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The locally defined growth of carbon nanofibers with lambda shape in an

open flame process is demonstrated. Via the growth time, the geometry of

the structures can be tailored to a A- or A-type shape. Microchannel cantilever
spotting and dip-pen nanolithography are utilized for the deposition of cata-
Iytic salt NiCl, - 6H,0 for locally controlled growth of lambda-shaped carbon
nanofibers. Rigorous downscaling reveals a critical catalytic salt volume of
0.033 pm3, resulting in exactly one lambda-shaped carbon nanofiber at a highly
predefined position. An empirical model explains the observed growth process.

1. Introduction

Since Zhou and Seraphin published their study of branched
carbon nanotubes (CNTs) with L, Y, and T shapes in 1995,/ var-
ious approaches were presented to grow such structures.?13l
Branched carbon nanotubes are commonly considered of
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high interest due to their unique elec-
trical properties.>*! Gothard et al., for
example, grew CNTs with Y-junctions by
using a mixture of ferrocene, xylene, and
a titanium containing vapor.’! This growth
process was used to fabricate Y-shaped
CNTs, which were analyzed for their elec-
trical properties.l'”! Other options for the
defined fabrication include electron beam
welding and the growth in molds.2~*!

However, in many cases, the defined
growth of branched CNTs is not straight-
forward because it relies on elaborate
process steps. Consequently, in order to understand the growth
mechanism of branched nanotubes in more detail, the growth of
Y-shaped multiwalled carbon nanotubes (MW-CNTs) or carbon
nanofibers (CNFs) is significant, too. Beside their potential use
as nanoelectrical devices, branched carbon nanotubes are also of
interest as material mimicking hierarchical nanostructures found
in nature. Geckos, for example, have hierarchical nanostructures
at their toes enabling them to stick and climb on nearly every sur-
face.l'®17] Nonbranched MW-CNTs and CNFs are, due to their size
and mechanical properties, already used to mimic nanostructures
of geckos."®2! Branched CNFs might lift the mimicry to the next
hierarchy level improving the overall adhesion on rough surfaces.

In general, the growth of branched or nonbranched CNTs
or CNFs needs complex machinery and methods like chemical
vapor deposition (CVD) relying on a certain amount of pro-
cess gases and considerable energy input.[2¢91222-24 QOther
approaches like welding of selected CNTs by electron beams
are most likely beyond any commercial application.! Alterna-
tive growth processes utilizing an open flame from a paraffin
wax candle,?® a butane-based Bunsen burner,/?% or an ethanol
burner??7-30 are less demanding regarding machinery, pro-
cess gases, and energy input. However, compared to conven-
tional CVD or plasma-enhanced CVD processes, which are
widely described in textbooks, they are only sparsely examined
up to now. It is a reasonable advantage of such a process that
it needs no vacuum and the flame provides the necessary heat
and process gases at the same time. Considering the upscaling
potential of these methods, it seems highly desirable to have a
simple, but precise open flame process, which enables the con-
trolled and facilitated growth of branched CNFs or CNTs.

Here, we present an approach to grow inverted V-shaped or
Y-shaped CNFs at highly defined positions in an open ethanol
flame. Due to their resemblance to the Greek letter lambda,
we named them lambda-shaped CNFs and depending on their



exact geometry, we use the acronym ACNF or ACNF. A-shaped
CNFs consist of two CNFs attached to the substrate with one
of their respective ends and connected to each other through
the Ni catalyst, resulting in a freestanding A-shape. In the case
of A-shaped CNFs, the two “legs” of the A-shaped CNF merge
and an additional CNF grows from the junction of the first two
CNFs with advancing growth time. In this case, the junction
consists of carbon and the nickel catalyst is advanced to the
end of the third CNF. The exact growth position of the overall
structure on the substrate can be determined though micro-
channel cantilever spotting (LCS),13"3% or dip-pen nanolithog-
raphy (DPN),% via locally controlled deposition of catalytic salt
NiCl,-6H,0. In this way, by downscaling of this deposition pro-
cess, we achieved spot sizes that result in the growth of single
lambda-shaped CNFs at a predefined position.

