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Catalyst-free growth of boron carbide nanowires is achieved by pyrolysis of

diborane and methane at 650–750 -C and around 500 mTorr in a quartz tube

furnace. Electron-diffraction analysis using a novel diffraction-scanning

transmission electron microscopy (D-STEM) technique indicates that the

crystalline nanowires are single-crystal orthorhombic boron carbide. TEM

images show that the nanowires are covered by a 1–3 nm thick amorphous

layer of carbon. Elemental analysis by electron energy loss spectroscopy

(EELS) shows only boron and carbon while energy-dispersive X-ray

spectroscopy (EDX) and X-ray photoelectron spectroscopy (XPS) show the

presence of oxygen as well as boron and carbon.
1. Introduction

Boron carbide is an extremely hard ceramic material with a
hardness value of 9.3 on the Mohs scale. Its other properties
include a low density 2.52 g cm�3, outstanding elastic modulus
540GPa (slightly dependent on crystalline direction),[1] chemical
and temperature stability, and good neutron-absorption cross
section.[2] Thehighhardness and lowdensity of boron carbidehave
resulted in the development of lightweight armor ceramic
composites.[3]Boroncarbidealsofindsapplication in theaerospace
industry as a rocket propellant.[4,5]

Bulk boron carbide has a low fracture toughnesswhichmakes it
unsuitable for various applications where mechanical strength is
important.[6] To overcome this problem, there has been somework
done in recent years to synthesize boron carbide nanostructures.
Conventional techniques such as reduction of boron trioxide for
the production of boron carbide are complex and expensive
because of its high melting point. Hence, most research has been
focused on chemical vapor deposition (CVD) to synthesize boron
carbide at low processing temperatures.

Boron carbides with a rhombohedral crystal structure are most
stable. Common stoichiometries include B13C2, B12C3, and B4C,
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and some that are close to B12C3.
[7,8] Other

crystal structures such as tetragonal (B50C2,
B50C, B48C3, B51C, B49C3)

[9] and orthorhom-
bic (B8C)

[7,10] have also been confirmed, but
these structures are metastable.[7] The latter
phases are more difficult to synthesize than
the stable rhombohedral phases, and their
physical properties are also not well
known.[10–12]

Various methods have been reported for
the synthesis of bulk, thin films as well as
nanostructures of boron carbide.[13] Thin
films of boron carbide have been synthe-
sized via direct ion-beam deposition[14] and plasma-enhanced
chemical vapor deposition (PECVD) from boranes.[15,16] A low-
temperature synthesis of bulk boron carbide by the reaction of
boric acid and polyvinyl alcohol[17] has also been reported. The
major advantage ofCVDsynthesis over othermethods is the better
control over the processing conditions, which eventually affect the
final properties of the deposit. Several gas mixtures such as BCl3–
CH4–H2–Ar,

[18,19] B2H6�CH4�H2,
[20] and B2H6–CH4–

B(CH3)3
[21] have been used to synthesize various phases of boron

carbide.
A patent[22] has been issued to K. Kourtakis on the synthesis of

boron carbide nanorods with a B/C ratio of 8 to 1. Their method
employed heating boron oxide in the presence of a reagent
‘‘comprising nickel and boron’’ supported on carbon at a
temperature of 900–1300 8C. We here report on the catalyst-free
growth of single-crystal boron carbide nanowires by pyrolysis of
diborane and methane at significantly lower temperature (650–
750 8C). Ourmethod also employs different startingmaterials and
has fewer steps in the synthesis.

Veprek et al.[20] in 1989 and Kuenzli et al.[21] in 1998 were some
of the other groups who used a similar combination of precursor
gases (B2H6þCH4þH2; other synthesis conditions being differ-
ent). In the present work, the synthesized boron carbide has a
different morphology (nanowires instead of films) and has been
assigned the orthorhombic structure, as will be discussed in the
later sections.

2. Results and Discussions
2.1. Synthesis
The experiments for the growth of boron carbide nanowires were
carried out in a home-built low-pressure chemical vapor
deposition (LPCVD) furnace system, whereby the temperature
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Figure 1. Schematic of the substrate after a typical deposition showing the

various morphologies in the 4 cm region according to the different

temperature zones. (Regions not to scale.)

