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ABSTRACT In this paper, Cu nanoparticles with narrow size distribution ALD CuO reduction 1CaH:
are synthesized by reduction of CuO films produced by atomic layer -

deposition (ALD), which are used as catalysts for the catalytic growth of
carbon nanostructures. By properly adjusting the ALD cycle numbers, the

size of produced Cu nanoparticles can be well controlled. Uniform carbon

nanocoils with near 100% purity can be obtained by using 50—80 nm Cu
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nanoparticles, while thin straight fibers and thick straight fibers are
produced by applying 5—35 and 100—200 nm Cu nanoparticles, respec-
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nanostructure was analyzed based on the experimental results and theoretical simulation. Our results can provide important information for the

tively. The mechanism of the particle size-dependent growth of the carbon

preparation of helical carbon nanostructures with high purity. Moreover, this work also demonstrates that ALD is a viable technique for synthesizing
nanoparticles with highly controllable size and narrow size distribution suitable for studying particle size-dependent catalytic behavior and other

applications.
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s one of the most technologically
Aimportant types of carbon nano-

materials, carbon nanocoils (CNCs)
possess unique geometrical elegance and
are attracting increased interest as a result
of their unique mechanical, thermal, elec-
tric, and magnetic properties.' ¢ Potential
applications for such novel carbon species
span structural foams for cushioning and
energy dissipation,” microwave absorbers
in stealthy coating,®® and field emission
properties in flat-panel displays.'®'" Usual-
ly, the performances and potential applica-
tions of CNCs are bound up with their
morphology and geometry. For instance,
the CNCs are representative chiral materials
and exhibit wavelength selectivity when
used as electromagnetic wave absorbers
due to their chiral parameters determined
by the coil pitch and diameter.'*'* Pan et al.

WANG ET AL.

researched the field emission properties
of CNCs and found that the turn-on voltage
decreased by decreasing the coil diameter.'*
Therefore, developing a simple method with
good selectivity and repeatability to syn-
thesize highly pure CNCs with uniform coil
pitch and diameter would be most desirable
from both fundamental and practical points
of view.

Generally, CNCs are prepared by chemical
vapor deposition (CVD) employing metal
nanoparticles as catalysts.>>'>~'7 Many re-
searchers have performed detailed experi-
ments to investigate the effects of synthesis
parameters on the selectivity of CNCs.
Growth temperature,'® atmosphere,'® parti-
cle size of catalyst,®*' and the composition
of catalysts®**2~2* were found to be several
key factors in the formation of helical struc-
tures. Among them, the particle size of the
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Figure 1. (a) SEM image of CuO films by applying 400 ALD cycles. High-resolution XPS spectra of the (b) Cu(2p) and

(c) Cu(LMM) regions.

catalyst may substantially conduct the growth of CNCs.
A small size of catalyst particles usually favors forma-
tion of helical fibers, while large size of catalysts results
in straight fibers. Other factors, such as atmosphere,
temperature, and the composition of catalysts also
affected output of the helical structures by influencing
the particle size of the catalyst. However, limited to the
technological hurdles of traditional methods including
the size and size distribution control of the catalytic
particles, it is still a great challenge to synthesize CNCs
with uniform morphology and high purity.

Atomic layer deposition (ALD) is a versatile coat-
ing technique that produces films with uniform and
conformal thickness by a sequence of self-limiting
reactions of gas-phase precursor molecules.?>~%’
However, when the ALD chemistry is inhibited on
the starting substrate or when the ALD material
aggregates from surface diffusion, ALD is a promising
method for the production of nanoparticles and has
been used recently to synthesize supported noble
metal nanocatalysts exhibiting remarkably high
activity.”® 3" Herein, we present a simple, controlla-
ble, and reproducible strategy for the growth of
nearly 100% pure CNCs. Highly dispersed Cu nano-
particles with size-dependent catalytic characteris-
tics have been produced by in situ reduction of
CuO deposited by ALD, which can decompose acet-
ylene to effectively produce uniform CNCs. We
also studied the effect of particle size on selective
CNC growth and performed detailed investigations
and theoretical simulations to elucidate the size-
dependent growth mechanism.