2. Results and Discussion

2.1. Setup for CNF Growth in Open Ethanol Flame
Pan and Bao demonstrated growth of CNFs in an open ethanol
flame in 2 002.>] Tnspired by this and o ther s tudies,” 3% we

grew CNFs from NiCl,-6H,0 on silicon substrate completely
covered with a thin 60 nm copper layer in an open ethanol
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flame and studied the adhesion properties of the resulting CNF
arrays.?!l Considering the simplicity and cost-effectiveness of
this process, it is surprising that it works without the usual
reduction step, where the catalyst gets reduced by hydrogen
or ammonia gas.}¥ In the described open flame process, this
reduction step is performed through the thin copper layer.?!l
Analyzing this growth process in more detail, we observed that
the thickness as well the geometry of the copper layer is impor-
tant for the growth of CNTs/CNFs. The absence of copper
gives no CNTs/CNFs at all, while a significant increase of the
thickness of the copper layer to some micrometers prevents
the growth of CNTs/CNFs, t00.1”! Interestingly, changing the
geometry of the copper layer to a bar-type structure (Figure 1b)
allows for the controlled growth of lambda-shaped CNFs.

Lambda-shaped carbon nanofibers grow if catalytic salt
and copper are arranged in the open flame, as schematically
shown in Figure 1a. The substrate is vertically aligned in the
ethanol flame and the catalytic salt NiCl,-6H,0 is deposited
close to a grid-like structure of copper bars. The flame first
flows along a structure of copper bars resulting in a par-
tial production of hydrogen,?* which subsequently reduces
the nickel catalyst to a pure state.3®] Together with the
hydrocarbon vapor from the ethanol flame, the carbon gets
dissolved into the metallic catalyst, resulting in the growth of
carbon nanofibers.*®

Figure 1. Growing of lambda-shaped CNFs. a) Schematic setup based on an open ethanol flame used for the controlled growth of lambda-shaped
CNFs. b) Schematic of the DPN and pCS wrltlng process of the catalytic salt on the substrate. c) AFM topography scans of a dried microspots of
catalytic salt. After ethanol flame synthesis, lambda-shaped CNFs grow from such spots. Depending on the growth time, ACNFs or ACNFs can be
obtained, as shown by the two SEM images. d) Schematic visualizing the growth of lambda-shaped CNFs (not to scale).



In general, the growth of CNTs/CNFs in an open flame is
comparably facile. Exposing the silicon substrate, covered with
a copper layer of right thickness and a suitable catalytic salt, to
the ethanol flame by hand with tweezers is sufficient.?!l for
the current study, however, we built a setup allowing for a more
controlled growth of lambda-shaped CNFs. Its main feature
is a chamber encasing the ethanol flame (see Figure la and
Figure S3 in the Supporting Information). Small holes in the
base plate and a bigger hole in the ceiling plate of the chamber
facilitate a constant air flowa round thee thanolb urner,
resulting in a highly laminar ethanol flame, exhibiting no vis-
ible turbulence. Such a construction is necessary, because jitter
of the flame might expose the sample to ambient conditions
for a short time, which would result in oxidation of the nickel
catalysts and subsequent stop of CNF growth. The temperature
in the center of the sample, where the lambda-shaped CNFs
grow, was measured with a thermocouple to 750 °C. As low
humidity is an important factor for successful CNF growth,2!
we prepared all samples at a relative humidity below 50% and
temperature below 23 °C. Optionally, a magnet can be incorpo-
rated into the setup, facilitating an oriented alignment of CNFs
during their growth.?3% Nonetheless, experiments without
magnet result in lambda-shaped CNFs as well. The growth itself
is not influenced only the overall orientation of the CNFs.2!l