Figure 2. SEM images of region 1 in Figure 1. a) Overall view of the

‘‘spherical deposits’’. Higher magnification images are shown in (b) and

(c). b) Nanowires and nanobelts are evident. The white arrows indicate a

bright spot which could be related to folding of the nanowires/nanobelts.

c) Ends of nanowires (white arrows) show no catalyst particles at the tips.
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gradient throughout the furnace was measured before deposition
(see experimental). Thedetails of this systemhavebeenmentioned
elsewhere.[23]

After deposition several morphologies were observed along the
length of the 4 cm substrate used. A schematic representation of
the different regions is depicted in Figure 1. The first region of
around 0.5 cm in length (<650 8C) contained a gray deposit.
Diborane pyrolyzes between 600–800 8C to yield pure boron and
also pyrolytic boranes.[24] Hence at temperatures below 650 8C,
only thismaterialwas deposited (‘‘region0’’).Dark-gray ‘‘spherical
deposits’’ (visible to the eye) were randomly found in the next
region of around 1 cm in length of the substrate (650–750 8C,
‘‘region1’’). The subsequent regionof around1 cm in length (750–
865 8C, ‘‘region 2’’) consisted of dark-browndeposits. Light-brown
depositswereobserved in the last regionof around1.5 cmin length
(865–910 8C, ‘‘region 3’’). The different temperature zones will be
referred to by their region names henceforth. Oxygen-plasma
cleaning had no impact on the morphology or nature of the
nanostructures found in any of the regions. Substrates were also
used without cleaning. The nanostructures presented here grew
not only on the substrates but also on the boats used to load the
substrates, as well as on the inside of the quartz tube, which were
not plasma-cleaned before use. Characterization using various
techniques (see below) on the nanostructures grown on the boats
and on the insidewalls of the quartz tube revealed that they had the
same morphology as the ones grown on the substrates.

Deposits from all three regions mentioned above were
characterized by scanning electron microscopy (SEM). The
nanowires from the spherical deposits were studied in detail
and are the focus of the present work. Transmission electron
microscopy (TEM), electron energy loss spectroscopy (EELS),
energy-dispersive X-ray spectroscopy (EDX), X-ray photoelectron
spectroscopy (XPS), and Raman spectroscopy were used to better
understand the crystal structure and growth mechanism of these
nanowires.
2.2. Scanning Electron Microscopy (SEM) Analysis

The spherical deposits were around 150mm to 1mm in diameter
dependingupon thegrowth time (45min–2.5 h). Figure2a showsa
low-magnification imageof oneof the spherical deposits grown for
nearly45min.Figure2b takesa closer lookat the spherical deposits
� 2009 WILEY-VCH Verlag GmbH
which reveals that they consist of nanostructures with different
morphologies. Most of the nanostructures have diameters of
15 nm �5 nm referred to as smaller nanowires. The larger
nanowires were 50 nm �5 nm in diameter. The length of the
nanowires in region 1 was a few tens of micrometers. Neither the
diameters nor the lengths of these nanowires were dependent on
the growth time (i.e., whether a minimum growth time of
45 minutes or a maximum growth time of 2.5 h was used, the
& Co. KGaA, Weinheim Adv. Funct. Mater. 2009, 19, 1–8
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Figure 4. a) Bright-field TEM image of several nanostructures. b) Phase-

contrast image of a nanowire ca. 18 nm in diameter. c) HRTEM image of

the nanowire. Inset: fast Fourier transform (FFT) of the image.
lengths and distribution of diameters of the nanowires remained
the same). The spherical deposits obtained after 45 minutes of
growth had a smaller diameter (ca. 150mm), were sparsely
distributed in the region where they grew, and also looked less
dense when viewed by SEM. The growth for 2.5 h resulted in a
larger number of spherical deposits (that is, distributed over a
larger area) that were larger in size (up to 1mm) and also were
more dense when viewed by SEM. (The reason for the minimum
time of 45 minutes is that for growth times less than this, it was
difficult to find any deposits with the naked eye.) Some
nanostructures also had a ribbon structure (or belt structure)
with aspect ratios asmeasured for several such belts of about 4 to 5
(width/thickness). For example, measurement of several such
nanobelts yielded thickness values of about 40 nm and widths of
about 180� 10 nm. Figure 2c shows the ends of some nanowires
andnanobelts. These structures showedno catalyst particle at their
ends. Region 2 depicts nanostructures measuring around 50 nm
in diameter and a fewnanometers in length (Fig. 3). From region 2
to region 3, these structures evidently grew in length and became
aligned parallel to the substrate. Towards region 3 the nanowires
are seen to be much longer (ca. 2mm) and entangled. The
nanostructures in regions 2 and 3 do not show any differences in
morphology with time of growth. No growth or deposits were
observed beyond region 3.

