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Graphite is an important carbon allotrope and an outstanding material in a variety of
applications, including construction parts like screws and bolts, coatings, and electronics.!' ™
The fabrication of different components from graphite is typically performed by cutting
shapes from larger blocks. This method, however, unavoidably fabricates excessive waste and
is only applicable for the production of large structures. Small ones in the micrometer range,
such as micrometer-thin hollow carbon tubes, which offer opportunities in gas separation

technology, catalysis, and water treatment,”>' cannot be prepared with this process and

require the use of bottom-up approaches. Procedures to obtain micrometer-thin graphite tubes

[6- 12-13]

so far include chemical vapor deposition,'®'” spinning,”” ' and the pyrolysis of cotton,!
P P P g pyroly

"' or  polymers.** "2 These techniques, nevertheless, feature several

charcoal,!
disadvantages. For example, CVD-protocols generate graphite materials, referred to as multi-
layer graphenes, which coat the surface of an applied template. The resulting tubular
structures, however, collapse upon removal of the templates and therefore fail to maintain
their shapes.'® ) In contrast, the tubes obtained from pyrolyzing polymers were reported to be

shape-persistent. This implies that the tubes sustained their macroscopic appearance without a

template or other support, and without collapsing or bending. Nevertheless, all reported
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methods lack the possibility to customize the form of these tubes. Furthermore, these
processes require high temperatures of > 2000 °C to yield a high quality of graphite. The
quality of graphite material is essentially determined by the regularity of its layered
framework of sp?-hybridized carbon atoms, showing an in-plane hexagonal arrangement, in
combination with the crystallite sizes.””?” The disadvantages of available techniques
generate a pressing need for alternative and more versatile methods towards the formation of
shape-persistent hollow carbon tubes. Here we report a facile one-step procedure for a
template-assisted fabrication of hollow carbon tubes, using organic halides as carbon source
(Fig. 1). The tubes are obtained as hollow replica of the metal template, maintain their shape,
and do not collapse upon template removal. Further, additional etching steps are avoided as
the template is removed during pyrolysis through the formation of metal halides, which are
sublimed in-situ. Although pyrolyzed at relatively low temperatures up to 1000 °C, our tubes
feature a high quality of graphite, and a high conductivity of 1.31 + 0.05 - 10° S'm™". With our
approach, graphite microtubes with arbitrary shapes can be fabricated by using different

templates.

In a typical experiment for producing hollow carbon tubes, 0.5-3 cm long iron wires with
diameters of 130 um and 25 um as templates were placed in an evacuated quartz ampoule
together with 100 mg and 50 mg of dichloromethane (DCM) as precursor, respectively. The
ampoule was sealed and heated to 1000 °C for 5 h. After cooling to room temperature, the
ampoule revealed black structures in the shapes and sizes of the provided metal wires (Fig. 1).
Investigations of their cross-sections by scanning electron microscopy (SEM) at different
positions confirmed the presence of hollow tubes. Providing 50 mg and 100 mg DCM
together with wires of 25 um and 130 um in diameter gave hollow tubes with wall
thicknesses of 1 um (Fig. 2a) and 23 um (Fig. 2b,c), respectively. The inner diameters

complied with the ones of the templates. Tubes were broken apart and analyzed, corroborating
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the complete absence of the template wires (Fig. 2b). Magnifying the inner side of broken
pieces (Fig. 2c) revealed a surface texture, which matches the template’s surface (Fig. S2,
supporting information). These results, showing the high similarity in shape, diameter, and
morphology of the inner surface, demonstrate that the black structures are replica of the used

templates.

To elucidate the reason for the absence of the template wire, a tube was investigated by
energy-dispersive X-ray spectroscopy (EDX) by measuring a representative area on its
surface (Fig. S3, supporting information) instead of the whole tube to avoid influences from
the adhesive carbon pad. The EDX measurement revealed, apart from a high amount of
carbon with 96 atom%, the presence of oxygen with 1.8%, iron with 0.5%, and chloride with
1.1% (Fig. S4, supporting information). Elemental mapping showed the uniform
distribution of carbon, oxygen, chloride, and iron over the available surface (Fig. S3c-g,
supporting information). Wet-chemical analyses with potassium hexacyanoferrate(Il) and
potassium hexacyanoferrate(Ill), giving evidence for the presence of both iron(Il) and
iron(III) species inside the tube material, in combination with the EDX results prove an in-situ
reaction of the metal wire. Additionally, elemental distributions at cross-sections of the tube
wall reveal continuously increasing iron as well as chloride contents from the inner side to 2/3
through the wall thickness. After this point, both amounts of iron and chloride remain
constant. (Fig. S5, supporting information). This behavior indicated that the applied wire
first acted as a template, then reacted, and was finally removed by sublimation, whereas the
stagnating area indicates the complete sublimation and thus a constant amount of iron and

chloride in the gas phase.