WANG ET AL.

RESULTS AND DISCUSSION

The surface morphology of CuO thin films was first
examined by scanning electron microscopy (SEM). A
typical surface morphology of CuO films from 400 ALD
cycles is characterized by dense, tiny, granular crystal-
lites (Figure 1a). SEM images of other samples prepared
with various ALD cycles are provided in Figure S1 (see
Supporting Information), all of which reveal the similar
granulometric morphology. XPS analysis was per-
formed to determine the composition of the CuO layer.
Figure 1b and c show the XPS spectra of CuO/Al,Os-
(5 nm)/Si substrate obtained by applying 50 ALD cycles
of Al,Os and then 400 cycles of CuO deposition. The
peak positions of Cu(2p) and Cu(LMM) (LMM: transition
between inner shells L and M) and the shakeup satellite
features on the higher binding energy side of the
Cu(2p) main peak clearly demonstrate that the domi-
nant component of the product is Cu0.3? The strong
oxidation ability of Os in the present system precludes
the mixing of incompletely oxidized forms of Cu and
Cu,0 and induces higher oxidation states.

The CuO films can be converted into Cu nanoparti-
cles with narrow size distribution by reduction with
hydrogen (5% H,/N, atmosphere) (Figure 2). The par-
ticle size of Cu nanoparticles clearly increases with the
increase of ALD cycles of CuO. However, in this work,
the CuO nanoparticle films are directly used as cata-
lysts for the growth of CNCs without the hydrogen
reduction step because acetylene undergoes slight
decomposition at high temperature, leading to the
release of reducing hydrogen® Low-magnification
FE-SEM image (Figure 3a) reveals that CNCs with a
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Figure 2. SEM images of Cu nanoparticles obtained by applying (a) 200, (b) 400, (c) 800, and (d) 1200 ALD cycles of CuO
deposition, respectively, and then a reduction process in 5% H,/N, atmosphere.
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Figure 3. Typical (a, b) SEM and (c—f) TEM images of as-synthesized CNCs. (g) TEM, (h) SEAD, and (i, j) HRTEM images of an

individual catalyst particle from CNC in (f).

quite high purity were obtained by the thermal de-
composition of acetylene at 260 °C by using 400 ALD
cycles of CuO as catalyst (precursor). In this sample,
there is almost no straight fiber from SEM images by
observing multiple random areas, suggesting the pre-
sent CuO films prepared by ALD are extraordinarily

WANG ET AL.

effective for the growth of highly pure, regularly coiled
carbon nanofibers. Most important of all, such highly
pure CNCs can be reproducibly produced in a wide
CuO deposition range of 350—450 ALD cycles (Figure S2).
The high-magnification SEM image shown in Figure 3b
demonstrates that all these fibers are in the form of single
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Figure 4. SEM images of the products obtained with (a) 100, (b) 200, (c) 400, (d) 600, (e) 800, and (f) 1200 ALD cycles of CuO

deposition.

coils. Coil diameters of the CNCs are estimated to be
about 80—120 nm, and each fiber exhibits constant coil
diameter and coil pitch, indicating that the fiber growth
was stable and not sensitive to external influence in the
whole growth process.

