sam-
ple exhibited predominantly sp2 C�C bonds and a
minority of sp3 C�C bonds, characteristic of amor-
phous carbon.33,34 The peak assigned to the C�C sp2

bonds exhibits a full width at half-maximum (fwhm) of
1.6 eV that lies in the range of 1.4�1.8 eV, which is
characteristic of amorphous carbon.23,33,34 During
in situ annealing, the contributions of C�C sp3 bonds
are eliminated, indicating a complete graphitization,

TABLE 1. Growth Parameters and Structural/Chemical Features of the Nanocomposite Catalyst Thin Film Templates

sample technique matrix material metal metal on surface (atom %) density (g/cm3) thickness (nm) surface roughness (nm)

A PLD DLC Ni 5.0 2.5 ( 0.2 35 1
B DLC Ni 6.0 2.7 ( 0.2 23 2
C DLC Ni 7.0 3.1 ( 0.2 26 10
D DLC Ni 11.0 3.3 ( 0.2 26 6
E DLC Mo 2.5 2.9 ( 0.2 28 1
F DLC Sn 4.5 2.5 ( 0.2 59 2
G DLC Fe 1.0 2.0 ( 0.2 31 1
H SiC Ni 3.5 3.4 ( 0.2 30 1
I AlN Ni 4.0 3.2 ( 0.2 28 1
J Ni 100.0
K sputtering Ni 100.0
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and the broadening of the peak of the C�C sp2 bonds
is substantially reduced, below the range of amor-
phous carbon, which is a clear indication of reduction
of disorder of sp2-bonded carbon and of the formation
of graphene layers. In addition, a weak peak (283.2 eV)
characteristic of Ni�C bonds35,36 emerged during an-
nealing. Nickel carbide is a good precursor for the for-
mation of graphene layers because of its low lattice
mismatch to the Ni(111) planes, as well as due to
energetic reasons;37,38 hence, a Ni(111)-faceted nano-
particle can effectively fold the graphene planes and
can act as a nucleation site for CNT growth. Our ob-
servations are also in accordance with previous experi-
mental39,40 and computational41,42 works identifying
metal carbides as effective precursors of CNT growth. It
is noteworthy, however, that in our case the formation
of the Ni�C bonds and the subsequent development
of the initial graphene layers start even without the
flow of the hydrocarbon precursor, due to the exis-
tence of the DLCmatrix in the nanocomposite catalyst.
Therefore, the development of the CNTs does not rely

exclusively on the feed and diffusion of the volatile
hydrocarbon; instead, the nucleation of CNTs starts
from the carbonaceous catalyst itself.

Themain difference between the CNTs of samples A
and B is their average density; in particular, sample A is
not fully covered, and bundles of interlinked CNTs with
an average diameter of about 40 nm coexist with dark
(empty) regions in the corresponding SEM image. The
SEM image of sample B reveals a similar geometry of
interlinked CNTs, which, however, fully cover the DLC:Ni
catalyst. The diameters of CNTs of samples A and B are
consistent with the Ni particle size for star or octopus ge-
ometryaccording to theanalysisof Saavedraetal.27On the
contrary, for higher Ni content in the catalyst (sample C),
the CNTs become thicker (>100 nm); in that case, the
interlinking of CNTs is substantially reduced. Finally, sam-
ple D, which is the one with the maximum Ni content in
the corresponding DLC:Ni catalyst template, is character-
ized by highly aligned, thick (>100 nm) multiwalled CNTs.

The integrity and durability of all of the CNT systems
grownusing theDLC:Ni catalyst templates are substantial.

