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ABSTRACT: Morphology control of carbon nanostructures is essential for improving their
performance in many applications. Direct pyrolysis of organic precursors, however, usually yields
bulk amorphous carbon. Therefore, traditional methods for controlling the morphology of carbon
nanostructures involve multistep processes and complex precursor molecules. While various
methods have been developed under ambient pressure, the impact of pressure on the morphology
of the resulting carbon nanostructures remains unexplored. Herein, we present the synthesis of
carbon nanorods by direct pyrolysis of the low-cost aliphatic hydrocarbon tetracosane under high

pressure conditions. The diameters of the carbon nanorods are adjusted by simply varying the



synthetic pressures. High pressure allows controlling both the nanorod morphology as well as the
degree of order, and local conductivity of the thus prepared nanorods has been confirmed by
conductive AFM measurements. Our method promises a convenient strategy to synthesize carbon
nanostructures with controlled morphology and high ordered chemical structure, which opens

opportunities for potential electronic and electrochemical applications.

INTRODUCTION

Carbon nanostructures have received much attention as functional elements in electrochemical
devices, for gas adsorption and storage, as catalysts, and drug delivery systems based on their
unique morphologiest! 3!, Specifically, one-dimensional (1D) nanostructures offer unique
advantages due to their inherent high-aspect-ratio structural feature. 1D nanostructures can
assemble into interconnected networks for flexible electronic materials with improved mechanical
elasticity compared to bulk materials or sphere-like nanoparticles*. The 1D configuration can also
provide continuous ion/electron channels and short diffusion distance for electrolyte ions when
they are used in electrochemical devices!> ®!. But convenient synthesis of well-defined 1D carbon
nanostructures remains a major challenge because the pyrolysis process for the preparation of
carbon materials normally gives amorphous structures. To obtain 1D carbon nanostructures,
templates are widely used such as anodic aluminum oxide or mesoporous silical®!. Alternatively,
carbon nanorods have been synthesized by thermal transformation of rod-shaped metal-organic
frameworks!”! or electrochemical deposition of a large polycyclic aromatic hydrocarbon (PAH)®!,
These methods, however, involve multistep wet chemistry processes, expensive precursors or

hazardous chemicals, and the sizes of the products are difficult to adjust due to the limitation of



the templates or precursors. Noteworthy, these traditional methods are in most cases conducted
under ambient pressure. However, pressure represents an important parameter that affects
chemical bonds, phase transformation and thermodynamic properties of materials™. Exploring the
synthesis of carbon nanostructures at higher pressures, particular in the gigapascal (GPa) range,

could provide access to controlled nanoscale morphologies.

High-pressure studies of the interactions, reactions, and transformations of atoms or molecules
have attracted emerging interest!!% ') In recent years, due to the availability of experimental high-
pressure techniques, various atypical inorganic compounds such as NaCls!2l LaH;o"*), and
NaHe!'"* have been synthesized at pressures up to 100-200 GPa and surprising material properties
have been discovered. For example, elements that are insulators at ambient pressure become
superconducting metals through structural phase transitions when the pressure is increased to over
100 GPal'®). These experiments clearly demonstrate that chemical reactions often proceed in an
unpredictable fashion and new materials with exciting properties can be formed under high

pressure.

In the case of carbon materials, high pressure enables phase transition of carbon, along with the
transformation from sp*-hybridized to sp’-hybridized atoms!!'¢). Therefore, high-pressure high-
temperature (HPHT) techniques are commonly used to synthesize diamonds from all kinds of
carbon allotropes!!’ ). However, most studies on carbon materials under high pressure focus on
phase transition or atomic valence change, whereas the effect of pressure on morphology control

of carbon nanostructures remains largely unexplored.

Herein, we demonstrate the convenient high-pressure synthesis of 1D carbon nanorods by direct

pyrolysis of the low-cost aliphatic hydrocarbon tetracosane in a convenient one-pot process



(Figure 1a). To the best of our knowledge, we report the first pressure-induced synthesis of carbon
nanostructures with controlled morphologies. We demonstrate that changing the external pressure
from 2.6 GPa to 4.0 GPa affords nanorods with tunable diameters, which opens new avenues for
synthesizing customized carbon nanomaterials without the need to prepare structurally complex

precursor molecules, solvent or catalysts.