2.2. Site-Specific CNF Growth

Figure 2 shows the controlled growth of lambda-shaped CNFs
from ordered microspots of the catalytic salt NiCl, - 6H,0 deposited
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by UCS. For this, 1.5 UL of a solution containing a concentration
of 2 mg mL™ of NiCl,-6H,0 dissolved in ethanol and diluted
with glycerol (1:10) was prepared and filled into the reservoir of
a microchannel cantilever. As demonstration of process precision,
we performed structured writing of microspot arrays. A dwell time
of 0.5 s, a relative humidity of 40%, and a spot distance of 20 pm
were set for the deposition. The subsequent growth time in the
ethanol flame was 10 min. The scanning electron microscopy
(SEM) images in Figure 2a reveal the controlled growth of ACNFs
directly at the spots, where the catalytic salt was deposited. Gradual
zoom-ins show that each single microspot is densely covered with
ACNFs. Analyzing their geometry, we observed diameters of the
ACNFs in the range of some hundreds of nanometers. The diam-
eters of the two CNFs connected to the substrate’s surface are
(411.3 £ 76.6) nm (n = 64) and are typically slightly smaller as the
diameter of the third, freestanding CNF (437.8 + 68.9) nm (n = 32).
For the angles between the three branches, the angles between the
two CNFs connected with the ground are (101.6 + 20.0)° (n = 32),
whereas the other two angles between the third CNF and the two
“leg” CNFs are symmetric with (128.4 + 18.4)° (n = 64).

2.3. Chemical Analysis of CNF

For the analysis of the chemical composition of the grown struc-
tures, we prepared larger and denser arrays of such microspots
(not shown). Raman spectroscopy (Figure 2b) with a 532 nm
laser excitation shows the D and G bands at 1356 and 1587 cm™,
respectively. These are characteristics for carbon materials.
Figure 2c shows a C 1s XP spectrum from an X-ray photoelectron
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Figure 2. Controlled growth of lambda-shaped CNFs from ordered arrays of catalytic salt NiCl, - 6H,0 deposited by LCS. a) For comparison of dimen-
sion, a human hair with a diameter of about 80 um was placed below the logos “IMT” and “INT” representing the two institutes of the KIT involved
into this study. A SEM image with higher magnification shows a bunch of ACNFs grown from this spot. b) Raman spectra of such bundles show the
D and G bands which are characteristic for carbon materials. c) C 1s XP spectrum of lambda-shaped CNFs, with the experimental data (red circles) and
the envelope of the multiplet fit (red solid line). The main component (blue solid line) at a binding energy of 284.4 eV indicates graphite sp?, whereas
the weak component (blue dashed line) at 285.0 eV indicates adventitious carbon sp>.



spectroscopy (XPS) measurement and compares the experi-
mental data (red circles) with the envelope of the multiplet fit (red
solid line). The main component (blue solid line) at a binding
energy of 284.4 eV proves graphitic carbon sp?. The weak compo-
nent (blue dashed line) at 285.0 eV indicates adventitious carbon
sp?, which most likely originates from the exposure to ambient
atmosphere resulting in hydrocarbon contamination.2!

2.4. Single-CNF Growth Control

To elucidate the growth mechanism of lambda-shaped CNF in
more detail, we performed rigorous downscaling of the catalytic
salt deposition by applying DPN. At first, a row of five microspots
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Figure 3. Controlled downscaling of the catalytic salt NiCl, -

with the same size was produced by using pCS with a dwell time
of 2 s and a relative humidity of 60%. Afterward, these microspots
acted as reservoirs for loading a DPN tip with catalytic salt
solution by aligning the tip to one respective spot and then
approaching it toward the surface until it was dipped into it.
With the ink-loaded DPN tip, smaller spots in a subsequent
column with a dwell time of 4 s by 60% relative humidity were
produced. Such a writing cycle was repeated several times with
a distance of 20 um to the previous spots, resulting in an array
of 5 x 10 spots of catalytic salt. Before the subsequent atomic
force microscopy (AFM) analysis of the deposited catalytic salt
and the following growth in the ethanol flame, the sample was
dried for more than 24 h. Figure 3a,b shows spots from the
first five rows and the last five rows of this depositing process,

Amount of lambda CNFs

Controlled growth of
4« single lambda CNFs
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Catalytic volume (um?)