Figure 2. XPS spectra of sample B: (a) wide scan spectra of as deposited sample (light gray), during in situ annealing at the
temperature of T-CVDgrowth of CNTs (dark gray) and after CNTgrowth (black); (b) Ni 2p spectra of as-deposited sample (light
gray) and during in situ annealing (dark gray); (c) C 1s spectrum of as-deposited sample; (d) C 1s spectrum during in situ
annealing; (e) C 1s spectrum after CNT growth; the C 1s spectra have been deconvoluted into contributions of contamination
carbon (blue), C�C sp2 bonds (red), C�C sp3 bonds (magenta), and Ni�C bonds (green).
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Unlike the CNTs grown on pure Ni, either sputtered,
PLD-grown, or on Ni foils,43 the CNT samples grown on
the DLC:Ni templates endured duct tape testing, blow-
ing with >3 bar compressed air and ultrasonication in
water (for 5 min), as shown for sample A in the left-
hand SEM images of Figure 3; indeed, there is no
apparent distinction between the left side, which was
forced to duct tape testing, and the as-grown right
part of the sample (the white line defines the border
of intact and tape-tested regions). The integrity of
the sample is only challenged by ultrasonication in
methanol (refer also to Supporting Information). On
the contrary, the CNTs grown on the AlN:Ni nanocom-
posite catalyst layer (sample I) are easily peeled off and
detached, as it is demonstrated in the right SEM image
of Figure 3. This striking difference of the adhesion of
the CNTs, for differentmatrix material of the composite
catalyst, is explained by the mechanism of CNT growth
on DLC:Ni that we have explained previously. In parti-
cular, when the dense and rigid DLC:Ni catalysts are
used, the nucleation starts from the catalyst layer itself,
resulting in better adhesion compared to the samples
grown on pure metal or on nanocomposites with a
non-carbonaceous matrix.

The surface morphology of CNTs cannot be studied
by XRR because their surfaces are too rough, or by AFM,
due to the flexibility of the CNT tips that are swinging
when an AFM tip is approaching. Therefore, the qua-
litative results deduced previously from the SEM ob-
servations have been confirmed and quantified by off
specular X-ray reflectivity analysis, which is appropriate
for the study of rough surfaces.44,45 The CNTs' density
has been determined from the critical angle,25 which
according to the distorted-wave Born approximation
(DWBA) is manifested as the low-angle Yoneda wing in
the off specular reflectivity scan (refer to Supporting
Information).44 The evolution of density of the CNT
samples versus the metal content on the nanocompo-
site catalysts is presented in Figure 4a. The evolution
of density is similar for the CNTs grown on DLC:Ni
(black diamonds) and DLC:Fe (red triangle) due to a
similar growth mechanism. It is evident that sample D

([Ni] = 11 atom %) is almost as dense as graphite,
proving that the aligned CNTs are densely packed. As
the CNTs become less aligned, the average density is
indeed reduced, confirming the SEM observations;
finally, samples A and G, which exhibit the less packed
morphology in the SEM images, are substantially un-
derdense. On the contrary, the samples H (CNTs/SiC:Ni)
and I (CNTs/AlN:Ni) are denser compared to the equiva-
lent samples grown on DLC:Ni and DLC:Fe, due to the
their inferior structural quality, as evidenced by Raman
spectroscopy (Figure 4b), which will be discussed in
detail below. The densities of samples E (CNTs/DLC:Mo)
and F (CNTs/DLC:Sn) are further increased due to the
tip growth of CNTs on DLC:Mo, as shown by the SEM
image of Figure 4c, revealing needle-like CNTs termi-
nating in bright particles, which are Mo according to
XPS analysis (refer to Supporting Information for more
details), and the outdiffusion and agglomeration of Sn
during T-CVD; in both DLC:Mo and DLC:Sn cases, the
result is the enrichment of surfaces of samples E and F
by metal, which is denser than carbon.