RESULT AND DISCUSSION

HPHT synthesis of carbon nanorods was carried out in an end-loaded piston cylinder capable of
holding approximate 80 mg, which was pressed and exposed to pressures up to 4.2 GPa (Figure
la and S1). Tetracosane was used as precursor molecule, which is a low-cost and structurally
simple, commercial aliphatic hydrocarbon. After increasing the pressure to 2.6 GPa, tetracosane
was heated with a heating rate of 55 °C/min and maintained for 18 h at 550 °C and 2.6 GPa. The
reaction yielded in a black powder, which was termed CNR-2.6. The powder was used after
washing with dichloromethane, and scanning electron microscopy (SEM) analysis of the product
revealed the formation of rod-shaped carbon nanostructures with dimensions of around 260 nm
wide and typically 1-3 pm in length (Figure 1b and S2). Transmission electron microscopy (TEM)
image analysis further confirmed the formation of carbon nanorods with uniform diameters (Figure
Ic). For comparison, tetracosane was pyrolyzed at 550 °C but at low pressure in a degassed
ampoule, and the resulting products consisted of amorphous carbon chunks (denoted as ACC)
without any specific shape (Figure 1d), indicating the crucial role of pressure in the formation of

carbon nanorods.
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Figure 1. Synthesis of carbon nanorods from the aliphatic hydrocarbon tetracosane. (a) Illustration
of HPHT synthesis of the carbon nanorods with a piston cylinder; (b) SEM image and (¢) TEM
image of the carbon nanorods synthesized at 550 °C and 2.6 GPa in a piston cylinder; (d) TEM

image of the amorphous carbon chunk synthesized at low pressure in a degassed ampoule.

To elucidate the impact of pressure on the dimension of the thus formed carbon nanorods, HPHT
experiments were conducted under different pressures. Specifically, the same precursor was heat-
treated at 550 °C at 1.8 and 4.0 GPa. The recovered samples were denoted as CNR-1.8 and CNR-
4.0, respectively. We found that the diameters of the carbon nanorods were remarkably affected

by the synthesis pressures. The diameters of the recovered carbon nanorods could be adjusted as



652 £ 40 (CNR-1.8), 260 + 25 (CNR-2.6), 106 £+ 20 (CNR-4.0) nm (Figure 2 and Figure S3). That
is, the diameters of the carbon nanorods reduced with the increase of the synthesis pressures. It
was striking that the diameters could be adjusted in a broad range between 100 nm to 600 nm by
applying around 2 GPa pressure. These results suggested that pressure could be an efficient tool
to manipulate the morphology of carbon nanorods and this straight forward and clean approach

could provide an alternative solution for the preparation of defined nanostructures also at larger
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scales.

Figure 2. Carbon nanorods with various diameters synthesized under different pressures. (a) 1.8

GPa; (b) 2.6 GPa; (c) 4.0 GPa.

Besides morphology, intrinsic chemical structures represent also essential factors to improve the
performance of carbon nanostructures in many applications. For example, dangling bonds and
defective sites in carbon materials could contribute to their electrochemical reactivity and affect
their conductivity when they are used as electrode materials®> 2!, To investigate the impact of
pressure on the chemical structures of the formed carbon nanorods, we characterized CNR-2.6
prepared under high pressure and compared it with ACC from low pressure synthesis. Energy

dispersive X-ray spectroscopy (EDX) in Figure S4 revealed that carbon was the predominant



element in CNR-2.6 with trace amount of oxygen, which could be due to atmospheric oxygen
adsorbed on the surface of the nanorod. The chemical structure of CNR-2.6 was further
investigated by solid state nuclear magnetic resonance (NMR) with 'H-'3C cross polarization (CP)
magic angle spinning (MAS) measurement (Figure 3a). The intense peak at around 122 ppm
represented aromatic carbons!??!, while the broad asymmetric signal around 22 ppm is assigned to
sp> carbon moieties. The ratio of sp? carbon to sp® carbon was estimated to be 95:5. Considering
the broad and featureless 'H signal, one could assume the presence of residual methyl groups and
methylene in the carbon matrix, originating from the aliphatic precursor. Although a quantitative
version!?¥! of the CP-MAS method has been applied, it should be noted that there might be a
systematic tendency to overestimate the content of protonated sp® carbon. Powder X-ray
diffraction (PXRD) revealed the crystalline structures of CNR-2.6 and ACC (Figure 3b). The
characteristic peaks of the graphitic carbon (002) diffraction suggested that both samples were
composed of graphitic carbon sheets. However, ACC exhibited a broad peak at 25.0°, whereas
CNR-2.6 showed a much sharper peak, indicating larger domain sizes of the graphitic sheets after
high-pressure synthesis!*!. Notably, the (002) peak position of CNR-2.6 was centered at 26.0°,
larger than that of ACC and similar to that of graphite!*¥ suggesting that the distances between the
graphitic sheets for CNR-2.6 were smaller indicating that high pressure resulted in more closely
packed graphitic sheets. CNR-1.8 and CNR-4.0 also revealed similar XRD patterns with sharp
peaks at around 26.0° (Figure S5). The crystalline lattices of CNR-2.6 were also visible under
high-resolution TEM (Figure S6) and here, the graphitic sheets were oriented perpendicular to the
rod axis. A dominant crystal plane corresponding to d-spacing of 3.6 A was found by selected-
area electron diffraction (SAED), which was close to the interplanar spacing of graphite and