The morphology and structure of these CNCs are
further investigated by transmission electron micro-
scopy (TEM), as shown in Figure 3c. The helical mor-
phology of nanofibers can be clearly seen, in good
agreement with the SEM observation. These nanofi-
bers always consist of two twin helices with opposite
chiralities based on the catalyst particles located at the
middle; namely, one is left-hand coiled and the other is
right-hand coiled (Figure 3c and d). Furthermore, it can
be seen that almost perfect symmetry is constructed
between them in the helical structure including fiber
diameter, cycle number, coil diameter, and coil pitch.
The catalyst particles are about 50—80 nm in diameter
and can be mainly divided into two categories of
morphology, octahedron and triangular prism. An in-
dividual catalytic nanoparticle is observed from
Figure 3f and g and characterized to be Cu with a small
amount of O element by energy-dispersive X-ray spec-
troscopy (EDS) (Figure S3). Selected area electron
diffraction (SAED) analysis (Figure 3h) confirms that it
consists of metallic Cu and Cu,O phases. The high-
resolution TEM (HRTEM) image (Figure 3i and j) high-
lights the well-defined crystalline lattice spacing of
0.18 and 0.21 nm indexed as (100) and (111) crystal
planes of Cu in the core and 0.21 and 0.25 nm for Cu,0
in the thin edge (shell), respectively. Because of the
poor stability of nanoscaled Cu in air, the thin Cu,0
shell should be from the partial oxidation of Cu nano-
particles when exposed in air after carbon nanofiber
growth.>* The XRD pattern of CNCs shows that only
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diffraction peaks of amorphous carbon fibers and Cu
can be found (Figure S4), further revealing that Cu is
indeed the active component for the catalyzed growth
of CNGs.

The effect of ALD cycle numbers of CuO on the fiber
structures was investigated. Figure 4 shows the typical
SEM images of the products grown on the substrate
with 100, 200, 400, 600, 800, and 1200 ALD cycles of
CuO deposition, respectively. Interestingly, with the
increase of ALD cycles, the products clearly underwent
a morphological evolution from thin straight fiber
(TNF) to helical fiber to thick straight fiber (TKF). At
first, when 100 ALD cycles of CuO were applied, a small
number of TNFs with a diameter of about 10—25 nm
were produced (Figure 4a). Typically, for 200 ALD
cycles of CuO, a high yield of TNFs with a uniform
linear structure was obtained as shown in Figure 4b.
The TNFs have an increased diameter of about
20—35 nm. As mentioned above, highly pure helical
fibers can be obtained with 400 ALD cycles of CuO
(Figure 4c). When the cycle number was further in-
creased from 600 to 1200 ALD cycles, the products
present an obvious transition from helical to linear
structure (Figure 4d—f). The diameter of the TKFs is
about 100—200 nm and also relatively uniform for
1200 ALD cycles of CuO (Figure 4f), similar to the results
reported previously.'

Further SEM and TEM characterization were per-
formed to determine the detailed structure of the
two kinds of straight fibers. For TNFs, it should be
noticed that all of these catalyst particles are nearly
spherical in shape located at one end of the fibers, as
shown in Figure 5a. General statistics from TEM ob-
servations (Figure 5b—d and Figure S5) reveal that the
catalysts with a size of 5—35 nm grow TNFs with a fiber
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Figure 5. (a) High-magnification SEM image of TNFs obtained by applying 200 ALD cycles of CuO. Typical TEM images of a
single TNF with Cu nanoparticles located at one end by applying (b, c) 200 and (d) 100 ALD cycles of CuO. (e) High-
magnification SEM image of TKFs obtained by applying 1200 ALD cycles of CuO. (f—h) TEM images of a single TKF with typical
faceted Cu nanoparticles located at the middle.

TABLE 1. Systematic Statistics Reflecting the Relationship between the Particle Size of the Catalyst and Morphology of
Carbon Products

products catalyst size (nm) growth mode catalyst location catalyst shape fiber diameter (nm)
NF 5-35 straight single end spherical 10—40
TNF/CNC 3550 straight/helical single end/middle spherical/polyhedral 40—60

(NC 50—80 helical middle polyhedral 60—100
CNC/TKE 80—100 helical/straight middle polyhedral 90—120

TKF 100—200 straight middle polyhedral 100—250

diameter of 10—40 nm. Figure 5e shows the high-
magnification SEM image of TKFs obtained by applying
1200 ALD cycles of CuO. The TKFs are composed of
two linear segments with the same length symmetri-
cally grown on two sides of a single catalytic particle.
Furthermore, most of these catalyst particles seem to
also have a faceted shape, such as octahedron and
triangular prism (Figures 5f—h), and the long axis size
of catalysts perpendicular to the fiber growth direc-
tions is about 80—200 nm. EDS spectra and HRTEM
images (Figures S6 and S7) from a single catalyst
nanoparticle confirm the feature of face-centered cubic
phase of Cu.