An estimate of the surface roughness can be deduced
from the ratio of intensities of the satellite Yoneda wings
and the specular peak, IYoneda/Ispecular ratio, in the X-ray
data44,45 (refer to Supporting Information), as shown in
Figure4d. SampleA,which isnot fully coveredand itsCNTs
are growing in star-shape geometries (Figure 4e,f), is
the rougher one. The surface roughness (that is asso-
ciated with the IYoneda/Ispecular ratio) is gradually re-
duced as the sample is fully covered by CNTs (sample B)
and the CNTs become gradually more aligned and
close-packed (samples C and D, Figure 4g). The varia-
tion of the surface roughness of the CNTs has a severe
effect on their hydrophobicity. Thus, the interlinked
andmost rough sample A is super-hydrophobic (water
contact angle 165�, exceeding the super-hydrophobic
limit of 150�, due to the two scales of surface features,
i.e., ∼30 nm tube diameter and ∼1 μm CNT bundle
width), while the most aligned and smooth sample D
exhibits an intermediate water contact angle (93�).
Another confirmation of the morphology of the grown
CNTs over the DLC:Ni catalysts has also been provided

Figure 3. SEM images from samples A (left) and I (right) after tape testing.
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by four-probe electrical measurements. According to
the analysis of the I�V measurements, all of the CNT
systems were conducting with electrical resistance
values ranging between 1.7 and 110 kΩ, which are
typical for CNTs of similar length46 due to themorphol-
ogy variations.

In addition to the study of the morphological fea-
tures, Raman spectroscopy was used to evaluate the
structural quality of the produced CNTs. The Raman
spectra of all of the produced CNTs/DLC:Ni samples
exhibit the main characteristic graphitic Raman
features13,47,48 at around 1340 and 1600 cm�1 cor-
responding to graphite D (disordered) andG (tangential
stretching E2g mode) bands, respectively,29,30 and the
corresponding second-order D0 and G0 bands at 2690
and 2900 cm�1, respectively. The relative intensity of
D and G bands (ID/IG) reveals the degree of disorder in
the graphitic sheets;13,47 it was found that that more
ordered CNT samples correspond to lower ID/IG ratios
and sharper G peaks.48 The Raman results indicate that
the structural features of the grown CNTs are strongly
correlated with the matrix material and the type of
metal inclusions (Figure 5). In terms of matrix, the DLC
seems to be unquestionably superior. We attribute this
to themechanism of nucleating CNTs fromDLC around
Ni and Fe, as revealed previously by XPS (Figure 2). The
SiC matrix is the intermediate case; the fairly good
performance of the SiC:Ni catalyst might be attributed
to the potential of SiC itself to be used as a template
for the formation of graphene layers49 that may fold
around the Ni particles. Finally, the AlN matrix is the
most inferior of all because AlN is inert to C deposition

and nucleation; hence, the only effect of AlN is to
inhibit the growth of Ni and reduce the Ni particle size.
In terms of metals, Ni and Fe performed better thanMo
and Sn, in accordance to what is known for continuous
metal films. However, the DLC:Ni and DLC:Fe catalyst
templates are producing CNTs of higher quality than
continuous Ni or Fe films due to their morphology that
exhibits nanometer-wide features. According to Chen
et al.,50 small Ni crystals lower the driving force for the
carbon diffusion through the Ni crystals, leading to low

Figure 4. (a) Variation of the CNT layer density, (b) Raman spectra fromCNTs grown usingDLC:Ni andAlN:Ni catalysts, (c) SEM
image of CNTs grown using DLC:Mo catalyst, (d) ratio of the intensity of the Yonedawings over the specular X-ray reflectivity,
which is associated with the surface roughness (the insets depict the water contact angles for samples A and D), (e) high-
resolution SEM image demonstrating the star-shape geometry of CNTs in sample A, (f,g) sketches displaying the correlation
between the Ni nanoparticle density and the CNT's morphology for samples A and D.

Figure 5. Basic Raman features of various nanocomposite
catalyst templates using various combinations of matrix
(DLC, SiC, AlN) and metal (Ni, Fe, Sn, Mo) materials.
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final carbon yield; the low yield, however, is beneficial
for the structural quality since the slower deposition
provides the required time for growth close to equi-
librium conditions, resulting in the elimination of
structural defects.