2.3. Transmission Electron Microscopy (TEM) Analysis

Figure 4a shows a bright-field TEM image of the nanostructures
obtained in regions2and3.Thediameter of thesenanowires range
from10 to 50 nm,which is consistent with the SEMresults (Fig. 2a
and 2b). All nanowires (ca. 150 in number) observed by TEMhad a
crystalline core and an amorphous shell (Fig. 4b). The smaller
nanowires (10–20 nm in diameter) have a thin 1–3 nmamorphous
shell and the larger wires (ca. 50 nm) have a crystalline core of
20 nm and a much thicker amorphous shell (ca. 30 nm). The
nanobelts with widths of around 150 nm were essentially
consistent with the SEM results. No high-magnification images
for thenanobeltswere takenas theywerenot the subject of interest.
The high-resolution TEM (HRTEM) image in Figure 4b shows the
morphology of a typical nanowire of around 15 nm in diameter
with a thick amorphous shell of around 3 nm. Figure 4c is a
HRTEM image of a nanowire that is 50 nm in diameter depicting a
thick amorphous carbon shell.
Figure 3. SEM images of regions 2 and 3 in Figure 1 of nanostructures varying in morphology

according to the temperature gradient during deposition along the 2.5 cm long substrate. A change

in the morphology of the nanostructures from lower to higher temperature is evident.
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2.3.1. Analysis by Electron Energy Loss

Spectroscopy (EELS)

EELS and EDX (energy-dispersive X-ray
spectroscopy) were performed in order to
analyze the nanowire composition. As some
of the larger nanowires (ca. 50 nm) had a very
thick amorphous shell, EELS line scanning in
a scanning transmission electronmicroscopy
(STEM) configuration was employed to
investigate the elemental distribution across
the width of these nanowires (Fig. 5). Spectra
were recorded without background subtrac-
tion from the center and edges. Spectra from
the edges depicted a characteristic carbon K
edge and a very small oxygen K edge. As the
beamwas translated towards the core, a small
einheim 3
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Figure 5. EELS spectra from the edges and center of a boron carbide nanowire showing that the amorphous coating contains only carbon and very little

oxygen.

4

boron edge appeared which became more intense towards the
center while the oxygen edge completely disappeared. The core
showed only boron and carbon edges, no oxygen edge. The
aforementioned pattern of elemental distribution was repeated
when the beam moved towards the other edge. EDX analysis also
detected boron, carbon, and a small amount of oxygen. The same
sample was re-analyzed by EELS after it was exposed to air for
several weeks and the same results were obtained. Quantitative
analysis of the EELS spectrum of the core was performed on 19
nanowires fromdifferent specimens andeachoneof these showed
a B to C ratio within the range of 7.95� 0.03, which is very close to
the composition B8C. These 19 nanowires were from specimens
grown for different timedurations.QuantitativeEELSanalysiswas
also performed on the amorphous carbon shell of several
nanowires and the oxygen in the carbon shell ranging from 5–
10 at %. The oxygen source could have been present both during
the growth or may come from adsorbates, such as water, on the
surface of the nanowires. It is difficult to quantitatively determine
the oxygen that is (or may be) covalently bonded within the
nanostructure as opposed to oxygen that is simply contained in
molecules that are (or may be) adsorbed onto their surfaces.

Figure 6a represents a bright-field TEM image of the
nanostructures from region 3. It shows amorphous wire-like
structuresof about50 nmindiameteras confirmedby theelectron-
diffraction pattern in Figure 6b. Elemental analysis by EELS
(Fig. 6c) shows only boron and carbon core-loss edges and no trace
of oxygen. This is indicative of an amorphous material containing
� 2009 WILEY-VCH Verlag GmbH
boronand carbon.Ramanspectra of the samestructureshavebeen
included in the supporting information.