From the analyses mentioned above, it can be found
that the products have a size-dependent growth
morphology. To further probe in detail the growth
mechanism of carbon nanostructures, statistics on
the particle size of catalysts were obtained by means
of TEM observations. As shown in Table 1, we can

WANG ET AL.

clearly see the relationship between the morphology
of carbon products and the size of catalyst particles.
When the particle size is smaller than 35 nm, only TNFs
with the single-ended and linear growth mode can
be obtained. While the particle sizes are in the range
between 50 and 80 nm, high-purity CNCs can be
obtained with a mirror-symmetric growth mode and
elegant helical structure. Finally, a further increase of
particle size to more than 100 nm leads to high-yield
TKFs with a linear structure. The extensive investiga-
tions by FE-SEM and TEM also show that all the fiber
diameters of the TNFs, CNCs, and TKFs increase with
the increasing particle size of the catalyst.

To date, various mechanisms have been proposed
for the formation of coiled carbon nanostructures.
For instance, helically coiled single-walled nanotubes
could possibly be due to the regular insertion of
pentagon—heptagon pairs at the junctions® Bir6
et al. reinforced further the mechanism and suggested
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Figure 6. Adsorption sites of acetylene on Cu(100), (110), (111), and (311) surfaces. Cu atoms are denoted by red (the first
layer) and yellow (internal layers) balls; C and H atoms are shown in gray and white, respectively.

that the metastable states of nonhexagonal units that
cannot anneal out at low growth temperature contri-
bute to the growth of helical carbon nanotubes.3®
Amorphous CNCs can be explained by the “anisotropy
of carbon deposition” among the three crystal facets.”
However, the present nanofibers are entirely different
from the carbon nanofibers prepared by carbon de-
position of acetylene on Ni, Co, and Fe nanoparticles
at high temperature. The FTIR spectrum (Figure S8)
reveals that the chemical structure of CNCs consists
of both C=C and saturated CH, and CHs; groups.
They have a polymer-like structure derived from the
adsorption of acetylene on the Cu surface followed by
polymerization via heterogeneous catalysis.*® The ad-
sorption behavior of C;H, on different Cu crystal planes
was also studied by DFT calculations. We calculated the
possible high (221, 311, and 331) and low (100, 110,
and 111) index faces for C,H, adsorption (Figure 6
and Table 2). For high-index faces, energetically stable
2-fold hollow (TFH) adsorption was found on the Cu-
(311) surface, while adsorption of C,H, molecules is
unstable on other high-index surfaces such as Cu(221)
and (331). For low-index planes it was found that the
adsorption of C,H, molecules on Cu(111) are more
favorable than on Cu(100) and (110), which is similar
to that reported previously.>'® In this work, the ob-
tained products exhibit a particle size-dependent mor-
phology determined by the ALD cycle numbers for the
initial CuO nanoparticles. On the basis of the observed
results and the calculated data, we can basically ex-
plicate the formation mechanism of the particle size-
dependent morphology.

When a small ALD cycle number (<200 cycles)
was applied for CuO, Cu nanoparticles with a small
size (<35 nm) were obtained after reduction. It is well
known that small-sized nanoparticles tend to adopt a
spherical shape with dominantly exposed high-index
surfaces.>®3? The calculated results revealed that only
(311) surfaces were found to be energetically stable for
C,H, adsorption. However, C,H; is not unstably ad-
sorbed on other high-index surfaces, and the adsorption
results in collapse/reconstruction of the correspond-
ing surfaces (Figure S9). Therefore, the small-sized Cu

WANG ET AL.