More insights on the effect of the Ni grain size in
the catalyst layer can be drawn by Scherrer's analysis of
the grazing incidence X-ray diffraction (GIXRD) data
(Figure 6a). In particular, CNTs grown using DLC:Ni
catalyst, with fine Ni grain size (hardly identifiable by
XRD), exhibit substantially lower ID/IG ratios compared
to the CNTs grown using pure Ni catalyst layers de-
posited by PLD and sputtering (Figure 6b). Figure 6c,d
shows the variations of the ID/IG ratio and of the
broadening (full width at half maximum, fwhm) of the
G peak versus the [Ni] content of the corresponding
DLC:Ni catalyst. The ID/IG ratiowas exceptionally low for
all CNT systems grown on the DLC:Ni catalysts tem-
plates (Figure 6c) and decreased with [Ni]. The ob-
served ID/IG and G-fwhm values are similar or lower
than those reported for the best quality multiwalled
CNTs so far,13�15,47 indicating that the DLC:Ni catalyst
improves substantially the structural quality of the
grown CNTs. The G-fwhm increases with increasing
[Ni] content in the DLC:Ni catalyst (Figure 3d), despite
the subsequent decrease of ID/IG ratio. This is another
indication of the gradual alignment of the CNTs with
increasing [Ni] content in the catalyst layer since
aligned multiwalled CNTs exhibit additional contribu-
tions to the G peak at 1575, 1590, and 1623 cm�1 due
to additional vibration modes.51 This is in accordance
with the SEM images of Figure 1b.

Functional Properties of CNTs and Solar Applications. CNTs
are inherently black (i.e., they absorb all wavelengths
of the visible light),1,52�54 and in particular, low-density
bundles of CNTs have been recently identified as
perfect optical absorbers,1 finding applications in stray
light control52 and cryptography,53 and they have
been proposed for applications in pyroelectric detec-
tors and solar energy conversion.1 In order to achieve
ultra-blackness, a low refractive index and subsequently
low density of CNTs is required,54 as well as very high
structural quality, in order to minimize light reflection by
defects. The star-shaped CNTs produced on DLC:Ni meet
these criteria.

After the in-depth morphological and structural
characterization of the produced CNT systems of this
work, the optical properties of the best of the produced
CNTs (i.e., those grown on DLC:Ni) have been thor-
oughly investigated. The produced CNTs exhibit ex-
ceptionally low optical reflection (acquired in the
240�790 nm range and in vertical incidence geom-
etry); the reflectivity of the CNT samples for the three
primary colors (red-green-blue) are displayed in Table 2.
The reflectivity values for the fully dense sample D are
similar to those of graphite.1 On the contrary, the lowest
density sample A exhibits reflectivity lower than 5� 10�4

for all wavelengths and, especially, less than 5 � 10�5

for the shorter wavelengths. In addition to the spectral
dependence of optical reflectivity, the angular depen-
dence of specular reflectivity of s- and p-polarized red
light (657.5 nm) is also investigated; the relevant data
for the marginal cases of samples A and D are pre-
sented in Figure 7a. The values for sample A are
exceptionally low, at least 2 orders of magnitude less
than those for sample D, which imply a very low
refractive index as predicted by Garcia-Vidal et al.54

and demonstrated by Yang et al.1 and Shi et al.53 It is
worth noting that sample A consists of interlinked
CNTs, suggesting that the alignment is not a prerequi-
site for producing super-black CNT-based materials;
instead, the low density of the CNT samples seems to
be the relevant essential feature.