6H,0 deposition by uCS and DPN in order to obtain single lambda-shaped CNFs.

a) 3D AFM images of dried microspots of catalytic salt (left side) and the corresponding lambda-shaped CNFs after growth (right side). The volume of
catalytic salt decreases from the first (top) to the fifth (bottom) deposition cycle. b) The same as in (a) but for the sixth to tenth deposition cycle. Please
note that the scan field was reduced from 6 x 6 to 2 x 2 um?. For the ninth and tenth deposition cycles, the amount of catalytic salt is so small that
only one lambda-shaped CNT grew. c) A plot of the volume of the catalytic salt versus deposition cycle, with the averaged data points (blue squares)
and a fit (red dashed line). The fit demonstrates a nearly exponential decline (exponential fit: Vy;(i) = 1.812¢705816). d) Correlation of the amount of
lambda-shaped CNFs versus the catalytic salt volume. The marked symbols correspond to the growth of single lambda-shaped CNFs. The data points
in (c) and (d) are averaged values from five respective deposition spots with the same nominal volume.



respectively. The AFM topography scans on the left show the
catalytic salt NiCl, - 6H,0 and the corresponding lambda-shaped
CNF grown from these spots on the right side. As intended by
the applied DPN process, the volume of the catalytic salt spots
decreased gradually with each deposition cycle in all columns
(please note the change of the scan field between Figure 3a,b).

Figure 3c shows the volume for each DPN deposition
cycle calculated from the AFM topography scans containing
the respective geometrical information (see the Supporting
Information). For the first DPN cycle, an averaged volume
(1.05 £ 0.14) um3 (n = 5) was determined for the catalytic salt.
With increasing cycle number, the volume declines nearly expo-
nentially to a volume of (0.0336 £ 0.0081) pm3 (n = 5) for the
tenth cycle (see dashed line in Figure 3c). This exponential
decline is a well-known phenomenon in DPN and allows for a
controlled writing after conditioning of the tip.1?7-4*)

Exposing this sample to the ethanol flame demonstrates
that multiple lambda-shaped CNFs grow from spots with larger
volumes of catalytic salt, the number of CNFs decreases with the
volume of catalytic salt till only one single lambda-shaped CNF
grows. Figure 3d correlates the amount of lambda-shaped CNFs
with the volume of the catalytic salt. For that, we counted the
number of lambda-shaped CNFs of each microspot by evaluating
the corresponding SEM images. Analogous to the catalytic volume,
the amount of lambda-shaped CNFs decreases exponentially with
the DPN cycles. The critical volume concentration of catalytic salt,
required to grow exactly one lambda-shaped CNF, can be deduced
from the graph in Figure 3d and is about 0.033 pm3.

2.5. CNF Growth Mechanism

In addition to the volume of the catalytic salt, the growth time
is an important factor to control the growth of lambda-shaped
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CNFs, as their final shape depends on this parameter
(Figure 1c). Growth times of 5 min lead to ACNFs (Figure 4a),
whereas growth times of 10 min result in ACNFs (Figure 4b).
These growth times are no strict limits. A minor amount
of ACNFs might still exists after 10 min since not all CNFs
nucleate at the same time. SEM images of structures obtained
with various growth times indicate that the nickel catalyst is
always at the touching point of the two “legs” of a ACNF or the
end of the third carbon fiber of a ACNF. Bright-field transmis-
sion electron microscopy (BF-TEM) images of the junctions
of ACNFs support this assumption (Figure 4c). Practically, all
junctions consist only of carbonic material. We observed only
a very few examples (<1%) of ACNFs where some remains of
the catalysts might be left. This suggests that the third CNF
advances with the Ni catalyst from the touching point of the
two legs, leaving no catalytic material in the intersection.

Furthermore, energy dispersive X-ray spectroscopy (EDX)
experiments were performed to investigate the material compo-
sition on different parts of the lambda-shaped CNFs (Table S1,
Supporting Information). The body of the CNF and the junction
has nearly the same material composition with about 64-65 wt%
carbon and residual amounts of oxygen, silicon, and copper. The
catalytic centers consist of carbon, oxygen, silicon, and a nickel/
copper alloy (1:20). This indicates the importance of copper for
the growth of lambda-shaped CNFs. The detected silicon signal
originates—at least in part—from the used growth substrate.