TABLE 2. Computed Adsorption Energies (E,4) of C;H; on
Different Cu Facets

surface  (—C bond length R) C—C—H angle (deg) adsorption site  F,4 (eV)

w@En) 1389 117.61 TFH 1.68
Cu(111) 1369 121.70 TFH 1.62
Cu(100) 1372 119.63 TFH 134
Cu(110) 1382 116.61 FFH 1.03

nanoparticles are present with a metastable spherical
shape due to the collapse/reconstruction of the surface
caused by C,H, adsorption during nanofiber growth.
The catalytic isotropy of such metastable spherical
Cu nanoparticles is responsible for the single-ended
and linear growth of carbon nanofibers, similar to the
nanoeffect reported previously."®

With increased ALD cycle number of CuO, the
resulting Cu nanoparticles can be exposed dominantly
with low-index faces including (111), (100), and (110).
At the same time, facets tended to form on the particle
surface to increase the portion of the low-index planes
(particularly, (111) faces) with a high lattice density
and low surface energy upon adsorption of C,H,,*°
resulting in reconstruction of the Cu nanoparticles in
shape. This is the reason that the particles usually have
an octahedron or triangular prism shape. It can be seen
from Table 2 that the adsorption energies of acetylene
on different crystal faces of Cu are 1.62, 1.34, and 1.03
for (111), (100), and (110), respectively. In this case,
the remarkably different adsorption energy imposes
dramatic growth anisotropy on Cu nanoparticle sur-
faces for carbon nanofibers, thus leading to the growth
of CNGs.

When the size of the Cu nanoparticles is further
increased (over 100 nm), the particles undergo difficult
deformation, resulting in decreased regularity in shape
after reconstruction. Moreover, the fiber diameter will
increase accordingly. The large fiber diameter necessi-
tates a larger torsion for the fibers to grow in a helical
morphology. Therefore, instead of CNCs, two-directional
straight fibers are produced when the Cu particle size
is larger than 100 nm even if they have a faceted
shape with dominantly exposed low-index surfaces.
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Figure 7. Schematicillustration of the growth pathway of TNFs, CNCs, and TKFs depending on the size of the Cu nanoparticles

by controlling the ALD cycle number of CuO.

The HRTEM investigation of Cu particles with different
sizes (Figure 3iand j, Figures S6, 57, and S10—12) clearly
reveals that the exposed facets play an important role in
the resulting morphologies of the carbon nanostruc-
tures. A schematic growth process of TNFs, CNCs, and
TKFs based on size-independent Cu nanoparticles is
shown in Figure 7. Obviously, ALD provides a simple
way to prepare catalysts with uniform particle size for
the controlled growth of highly pure CNCs.
High-temperature heat treatment of carbon fibers
can remove the noncarbon element and enhance their
physical properties including electrical conductivity,
Young's modulus, thermal expansion coefficient, and
strength, which are particularly attractive for poten-
tial applications in aeronautics (braking systems) and
aerospace (heat shields) and military applications.
In this work, we found the elegant spiral morphology
can be well preserved after carbonization at 900 °C
(Figure S13a and b). The HRTEM image (Figure S13c)
shows that the fiber consists of less ordered graphitic
layers. Even when the heat treatment temperature
was increased to 2800 °C, the products still exhibit a
nice helical structure, with almost no change in their
diameters (Figure S14a and b). HRTEM investigations
(Figure S14c and d) confirm the structure of the sample
obtained at 2800 °C is completely different and the
carbon layer tends toward the well-organized structure
of crystalline graphite. In agreement with a previous
paper,*’ the (002) lattice fringe image of the graphi-
tized fiber shows small stacks of nanometer-sized
layers. At this temperature, pyrolysis of the fiber gives
a carbon with an anisotropic fibrous texture with a
preferential orientation perpendicular to the fiber axis

EXPERIMENTAL SECTION

Experimental Procedure. Typically, n-type Si(100) wafers were
used as substrates in this study. Prior to the deposition, the Si
substrates were initially treated by a cleaning process, which
involved washing in acetone, rinsing in deionized water, and
blow-drying with nitrogen to remove contaminants. The ALD

WANG ET AL.

at both surfaces and bends. In addition, it should be
noticed that such a heat treatment is also helpful for
removing catalysts as the pore was produced because
of Cu particle evaporation (Figure S14e). Such a signi-
ficant improvement in the structure of the material is
also demonstrated by the Raman spectra (Figure S15)
of CNCs after heat treatment at different temperatures.
The well-preserved morphology and transformational
arrangement of carbon layers under heat treatment
may enhance the prospects of CNCs for applications in
the fields of mechanics, electronics, and magnetics.