The obtained tubes were subsequently analyzed by Raman spectroscopy. Criteria to judge the
quality of graphite include the position and width of the G-band as well as the intensity ratios

of the D-band to G-band (/p//;) and of the 2D-band to G-band (/,p/1s), whereby low Ip/Ig and
3
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high I/l values support a high quality.?*?*>% The combination of DCM and iron gave a
low Ip/Ig ratio of 0.12 and a high p/I; ratio of 0.47 (Fig. 2d, see supporting information for
optimization procedure). Contrary to the decreasing quality of template-assisted graphene

31321 5ur hollow carbon tubes

formations upon incrementally increasing the numbers of layers,
feature a high quality of graphite even though possessing a relatively high thickness up to

23 um.

The key role of an organic halide together with a metal wire was confirmed with two control
experiments. First, using benzene with iron in the fabrication process only produced a carbon
coating around the wire without its removal. Second, hexachlorobenzene (HCB) was
pyrolyzed without a metal wire. High Ip/lg values were observed in the Raman spectra of both
control experiments, indicating the formation of amorphous carbon and suggesting a low
degree of graphitization without the combination of metal and organic halide (Fig. S6,
supporting information). Silicon dioxide and silicon were also tested as templates, which
furnished high Ip/Ig values and broad 2D regions without any etching effect (Fig. S7 right,
supporting information). Hollow carbon tubes were also generated using different metals,
e.g. copper and gold, and different organic halides, namely chloroform (CHCl,),
perchlorocoronene (PCP), hexachlorobenzene (HCB), or hexabromobenzene (HBB). Indeed,
the Raman spectra of all produced tube structures showed typical G- and D- peaks, and in
some cases 2D peaks.””) Both copper and gold with DCM as precursor revealed good
qualities of graphite, however, with more defects and smaller I,p//; ratios (Fig. S7 right, blue,
orange, and green, supporting information). The differences in graphite quality are
presumably the result of different reactivities of the respective metal halides. CHCls, PCP,
and HBB led to high Ip/I values and broad 2D regions (Fig. S7 left, pink, black, and turquois,
supporting information). HCB gave tubes with an Ip/Ig value comparable to that with DCM,

yet with a lower lhp/l; ratio (Fig. S7 left, red, supporting information). The essential influence
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of the precursor structure on the formation of graphite material, suggests the following
conclusions: 1) Chloride in contrast to bromide enhances the quality of graphite, representing

133351 2) Providing aromaticity in the

the higher catalytic activity of FeCl; compared to FeBrs;.
precursor does not enhance the quality. 3) Smaller molecules result in a higher regularity,
which we ascribe to an increase in molecular mobility. 4) Raising the carbon/chloride ratio

decreases the quality, presumably due to a reaction of excessive chloride with carbon material,

resulting in more defective graphite.

We propose the following mechanisms during pyrolysis: 1) At lower temperatures of the
heating procedure, the precursors are uniformly distributed in the ampoule by sublimation. 2)
Upon further heating, the active metal surface catalyzes the dissociation of precursor to build
an initial carbon coating on the template. Remaining halogens react with the metal to form
metal halides, which promote the formation of graphite. 3) Higher temperatures cause a
sublimation of metal halides to the vapor phase, allowing for a high quality of the produced
micrometer-thick graphite and intercalating between the graphitic layers. 4) Eventually,

heating to 1000 °C finalizes the graphitization.

Considering the graphite hollow tubes as shape-persistent replica of the respective metal
template, we changed the form of applied metal wires to obtain graphite materials with
different structures. We thus fabricated hollow graphite architectures with knot, solenoid,
mesh, toroid, and Y-shapes from corresponding metal templates as shown in Fig. 3. The knot
displayed the general possibility to produce bent and/or twisted hollow carbon tubes. The
solenoid (Fig. 3b) featured 33 turns, expressed a width of 1 mm and the hollow tube an inner
diameter of 130 um. The mesh (Fig. 3c) was produced with large dimensions of 5 x 0.5 cm?.
Its SEM picture revealed the woven structure and the hollow character of the tubes at the
breaking points as depicted in Fig. S9b (supporting information). To demonstrate the

possibility of connecting tubes, we fabricated a toroid (Fig. 3d, a magnified image of the
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junction is visible in Fig. S9a), featuring a diameter of 3.2 mm, and a Y-shape, which
connects three hollow tubes (Fig. 3e), both with inner diameters of 130 um (preparation of

templates is given in the supporting information).