2.3.2. D-STEM (Diffraction-Scanning Transmission Electron

Microscopy) Analysis

To determine the crystal structure and stoichiometry of the
material (in addition to EELS), a novel electron-diffraction
technique called diffraction–scanning transmission electron
microscopy (D-STEM)[25,26] was employed. This technique can
obtain spot diffraction patterns from nanostructures as small as
3 nm. The details of this technique can be found elsewhere.[25,26] A
single crystal Si[110] specimen was used to calibrate the camera
length for D-STEM configuration. Figure 7a shows a representa-
tive bright-field STEM image of a nanowire ca. 50 nm in diameter.
The 1–2 nmparallel probe was positioned on the wire at the center
(labeled A) and the diffraction pattern taken (Fig. 7b).Indexing the
patterns revealed the boron carbide to have an orthorhombic
structure with lattice constants consistent with those reported in
JCPDS file # 26-232: a¼ 35.099 Å; b¼ 17.653 Å; c¼ 5.094 Å. The
results obtained from D-STEM analysis were found to be
completely consistent with those obtained from Fast Fourier
Transform (FFT) analysis (Fig. 4a, inset) of the high-resolution
phase-contrast image shown in Fig. 4c. The same analysis was
carried out on several nanowires and nanobelts and a series of
electron-diffraction patterns were recorded and indexed. All of
themreveal the presenceof orthorhombicB8C.B8C is ametastable
& Co. KGaA, Weinheim Adv. Funct. Mater. 2009, 19, 1–8
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Figure 6. a) TEM image of nanowires grown at the highest temperature

(region 3). b) Diffraction ring pattern showing that the nanowire is

amorphous. c) EELS spectrum showing the boron and carbon edges.

Figure 7. a) Bright field STEM image of a 50-nm diameter nanowire.

b) Diffraction pattern using D-STEM from region A in (a) depicting a

crystalline structure and near 011 beam orientation.
phase of boron carbide and is not considered in B�C phase
diagrams.[27]

It is well known that B12 icosahedra serve as structural elements
inall boroncarbides.[7] The residualBandCatomsoccupy the large
interstitial positions in the lattice and stabilize the structure.[7,28]

Efforts to elucidate the crystal structure of theB8Cphasehave been
performed by Ploog et al.[12] However, the complete crystal
structure of boron carbide with B8C stoichiometry has not been
conclusively determined.[7] It is stated that the stabilizing sub-units
Adv. Funct. Mater. 2009, 19, 1–8 � 2009 WILEY-VCH Verl
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of (B12)4C2 are linkedby additionalCatoms in thea–bplane,whose
locations could not be conclusively stated.

2.4. XPS (X-ray Photoelectron Spectroscopy) Analysis

Figure 8a shows the XPS survey-scan spectrum for binding
energies from 0 to 1200 eV. In addition to the boron and carbon
peaks, an oxygen peak was also detected. As discussed below, the
source of oxygen could be from the nanowires but also in/on the
underlying pyrolytic material. Figure 8b indicates the B 1s core-
level spectrum that was fit to three components. The main
component at 188.3 eV corresponds to the B�C bond, which is in
good agreement with the reported values.[29–31] The component at
187.3 eVwas assigned to theB�Bbonds inboroncarbide.[31] In the
B1s spectrum, theoxide-related species are observed above190 eV.
The small component at 190.2 eV has been assigned to the B�O
bond. The presence of an O 1s feature at 533.0 eV in Figure 8d
corresponds to a B�O bond that could be from the progressive
oxidation of the surrounding pyrolytic boron[32] and not from the
boron carbide nanowires, as no oxygen (corresponding to B�O)
was detected in the nanowires using EELS. Figure 8c shows the C
ag GmbH & Co. KGaA, Weinheim 5
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Figure 8. a) XPS survey scans showing the B 1s, C 1s, and O 1s peak of region 1 in Figure 1. XPS

detailed scans: b) The B 1s peak was fit to three components at 187.3 eV, 188.3 eV, and 190.2;

c) the C 1s peak was fit to four components at 282.4 eV, 286.4 eV, 284.3 eV, and 288.3 eV; d) the O

1s peak was fit to two components at 531.8 eV and 533.0 eV. The assigned bonding types are

discussed in the text. e) Decrease in the oxygen peak intensity after sputtering with Arþ ions.