CONCLUSIONS

In summary, we have demonstrated the controllable
and reproducible synthesis of nearly 100% pure CNCs
with Cu nanoparticles produced by ALD as catalysts.
Such CNCs exhibit a symmetric growth mode with
uniform fiber diameter, coil diameter, and coil pitch.
Through convenient adjustment of ALD cycle numbers
of CuO, we investigated the effect of the particle size
on the selective growth of CNCs and revealed a legible
particle size-dependent growth process: from thin
straight fiber to helical fiber to thick straight fiber. A
definitional range on the particle size of catalyst for
selective CNC growth is proposed based on systema-
tical investigations, which will give guidance to obtain
highly pure CNCs in future work and trigger their use
in a wide range of fields, including mechanics, elec-
tronics, and magnetics. The prominent advantages
of ALD offer us the possibility for convenient synthesis
of catalytic particles with highly controllable size and
size distribution to study particle size-dependent cat-
alytic behavior.

process was carried out in a hot-wall flow-type ALD reactor.
The substrates were first coated with 5 nm of Al,O5; by ALD to
stabilize the catalyst and avoid the penetration between Cu
and Si. The Al,Os film was deposited at 150 °C with trimethyl-
aluminum (Al(CH3)3) and deionized H,O as precursors. The
growth rate for Al,O3 was about 1.0 A per cycle. The CuO was
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deposited by sequential exposure of the substrates to copper
bis(2,2,4,6-tetramethyl-3,5-heptanedionate) [Cu(thd),] and Os.
The deposition temperature was 250 °C, and Cu(thd), was kept
at 160 °C. Finally, after the ALD process, the substrates were
transferred to a tube furnace (a quartz tube, 60 mm in diameter
and 1100 mm in length), and then a stream of acetylene was
introduced. The growth of CNCs was performed at 260 °C for
20 min at atmospheric pressure. After the apparatus was cooled
to room temperature, the as-prepared samples were obtained.

Characterization of the Samples. X-ray photoelectron spectra
(XPS) were recorded on an AXIS ULTRA DLD spectrometer
(Shimadzu/Kratos) to characterize the surface composition of
ALD films with the Al Ko line as the excitation source. The
X-ray diffraction (XRD) patterns were collected on a Bruker
D8 Advance X-ray diffractometer with Cu Ko radiation (A =
1.54178 A) using a 40 kV operation voltage and 40 mA current.
The TEM, SAED, and HRTEM images were taken on a JEOL JEM-
2100 microscope instrument at an acceleration voltage of
200 kV. The composition of the samples was analyzed by EDS
attached to the TEM instrument. The surface morphologies of
ALD CuO films were examined by SEM operated at a Hitachi
S-4800 with an accelerating voltage of 15 kV. Fourier transform
infrared spectroscopy (FTIR) spectra were collected on a Bruker
TENSOR27 spectrometer, and the sample was prepressed with
KBr into pellets before measurement.

Computational Details. The chemisorption of acetylene on crys-
tal planes of Cu(100), (110), (111), (221), (331), and (311) was
studied by density functional theory (DFT)*? calculations with
the generalized gradient approximation (GGA) of Perdew and
Wang,* asimplemented in the DMol® package.** The surface was
treated with the slab model, and the slabs are separated by a 15 A
vacuum thickness. A supercell of 2 x 2 x 5 and fine mesh points
were chosen in the simulation.
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