The study of the surface scattering of light to
nonspecular directions is essential since the produced
CNTs, especially the low-density interlinked sample A,
have very complex surfaces, exhibiting features of
two length scales, that is, ∼30 nm tube diameter and
∼1 μm CNT bundle width. The off specular reflectivity
has been measured by measuring the intensity of a
657.5 nm s-polarized laser beamwhile scanning the off
specular angle ω around the specular angle of θ = 60�
as presented in the inset of Figure 7a. The reflectivity
values around the specular position θ = 30� (ω = 0�) for
the marginal cases of CNT samples A (low-density,
interlinked) and D (fully dense, aligned), as well as
for a gold mirror for comparison, are presented in
Figure 7b. Both CNT samples exhibit a clear specular
peak at ω = 0�. This is quite different than what has
been observed by Yang et al.1 in low-density aligned
tubes, most likely due to the higher density of our
samples and the complex morphology of our CNTs.
Nonetheless, even the specular reflection from sample
A is exceptionally low, and the diffuse surface light
scattering (ω 6¼ 0�) is 2 orders of magnitude lower

Figure 6. (a) GIXRD data of the various catalyst layers; the
black bars indicate the reference diffraction lines of Ag
powder. (b) Correlation of the Ni grain size with the ID/IG
ratio of the CNTs. (c,d) ID/IG ratio and the G-fwhm of CNTs vs
the Ni content on the catalyst, respectively.
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(<10�5). The diffuse surface light scattering for both
samples A and D is substantially higher than that of the
gold mirror (this is better illustrated in Figure 7c),
proving that their overall optical response is greatly
affected by their surface roughness.

Summarizing, the CNTs produced by this technol-
ogy, especially the low-density interlinked CNTs similar
to sample A, combine exceptional assets such as high
optical absorption and low reflectivity over the whole
visible spectrum, durability to environmental chal-
lenges, super-hydrophobic and, thus, self-cleaned sur-
faces, and high electrical and thermal conductivity.6

These assets make these materials promising for ther-
mal harvesting of solar energy, such as in trough or
parabolic collectors and solar water heaters. In order to
investigate this perspective, we have set up the follow-
ing solar simulation experiment. The divergent light of
a solar simulator lamp is collected by a large-scale
Fresnel lens and concentrated by a secondary lens to
achieve a power density of 20 kW/m2, which is a very
moderate concentrated solar power, on the sample
surface (refer also to Supporting Information). The
sample temperature is monitored by a thermocouple

TABLE 2. Main Properties of the CNTs Grown Using the DLC:Ni Templates

reflectivity

sample morphology density (g/cm3) resistance (kΩ) ID/IG G-fwhm (cm�1) water contact angle (deg) red 635 nm green 535 nm blue 475 nm

A interlinked 1.8 27.438 0.77 57.0 165 5 � 10�4 2 � 10�4 <5 � 10�5

B interlinked 2.1 10.099 0.72 59.8 112 4 � 10�3 2 � 10�3 1.4 � 10�3

C partially interlinked 2.14 1.745 0.71 62.1 105 2 � 10�2 1.8 � 10�2 1.5 � 10�2

D aligned 2.2 110.736 0.70 62.7 93 1.8 � 10�1 1.4 � 10�1 1.2 � 10�1

Figure 7. (a) Angular dependence of the specular reflectiv-
ity of s- and p-polarized red light for the marginal cases
of samples A (low-density, interlinked CNTs) and D (fully
dense aligned CNTs). (b) Off specular optical reflectivity at
657.5 nm of the same CNT samples; the inset shows the
actual black appearance of sample A (photographed on
standard clean roompaper). (c) Ratio of the total reflectivity
(specular and off specular) over the off specular component.
The angles θ and ω are defined in the inset of (a).

Figure 8. Bottom: Temperature's increase on the surface of
the CNT sample A, due to exposure to the concentrated
solar light in comparison to various reference samples such
as (i) a bare Si wafer, (ii) commercial, rough, black paint (BP),
(iii) a Si wafer coated by a hydrogenated DLC anti-reflection
layer (AR-DLC:H/Si), (iv) the corresponding DLC:Ni catalyst
layer, (v) a pure DLC film of intermediate sp3 content
(∼50%), and (vi) a roughened Cu plate. Middle: Initial stages
of temperature increase due to solar absorption by CNTs.
Top: Snapshots from the thermal camera demonstrating the
effective solar absorption by sample A, which is clearly
resolved after 1 s exposure to sunlight.
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attached on the backside of the sample and by a mid-
infrared thermal camera in front of the sample's sur-
face. The CNT sample A is illuminated by the 20 kW/m2