However, the lambda-shaped CNFs presented so far grow
on a substrate where some remains of Cr might be present.
The 7 nm thick chromium served as adhesion layer during the
lithography process. We, therefore, conducted some experi-
ments with substrates containing no Cr at all. As shown in
Figure S5 (Supporting Information), lambda-shaped CNFs
grow also on a substrate layered with SiO,, Au, and Cu as long
as copper is provided through the open flame process.

d)FIB cutted ACNFs

Figure 4. Examples of lambda-shaped CNFs grown from tiny microspots of NiCl, - 6H,0 with a concentration of 2 mg mL™" and a volume of about
0.033 um3 placed via DPN on the sample surface. a) SEM images of ACNF after growth times of 5 min. b) Increasing the growth time leads to ACNFs. These
samples grow after 10 min. The catalytic centers are visible as bright particles at the ends of the lambda-shaped CNFs and consist presumably of nickel.
c) BF-TEM images of junctions of ACNFs of different sizes show no parts of catalytic (i.e., metallic) material in the junctions. d) SEM images of lambda-
shaped CNFs before (top) and after a cut (bottom) with a focused ion beam. A ACNF before and after a cut through the catalytic center is displayed on top and
bottom, respectively. The overall shape of the two CNF "legs" does not change after this procedure, indicating that there is no internal stress in the structure.



Based on these results, we considered two different models
for the growth process of the lambda-shaped CNFs. One
model might be that the two “legs” grow independently from
each other from two closely neighbored Ni catalysts. Since the
two CNFs are exposed to thermal fluctuations during growth
in the ethanol flame, the two “legs” will oscillate randomly
and the two nickel catalysts eventually touch each other. As a
result, the two Ni catalysts might fuse forming a ACNF from
which a third CNF grows upward, resulting in the presented
ACNE. However, some of our observations speak against this
independent growth model. First, we observed that the two
“legs” of any lambda-shaped CNF always have approximately
same length and diameter. Second, even in dense bundles of
lambda-shaped CNFs (see Figure 2a), it seems that each CNF
finds exactly one partner and we never observed two inde-
pendent CNFs shortly before touching in such a crowd of
lambda-shaped CNFs. Finally, if the two “legs” grow indepen-
dently and merge accidentally through thermal activation,
there should be internal stress in the structure. However, after
cutting lambda-shaped CNFs with a focused ion beam (FIB),
we observed no change of shape as demonstrated by the SEM
images (Figure 4d) of a ACNF before and after cutting its cata-
lytic center into two parts. This result is a strong indication that
no residual stress is present in the nanostructure.

Consequently, we conclude that lambda-shaped CNFs grow
as depicted in Figure 1d and Figure S4 (Supporting Infor-
mation). At first NiCl,-6H,0 is reduced to Ni catalyst in the
ethanol flame. Tiny microspots (as deposited by DPN) result in
single Ni-catalytic particles, while larger microspots (as depos-
ited by uCS) break up into several Ni-catalyst particles during
growth in the ethanol flame. Two nearly identical CNFs grow
from each single Ni-catalyst particle. Subsequently, the two
CNFs anchor with the substrate. The tension between the
two elongating “legs” initiates the buildup of an arc, resulting
in a ACNF after short time. After establishing of the ACNF, the
two CNFs will touch each other underneath the Ni-catalyst par-
ticle after some time. As a result, the Ni-catalyst particle grows
upward, resulting in a ACNF.

3. Conclusion

In conclusion, we presented an open ethanol flame method
for the growth of a new kind of CNFs, which we call lambda-
shaped CNFs. The lambda-shaped CNFs reveal A or A4 shapes,
which can be controlled via the growth time. Growth times of
about 5 min lead to A-shaped CNFs, whereas longer growth
times of about 10 min lead to A-shaped CNFs. Ordered arrays of
lambda-shaped CNFs can be grown by controlled deposition of
NiCl,-6H,0 catalytic salt via pCS. Downscaling was performed
with UCS and DPN in order to explore the critical volume
necessary to grow single lambda-shaped CNFs (0.033 um3
of NiCl,-6H,0). Even single lambda-shaped CNFs, precisely
placed at a desired position, can be grown in this way.

The presented process provides several options for upscaling.
The ethanol flame could be easily enlarged, the copper could be
integrated into the flame flow as a mesh or powder, the catalytic
salt could be deposited with various lithographic procedures.
Downsizing of the microspots of catalytic salt to nanoscale

spots which might allow for the growth of smaller — or even
single-walled — carbon nanotubes will be the task of forth-
coming studies.