6

1s core-level spectrum. The C 1s peak was broad and asymmetric
with a distinct shoulder. It was fit to four components. The
component at 282.4 eV was assigned to the B�C bond. This C 1s
spectrum component was associated with the B 1s component at
188.3 eV (Fig. 8a). The component at 284.3 eV was assigned to
carbon contamination, as the material was exposed to ambient air
for several weeks. TheC 1s component at 286.4 eVwas assigned to
aC�Obond or C�OHbond.[33] A correspondingO1s component
associated with the C�O (or C�OH) bond appeared at 531.8 eV
(Fig. 8d). The C 1s component at 288.3 eV (Fig. 8c) was assigned to
a C¼O linkage. The small oxygen K edge in the EELS spectrum
probably corresponds to these oxidized functionalities of carbon.
Arþ ion sputtering of these wires showed a decrease in the XPS
oxygen peak intensity, indicating possible surface contamination
related to exposure to ambient atmosphere upon transfer of the
sample to the XPS chamber (Fig. 8e).
� 2009 WILEY-VCH Verlag GmbH & Co. KGaA, Weinhe
3. Growth Mechanism

Variousmechanisms have been proposed for the
growth of nanowires,[34,35] the most common
being the vapor–liquid–solid (VLS) mechan-
ism.[36] In this process, a second phase material,
commonly referred to as a catalyst, forms a liquid
droplet by itself or by alloying with the growth
material and is typically located at the tip of the
growing nanowire or nanotube.[37,38] This
mechanism has been used to explain the growth
of boron carbide nanowires where iron has been
used as a catalyst.[35] In the present work, no
catalystwasdeliberately introduced in the system
and, as a result, no catalyst particles were
observed at the tips of these nanowires. Hence,
the VLS mechanism can be ruled out as the
growth mechanism in the present case. Several
experiments were carried out in an attempt to
determine the factors (such asflow rates of gases,
reaction time, and type of substrate) that may
influence the growth of these nanowires and,
thus, explore the growth mechanism. As men-
tioned above, the growth of these nanowires was
not really limited by the type of substrate
(keeping the other parameters the same as
mentioned above) as the nanowires were found
to be growing all over the quartz tube, quartz or
alumina boat, with or without SiO2/Si substrates
but within the same temperature zones. Growth
runs were performed with different growth
times between 20–150min. Increasing the
reaction time led to the formation of much
larger spherical deposits with wider spatial
coverage, but the morphologies of the individual
nanowires remained the same. Growth of these
nanowires was affected by the overall pressure in
the furnace at the time of reaction. Lowering the
pressure (to 300 mTorr) by turning off the Ar
supply during the run resulted in no growth. On
the other hand, increasing the pressure to 1.6
Torr, by increasing the flow rate of methane
(160 sccm) also suppressed the growth. It was
concluded that the best suitable pressure range for growth of these
nanowires was 480–530 mTorr (at flow rates of 14.2 sccm for
methane and 15 sccm for diborane and 15 sccm for Argon). The
center reaction temperature was changed in increments of 25 8C
(875–950 8C) and no significant changes were observed in the
morphologies of these nanowires in the 650–750 8C temperature
range. It can, thus, be concluded that the nanowires only grow in
the 650–750 8C temperature regime.

In some of the runs, an oxygen scrubber was introduced
upstream from the methane inlet, as it was detected by mass
spectroscopy that themethane used contained very small amounts
of oxygen. Surprisingly, no nanowires were grown in these cases
when the other experimental parameters were kept the same. The
same experiment without an oxygen scrubber did result in the
growth of nanowires. Hence, we believe that the small amount of
oxygenpresent inmethanewas, in fact, catalyzing the formation of
im Adv. Funct. Mater. 2009, 19, 1–8
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these nanowires. A possible mechanism for the growth of these
boron carbide nanowires could be ‘‘oxygen-assisted growth’’ (see
further).

Theamorphous carbonshell also seemed tohaveplayeda role in
confining the diameter of the crystalline core of the nanowires. It
was observed that irrespective of the total diameter, which also
includes the amorphous shell, the crystalline core was nevermore
than 20 nm in diameter. The thickness of the amorphous carbon
shell also increased with increasing nanowire diameter.

Pyrolysis of diborane produces many gas-phase products,
including borane radicals such as BH3, BH2, and higher boranes
such as B4H10, B5H11, B5H9, B10H14, etc. with the heavier species
steadily increasing with a decrease in concentration of diborane;
these have been detected by mass spectroscopy and could serve as
thegaseous reactants.[39] Pyrolysis ofmethanehas alsobeenwidely
studied.[40,41] At temperatures below 700 8C, a small amount of
oxygen can react with methane to form H2O and carbon
monoxide.[42] This water can in turn react with the gaseous
borane radicals to form boric acid.[43] Boric acid can undergo
dehydration at temperatures between 700 and 900 8C to generate
boron oxide.[44] Boron oxide can then react with carbon monoxide
to form boron carbide nanowires.[35]

In our LPCVD system, pyrolysis of B2H6 (for the center
temperature of 950 8C used here) occurs extensively near the inlet
of the reaction chamber. Thus, additional B-containing gaseous
species are available in the inlet region. The extent of pyrolysis of
methane also increases with an increase in temperature. Hence,
few carbon species are available for reaction at the inlet (650–
750 8C) because of the temperature gradient from the inlet to the
center of the furnace.