concentrated solar light, and its temperature versus

time is recorded by the thermocouple and the thermal
camera; the thermocouple and camera indications are
in excellent agreement (in the range of (2 �C) for the
CNT samples due to the high thermal conductivity of
CNTs. The temperature increase of the CNT surface
versus time, as recorded by the thermal camera in the
middle of the sample, is shown in the bottom side of
Figure 8 (black line); the spatial distribution of tem-
perature on the CNT surface of sample A at various
solar illumination times is demonstrated in the snap-
shots of the thermal camera in the top part of Figure 8,
where the CNT sample A is clearly resolved from the
background. In the middle part of Figure 8, the tem-
poral evolution is presented in log-scale in order to
reveal the dynamics of temperature increase on the
CNT surface at the very initial stages of solar illumina-
tion. In addition to the CNT sample A, the correspond-
ing thermal emission curves for a variety of reference
samples include (i) commercial black acrylic matte
paint (BP, gray line), (ii) the DLC:Ni catalysts film used
for CNT growth (sample A, green line), (iii) a pure Si
wafer surface (magenta line), (iv) a Si wafer coated by a
hydrogenated DLC anti-reflection coating at 633 nm,
grown by plasma-enhanced chemical vapor deposi-
tion (red line), and (v) an intentionally roughened
Cu plate, which is the standard material of trough

collectors (orange line), is also shown in the bottom
part of Figure 8. It is evident that the super-black CNTs
can achieve by far the highest temperature increase
among all samples, demonstrating their substantial
solar potential. The process might be more cost/en-
ergy-efficient and meet the industrial standards if the
DLC:Ni templates are used in a low-temperature plas-
ma CVD growth process of CNTs.55,56

CONCLUSIONS

Nanocomposite catalyst layers consisting of DLC
matrices and variousmetal (Ni, Fe, Mo, Sn) nanoparticle
inclusions have been produced by PLD; alternative
matrices such as SiC and AlN have also been consid-
ered for comparison. The control of the metal particles
at the nanoscale has been proven to be an efficient
pathway for the development of durable and firmly
attached CNTs of varying morphology (from inter-
linked star-shaped to aligned CNTs), tube thickness
(30�100 nm), density, and structural quality. In parti-
cular, the low-density interlinked CNTs grown using
the DLC:Ni templates exhibit an extraordinary combi-
nation of functional properties, such as super-hydro-
phobic surfaces, extreme optical absorption in the
entirety of the visible range, exceptionally low optical
reflection, and high thermal conductivity. This combi-
nation of assets of the produced CNTs offers a great
potential for solar thermal applications that has been
confirmed by the specially designed solar testing
experiments performed in this work.

METHODS

Growth of Nanocomposite Catalysts. The samples were depos-
ited on commercial Czochralski-grown, n-type Si(001) wafers in
two steps: (i) PLD of the nanocomposite catalysts, and (ii) CVD of
CNTs. The PLD system is equipped with a rotating target and
sample holder. The rotating target consisted of pure, hot-
pressed graphite or SiC or AlN and metal (Ni, Fe, Mo, Sn) plates
having the form of two opposing sectors. The distance between
the target and the substrate was 30 mm. The thickness of the
films ranged between 23 and 35 nm. The hard-focused laser
beam was the third harmonic (λ = 355 nm) of a Nd:YAG laser
(Lambda-Physik, 6 ns pulse duration, 10 Hz repetition rate, and
35mJ pulse energy). Pure Ni films were deposited by PLD (using
a pure Ni target) as well as by magnetron sputtering for com-
parison purposes.