The electrical resistance of a linear hollow carbon tube with an inner diameter of 130 um and
a wall thickness of 23 um (produced from DCM and iron, contacted with micromanipulator
and measured with a four-wire resistance measurement configuration at incremental
distances) featured an Ohmic behavior. Linear fitting of the measured resistances plotted
against the wire length revealed a high conductivity of the hollow carbon tubes of
1.31+0.05 - 10°S'm™ (Fig. S$10, supporting information). This conductivity is almost one
magnitude higher than the one reported for pristine graphite with 1.41 +0.01 - 10°> S-m™.%
As the conductivity of graphite was reported to essentially depend on the intercalation of

]

impurities in the crystal lattice,”’”! we ascribe the obtained high conductivity to the inclusion

of metal ions inside the material.

In summary, we introduced a one-step procedure for a facile fabrication of shape-persistent
hollow carbon tubes with control over the wall thickness, inner diameter and shape of the
tubes. The template was removed during the fabrication process, providing replica of metal
wires. The in-situ formed metal halides were found to improve the graphite quality. Future
research will focus on the use of the tubes in devices, exploiting their excellent conductivity
and possibility to form arbitrary shapes. The carbon tube with a solenoid shape might have
desirable electromagnetic properties and the carbon mesh could be used as electrode material
in electrolysis. Further opportunities could result from the possible superconductive properties

of graphite materials in conjunction with shape control of the objects.****!

Supporting Information
Supporting Information is available online from the Wiley Online Library or from the author.
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/ Pyrolysis
_—
1000 °C

Figure 1. Schematic procedure for the preparation of hollow carbon tubes. The left side
shows an evacuated ampoule, providing both a metal template and the precursor. The middle
reveals the ampoule after pyrolysis. The right picture shows the obtained wire after pyrolysis.
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Figure 2. SEM images of hollow carbon tubes. a) The tube features a wall thickness of 1 pm
and was produced from an iron wire with a diameter of 25 um. b) This tube was fabricated
from an iron wire of 127 um in diameter and fractured to reveal its continuous hollowness.
The wall thickness is 23 um. c¢) The magnified area of the inner side of a broken piece reveals
a surface texture, which matches the surface morphology of the template’s surface (Figure S2).
d) Raman spectrum of a hollow carbon tube, produced from DCM on an iron wire with a ratio

of Fe/Cl = 1/3.
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2cm

Figure 3. Different shapes of hollow carbon tubes. The figures show a) a SEM picture of a
knot, b) an optical microscopy picture of a solenoid, ¢) a photograph of a mesh, d) a SEM
picture of a toroid, and e€) a SEM picture of a Y-shape.
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We report a facile one-step procedure for a template-assisted fabrication of hollow
carbon tubes, using organic halides as carbon source. The tubes are shape-persistent and
obtained as hollow replica of the metal template, and they do not collapse after removal of the
template. Further, we avoid additional etching steps as the template is removed during
pyrolysis through the formation of metal halides which are in-situ sublimed. Although
pyrolyzed at relatively low temperatures up to 1000 °C, our tubes feature a high quality of
graphite, and a high conductivity of 1.31+0.05 - 10°S'm™. With our approach, graphite
microtubes with arbitrary shapes can be fabricated by using different templates.
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General information:

All commercially available chemicals and solvents were used as purchased without further

purification.

Raman spectra were recorded at a laser wavelength of 488 nm and an intensity of 2 mW with
a Bruker RFS 100/S instrument, equipped with a Senterra Dispersive Raman Microscope. The

peak positions and intensities were obtained from fitting the peaks with Lorentz functions.

SEM measurements were performed on a LEO Gemini 1530 with samples taped with
conductive carbon pads to aluminum stubs. EDX measurements were carried out on a Hitachi
SU8000 device. Resistances were measured with a Keithley model 4200 semiconductor
characterization system, whereas contacting was performed under a Nikon SMZ1000

microscope.

Template preparation:

Applied templates were purchased as available at Alfa Aesar, Sigma Aldrich, or Goodfellow.
All templates were cleaned by ultrasonication with aceton, toluene, and isopropanol prior to
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providing them in an ampoule. Copper templates were additionally treated with an aqueous

2 M hydrochloric acid solution for the removal of copper oxides on the surface.

For preparing the copper toroids, a copper wire with a diameter of 127 um was cut into pieces
of 0.6 cm. The wire pieces were bent in such a way that the cutting edges touch each other.
The bent pieces were placed into a custom made graphite template (Figure S1, left, supporting
information), which was positioned into an oven. The oven was permanently flushed with a
nitrogen flow of 1300 cm®-min™ to prevent oxidation of the copper. After heating the oven to
1100 °C with a heating rate of 5 °C/min, the temperature was kept constant for 18 min.
Letting the oven cool to room temperature and removing the copper wires from the template

resulted in the cutting edges being fused to a toroid in nine of ten cases.