4. Experimental Section

Substrate Fabrication: For the lambda-shaped CNF growth, a
substrate partially covered with arrays of copper grids was fabricated
(Figure ST, Supporting Information). The base material consisted
of a small piece of silicon (1 x 1 cm?) with 1 um SiO, on top. After
the evaporation of 7 nm Cr and 50 nm Au, a photoresist (AZ 4533,
Microchemicals GmbH, Germany) was spin-coated on the top of the
Au layer. Afterward, UV lithography with a mask containing arrays of
grids was applied (Figure S2, Supporting Information). After that, the
resist was developed to obtain the cavities, which were subsequently
filled with copper by a galvano-shaping process. In the final step, the
resist was stripped and the Cr/Au layers were etched away (Oxford
Instruments lonfab 300, RIBE, 600 W, 1 min, Ar plasma). The described
procedure resulted in a microstructured substrate with a SiO, surface
partially covered with grids of copper bars with a height of 3 um, a
width of 14 um, and a periodicity of 60 um (see SEM in Figure S2 in the
Supporting Information).

Deposition of Catalysts: DPN and uCS were performed with a NLP
2000 system (Nanolnk Inc., USA). For pCS, a SPT-C10S cantilever
from Bioforce Nanosciences (SPT-probes, surface patterning tool),l!]
and for DPN, a cantilever type A from Nanolnk were used. Deposition
was performed directly on the substrate about 50 um away from a
copper grid. The ink was a solution (2 mg mL™") of the catalytic salt
NiCl, - 6H,0 in ethanol mixed with glycerol (1:10).

Growth of Lambda-Shaped CNFs: A self-built setup shown in Figure S3
(Supporting Information) was used to grow lambda-shaped CNFs.[*?l It
consisted of a chamber with an integrated ethanol burner with a wick of
12 mm width and 2 mm thickness. Its combustion rate was 0.4 mL min~".
The design of the chamber enabled a continuous and stable flow of the
ethanol flame without jitter. A perforated nitrogen pipe was circularly
placed around the ethanol burner for flooding the spatial area of the
ethanol flame with N, after the CNF growth to extinguish the flame in a
controlled way. Furthermore, the nitrogen flow prevented the exposure of
the still hot sample to ambient conditions. The 10 X 10 mm? substrates
for the growth of lambda-shaped CNFs were placed vertically over
the wick of the ethanol burner at a distance of 2 mm measured from the
lower edge of the sample. The CNFs were grown in the middle of the
sample, i.e., about 7 mm over the wick. A N52 neodymium block magnet
was integrated into the setup during growth, resulting in a calculated
magnetic flux of 50 mT at the sample position. As discussed elsewhere,
the magnet had no influence on the growth itself but helped to orient
the growth direction.l2"]

CNF Characterization: The morphology of the lambda-shaped CNFs
was investigated by scanning electron microscopy (Zeiss SUPRA 60 VP).
TEM of the junction of the lambda-shaped CNFs was performed with a
Titan 80-300 (FEI Company) at 80 kV operation voltage. Images were
taken with a Gatan US1000 charge-coupled device camera. Raman
spectroscopy was performed with a Renishaw inVia Raman microscope
at an excitation wavelength of 532 nm. The NiCl, - 6H,0 catalytic
microspots deposited by uCS and DPN were imaged by AFM (Bruker
Dimension Icon) in tapping mode. Size and volume of the microspots
were calculated, as described in the Supporting Information. XPS
measurements were performed using a K-Alpha + XPS instrument
from Thermo Fisher Scientific using the Thermo Avantage software for
data acquisition and processing. The arrays with lambda-shaped CNFs
were investigated by using a microfocused monochromated Al Ko X-ray
source with a spot size of 30-400 um. Spectra were fitted by using Voigt
profiles and the spectra were referenced to the C 1s hydrocarbon peak
at 285.0 eV. EDX measurements were performed with a Zeiss Leo 1530
SEM operating at 20 kV. The EDX was acquired using the “Point & 1D”
option in INCA software using an Oxford X-MaxN 50 detector.



FIB Cutting of CNFs: Some lambda-shaped CNFs were cut using
a focused ion beam (Helios Nanolab 650 from FEI) operating at an
acceleration voltage of 30 kV with an ion beam current of 40-80 pA. The
cutting time was 1 s for the cut between the nickel catalysts of ACNFs
(see Figure 4d).

Supporting Information

Supporting Information is available from the Wiley Online Library or
from the author.
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