Growth of CNTs. For the synthesis of CNTs, the nanocomposite
catalyst layers were placed in an alumina crucible within a
quartz tube, located in a horizontal tubular furnace. The samples
were heated to the desired temperature (700 �C) under argon
atmosphere. The carbon precursor [acetylene (99.6% pure)] and
the carrier gas (Ar, 99.999% pure) were introduced into the
reactor at flow rates of 10 and 90 sccm, respectively, when
the temperaturewas stabilized to 700 �C. The reaction took place
for 15 or 30 min; after the completion of the reaction, the
ceramic boat was cooled to room temperature under argon
atmosphere.

Microscopy. Optical microscopy observations of the pro-
duced CNTs have been acquired in an Olympus metallographic
microscope using white fluorescent lamp illumination. Scanning

electron microscopy images were recorded in a JEOL JSM-5260
scanning electron microscope with a W filament. Chemical
microanalysis has been carried out in the SEM by energy-
dispersive X-ray spectroscopy using an Oxford Instruments
X-ray analyzer. For the study of the DLC:Ni surfaces, atomic
forcemicroscopy imageswere obtained in tappingmodewith a
Bruker Multimode Nanoscope 3D using RTESP n-type silicon
cantilevers.

Chemical Analysis. The in situ electron-excited Auger electron
spectra of the catalyst layers were acquired using a 1 keV (for sp3

determination) and 3 keV (for the determination of [Ni]/[C])
primary electron beam from a thermionic W electron gun,
which is located concentrically into a cylindrical mirror analyzer
by Physical Electronics. The ex situ X-ray photoelectron spectra
and X-ray-excited Auger electron spectra were acquired in a
surface analysis ultrahigh vacuum system (SPECS GmbH)
equipped with a twin Al�Mg anode X-ray source and a multi-
channel hemispherical sector electron analyzer (HSA-Phoibos
100). The pass energywas 20 eV, providing a fwhmof 1.18 eV for
the Ag 3d line. XPS spectra have been acquired after in situ
annealing at the temperature of T-CVD growth of CNTs (700 �C)
inside the ultrahigh vacuum system.

X-ray Methods. Grazing incidence X-ray diffraction, specular
X-ray reflectivity, and off specular diffuse reflectivity/scattering
data were acquired in a Bruker D8-Avance diffractometer
equippedwith aGöbelmirror, parallel beamoptics, a reflectivity
sample stage with a knife edge, and a linear stripe detector
(LynxEye), using the Cu KR line.

Optical and Electrical Characterization. Raman spectra were re-
corded with a micro-Raman system (RM1000 Renishaw) using a
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laser excitation line at 532 nm (Nd:YAG) in the range of
100�3500 cm�1. A 0.5�1 mW power was used with 1 μm focus
spot in order to avoid photodecomposition of the samples.
Optical reflectivity spectra were acquired in the 240�790 nm
range at near-normal incidence using a white light deuterium�
halogen source, a coaxial fiber-optic assembly, a high line
density grating, and a CCD detector (Avantes); the reflectivity
spectra were normalized using two reference mirrors of
sputtered silver and gold. Variable-angle optical reflectivity
(specular and off specular) measurements were carried out in
an in-house-built instrument consisting of a solid-state laser
source (657.5 nm), an analog photometer, and a high accuracy
goniometer capable of independent movement of the θ and
2θ circles; the values were normalized using the specular
reflection of gold and silver mirrors. The DC electrical resistance
values of the produced CNTs have been determined from I�V
measurements acquired in a four-probe station, using a Keithley
2410 high-voltage source meter.

Solar Testing. The solar absorption from CNTs has been
recorded by an infrared camera (CEDIP MWIR) with a cooled
InSb detector (waveband 3�5 μm), a frame rate of 150 Hz, and
resolution of 25mK and using an integration time of 345 μs. The
solar simulator setup is consisted of the following: (A) a solar
emission lamp (Sciencetech SF150, 150 W), (B) a UV (<400 nm)
filter, (C) acrylic Fresnel focusing lens (Edmund Optics), (D) a
quartz, plane convex, near-field, focusing lens, (E) sample, re-
sulting in a solar power of 20 W/cm2 measured by a MELLES-
GRIOT broad-band power and energy meter system (PEM-2 W).
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