The Y-pieces were prepared similar to the copper toroids, however with copper wire pieces of
0.4 cm. Fusing the cutting edges in the oven was performed under similar conditions as with
the toroids, however with a temperature plateau of 7 min at 1100 °C and an appropriate

graphite template (Figure S1, right, supporting information).

Figure S1. Pictures of the graphite templates used for fusing the cutting edges (top) to obtain

copper toroids (left), and copper Y-shapes (right), respectively. Below every template, an
example of the respective copper shape is shown.
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Figure S2. Optical microscopy picture of a bare iron wire. The surface clearly reflects the
characteristic texture, as found inside the hollow tubes in Figure 2c.
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Elemental mapping of a hollow carbon tube:

Figure S3. a) SEM image of the measured hollow carbon tube. The red frame highlights the
area of higher magnification in b). b) SEM image of the area of the tube, used for elemental
mapping. Small differences in contrast appear due to varying scattering angles of incident

15
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electrons, induced by marginal undulations of the tube. These differences in intensity are also
visible in the elemental mapping images of c-g). ¢) Elemental mapping of carbon, oxygen,
chloride, and iron. d) Elemental mapping of carbon. ) Elemental mapping of oxygen. f)
Elemental mapping of chloride. g) Elemental mapping of iron.

EDX-measurement:

CIgN
C |0 Fe Si Cl

\ » | | | ] (] p) a . M
0! ‘Mﬂ 0 g a1 .1\ln’.lm\»‘ﬁ%s b . Ayttt e st
1 2 3 4

0 5
keV

Spectrum: 33

Element Series Net unn. C norm. C Atom. C Error (1 Sigma)
[wt.%] [wt.%] [at.%] [wt.%]

Kohlenstoff K-series 40012 91,29 91,29 95,98 10,98

Stickstoff K-series 17 0,14 0,14 0,13 0,18

Sauerstoff K-series 587 2,31 2,31 1,82 0,64

Silizium K-series 171 1,17 1,17 0,52 0,15

Chlor K-series 426 3,06 3,06 1,09 0,28

Eisen L-series 358 2,03 2,0 0,46 0,66

Total: 100,00 100,00 100,00
Figure S4. EDX data of the selected area of the hollow carbon tube in Figure S3b.

The measured traces of silicon were residues from the quartz ampoule.
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Figure S5. a) SEM image of the measured cross section of a hollow carbon tube wall. The left
side represents the inner part of the tube, while the right side faces towards the outside. The
blue line highlights the area of measurement. b) Plot of the atomic distribution in percent
against the position of measurement on the blue line in a). The elements carbon (turquoise),
oxygen (pink), chlorine (red), iron (orange), silicon (yellow), sodium (green), and nitrogen
(purple) were plotted. The measured traces of silicon, sodium, and nitrogen are not significant
for interpretation. ¢) Magnified plot of b) for the less represented elements.
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Raman spectra:
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Figure S6. Raman spectra of the pyrolysis of benzene with copper (black), and of HCB
without the presence of a metal (red).
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Figure S7. Raman spectra of different precursors in combination with an iron wire template
(left), and of the most promising precursor dichloromethane on different surfaces (right). Low
qualities of graphite were obtained with Ip/lg of 1.41, 1.21, and 0.96 using perchlorocoronene
(black), hexabromobenzene (turquois), and chloroform (pink) as precursors, respectively. This
low quality is corroborated by the insignificant, broad 2D regions. Higher qualities were
achievable providing hexachlorobenzene (red), and dichloromethane (green), giving In/Ig
ratios of 0.67 and l,p/Ig ratios of 0.37 and 0.61, respectively. Pyrolysis of DCM achieved an
Ip/Ig ratio of 0.88 on silicon dioxide, and Ip/lg and I,p/IG ratios of 0.97 and 0.35 on single-
crystalline silicon, 0.67 and 0.37 on copper, 0.21 and 0.51 on iron, and 0.69 and 0.46 on gold,
respectively.