We have also collected Raman spectra from the indicated
regions (Fig. 1) (see also Supporting Information). However, we
cannot conclusively determine whether the fraction of material
that is present as B8C nanowire cores inside of the C amorphous
material is responsive to Raman spectroscopy or not.
4. Conclusions

Orthorhombic boron carbide (B8C) nanowires and nanobelts with
diameters ranging from 10–50 nm and 100–150 nm respectively
have been grown by pyrolysis of diborane and methane. These
nanowires grew in a temperature zone of 650–750 8Cat 500mTorr
overall pressure. Amorphous boron carbide nanowires (up to
50 nm in diameter) of undetermined stoichiometry were also
grown in the temperature zone of 750–910 8C. The presence of a
small amount of oxygen was necessary for the growth of the
nanowires.Ramandata (Supporting information) strongly suggest
that theboroncarbidenanostructures that are formedat the inlet of
the quartz tube in the lower temperature zone are composed of a
boron-rich phase while those formed towards the center of the
furnace in the high-temperature zone are composed of a carbon-
rich phase. This method provides a facile procedure for growing
nanowires of a metastable, orthorhombic boron carbide phase
(B8C), thus achieving kinetic vs. thermodynamic control. This
paves the way for future work towards developing a deeper
understanding of such less-known structures and their properties.
We have included the Raman spectra in the hope that they will
prove useful as a study of this metastable B8C phase in the future.
Adv. Funct. Mater. 2009, 19, 1–8 � 2009 WILEY-VCH Verl
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5. Experimental

Synthesis: Silicon (Si) substrates with 290 nm-thick thermally grown
SiO2 (4 cm� 1 cm, University Wafer) were used for the experiments. They
were ultrasonically cleaned using acetone and ethanol (Crest ultrasonic
cleaner; 6min), followed by oxygen-plasma cleaning (Plasma-862, Kurt J.
Lesker; 3min). The substrates were then loaded in an alumina or a quartz
boat (for separate runs) and placed in the reaction chamber. The chamber
was ramped up to 925 8C (center position temperature) in 60min under a
15 sccm (standard cubic centimeter) continuous flow of argon (Airgas).
Prior to the experiment, the furnace temperature was measured from the
center to either side of the furnace, yielding the temperature gradient along
the furnace. The temperature was measured at all locations along the
length of the furnace, as well as at the inlet and exit. Subsequently, a gas
mixture of 15 sccm diborane (5% hydrogen, Matheson Trigas) and
14.2 sccm methane (Airgas) was introduced into the chamber for 45min.
The total pressure for each run was 530 mTorr (for any particular run, the
pressure was known to 3 significant figures). The gas flow was stopped
after 45min. and the power supply was turned off to let the furnace cool
down to room temperature. The cooling process was carried out under Ar
flowing at 5 sccm.

Scanning Electron Microscopy: SEM analysis was performed using a FEI
Quanta Environmental SEM (ESEM). Substrates were directly loaded into
the chamber with the deposits on them.

Transmission Electron Microscopy: Several deposits were scraped off the
substrates from regions 1–3 and ultrasonically dispersed in ethanol (Crest
ultrasonic cleaner, 6min). A drop of this suspension was placed on a
copper TEM grid covered with a lacey carbon film (Ted Pella 300 mesh).
The morphology and crystal structure of the nanowires were investigated
using a JEOL 2010F TEM/STEM (spherical aberration coefficient,
Cs¼ 0.5mm) equipped with an ultrahigh resolution pole piece. An
operating voltage of 200 kV was employed for imaging and diffraction
purposes.

X-Ray Photoelectron Spectroscopy: XPS analysis was performed using a
Kratos AXIS Ultra DLD XPS equipped with a 1808 hemispherical energy
analyzer to determine the chemical composition of the nanowires.
Photoemission was stimulated by a monochromated Al Ka radiation
(1486.6 eV) at an operating power of 150W. It was operated in the analyzer
mode at 80 eV for survey scans and 20 eV for detailed scans of core level
lines. Binding energies were referenced to the C 1s binding energy set at
284.5 eV. The substrates with spherical deposits were directly loaded onto
the sample bar for analysis.
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