Optimization of the combination of iron and DCM:

With the combination of DCM and iron as the most promising precursor and template
material, respectively, three different ratios, Fe/Cl = 1/3, 1/2, and 1/6 were tested. A high ratio
of chlorine atoms of Fe/Cl = 1/6 (Figure S8, black, supporting information) resulted in a low

graphite quality with Ip/lg and lhp/lg ratios of 1.03 and 0.28, respectively. In contrast, a low
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ratio of chlorine atoms to Fe/Cl = 1/2 (Figure S8, red, supporting information) gave a low
Ip/Ig ratio of 0.20 and an /rp/Ig ratio of 0.35. However, in this case the iron template was not
completely removed and therefore the tubes were not entirely hollow. Fe/Cl = 1/3 revealed a
high graphite quality with a low Ip/I ratio of 0.12 and an l,p/Ig ratio of 0.47. The optimized
spectrum reveals an intensive G-peak at 1580.3 cm™, a small D-peak at 1362.6 cm™, and a

significant 2D-peak at 2732.5 cm™

600 G ——FelCl=1/6
——FelCl=2/3

——Fe/Cl=1/3

500

400

300 2D

Intensity / counts

200

100 +

0

T T T T T T
3000 2500 2000 1500 1000 500

v/om!

Figure S8. Raman spectra of the pyrolysis of DCM on an iron template with different iron to
chloride ratios. The black spectrum shows a ratio of Fe/Cl of 1/6, the red spectrum of 1/2, and
the blue spectrum of 1/3. The Ip/l; and Lp/Ig ratios were obtained as 1.03 and 0.28 for the
black spectrum, 0.20 and 0.35 for the red spectrum, 0.12 and 0.47 for the blue spectrum,
respectively.

Additional SEM picures:

Figure S9. a) SEM image of a hollow graphite mesh. The hollowness is corroborated by the
breaking point of the individual tubes. b) Magnified SEM image of the point juncture in the
toroid.
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Conductivity measurement:

The resistance of a hollow carbon tube with an inner diameter of 127 um and a wall thickness
of 23 um was measured. The wire was fixed on both ends with silver varnish to simplify
contacting. Each end was contacted and a current of 2.5 mA was applied. Between the two
contacts, two needles were positioned on the wire with incremental distances of 1 mm.
Between these needles, the voltages were measured and the respective resistances calculated
by Ohm’s law. Latter were plotted against the distances in Figure S10. Fitting the
measurement with a linear fit revealed a resistance of the hollow tube of 1.56 +=0.07 - 10
"Q-mm™. Regarding a cross-section area of 5.00 - 10~ mm?, the resistivity prype of the tube

was calculated using the equation

R-A

p=—" (1

with R being the resistance, A as cross-section area, and [ as length of the tube, to be

rupe = 7.66 +0.35 - 107 Q-m. The conductivity oy, as reciprocal value of the resistivity
Prube

is therefore o7y, =1.31+0.05 - 10° S'm™.

® Resistance Hollow Carbon Tube
Linear Fit

Resistance | Q

uuuuuu

nnnnnn

8 10 12 14
Wire Length | mm

Figure S10. Resistance measurements of a hollow carbon tube at incremental distances. The
linear fit reveals an inclination of 1.56 +0.07 - 10" Q-mm’".
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Precursors:

Dichloromethane (DCM), chloroform, hexahlorobenzene, hexabromobenzene, and
pentachloropyridine were commercially available and used without further purification. DCM
and chloroform were frozen with liquid nitrogen prior to evacuation of the ampoule to prevent

evaporation of the precursor.

Perchlorocoronene was synthesized by perchlorination under BMC conditions™! of
commercially available coronene. 750 mg (5.63 mmol) AICI; were refluxed in 280 mL
sulfuryl chloride. 3.00 g (9.99 mmol) coronene was dispersed with 1.50 g (11.1 mmol,
0.89 mL) disulfur dichloride in 120 mL sulfuryl chloride and slowly added to the reaction.
The mixture was refluxed for 30 h and 50 mL sulfuryl chloride were added for dissolving
occurring precipitation. Subsequently, the solvent was evaporated and the residue poured into
ethanol. The occurring precipitate was filtered and washed with ethanol, aqueous 1 M
hydrochloric acid solution, water, and aceton to yield 7.23 g (99.9 mmol, quant.)
perchlorocoronene as yellow powder. >C NMR (125.7 MHz, C,D>Cly, 8): 132.8 (C4), 126.4

(C4), 121.1 (C4); MALDI-MS (m/z): 713.2 [M'], calc. 713.6 [C24Cl;5].
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Figure S11. MALDI-MS spectrum of PCC. The inset reveals the measured isotope pattern

(blue) compared to the calculated one for C»4Cl;, (green).
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