confirmed an ordered layer structure!®>). Raman Ip/Ig ratio (where Ip and I are D-band and G-



band Raman intensities) is another indicator widely used to evaluate the quality of carbon chemical
structures?®). The lower intensity ratio (Ip/Ig) of 0.81 for CNR-2.6 (Figure 3c), compared to 0.99
for ACC, implied the formation of higher ordered carbon structures under high-pressure
synthesis?’], which was in accordance with the XRD and TEM results. The Ip/Ig of CNR-1.8 and
CNR-4.0 were 0.84 and 0.81, respectively (Figure S7), which were similar to that of CNR-2.6.
Our results clearly demonstrate that high pressure facilitated the formation of rod-shaped carbon
nanostructures with increasing degree of order of the graphitic carbon sheets, leading to higher

crystallinity and greater extend of graphitization.

The proposed mechanism of carbon nanorods formation under pressure is depicted in Figure 3d.
First, tetracosane could decompose into PAHs!*® 2I; then these PAHs aggregated to form
nucleation clusters of graphitic sheets and grew into the observed rod-shaped nanostructures.
Usually, organic precursors form spherical nanoparticles under ambient pressure carbonization
which aggregate into commonly observed carbon aerogels. Carbon nanostructures such as
nanorods are rarely found because vectorial alignment towards nanorods requires anisotropic

391, This type of anisotropy could

Hamaker interaction (force fields) between the graphitic particles
result from preferred orientation of graphitic sheets within the particles. In our case, high pressure
could produce larger sized PAHs as suggested by the above structural characterization, which

facilitated the cylindrical orientation of the graphitic sheets. Furthermore, high pressure could also

directly provide an anisotropic force fields, thereby supporting the formation of carbon nanorods.
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Figure 3. Structural characterization of the carbon nanorods. (a) Solid state NMR spectra of CNR-
2.6 from 550 °C and 2.6 GPa; (b) XRD patterns and (c) Raman spectra of CNR-2.6 (red curves)

and ACC (blue curves). (d) Proposed formation mechanism of the carbon nanorods.

The high degree of sp® hybridization suggested that the carbon nanorods were electrically
conductive. To test the electrical properties, we performed conductive AFM (c-AFM)
measurements, where the current between a nanoscale tip and the substrate was measured. Diluted
suspensions of CNR-2.6 and CNR-1.8 nanoparticles were deposited on a Si-wafer coated with a
thin platinum layer. During imaging, we had to take great care to avoid the sticking of nanorods to
the AFM tip (Figure S8). We therefore selected the fast force mapping (FFM) mode, where a fast
(10-100Hz) sequence of force-distance curves was performed up to a maximum predetermined
load force (2.3 nN in our measurements) and simultaneously recorded the tip-sample current. The
height of the individual carbon nanorod of CNR-2.6 was 227 + 2 nm as shown in Figure 4(a),
which was comparable to the TEM measurements. The current maps clearly showed that the

carbon nanorods were electrically conductive with an average vertical current of 680 + 20 pA



measured at a voltage of 10 mV. On the areas surrounding the nanorods, the direct contact between
the metallic tip and the Pt substrate led to a saturation of the current amplifier. We also found a
similar result on the CNR-1.8 nanorods (Figure S9). The conductivity value was comparable to
carbon black despite that the synthetic temperature of these carbon nanorods was much lower.
Furthermore, the 1D structure of nanorods has the advantage to construct conductive percolation
network with small amount of material usage!*!. The local conductivity at the nanoscale would also

promise electric inks for organic electronics.
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Figure 4. c-AFM result of CNR-2.6 captured in FFM mode. (a) Topography image of CNR-2.6.
The asymmetry in the structure comes from the tip shape (tip convolution effect) (b) Maximum
current of each pixel measured at a tip-sample voltage of 10 mV in FFM mode of CNR-2.6. The

current signal went into saturation directly on the Pt electrode in the areas around the nanorods.

CONCLUSION

In summary, we report a convenient approach to synthesize carbon nanorods based on high
pressure chemistry. Since traditional methods for carbon nanostructures are mostly conducted
under ambient pressure, we extended the synthesis conditions to higher pressures, for the first time,

to investigate the impact of pressure on the morphology control of the resultant carbon
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nanostructures. Compared to the traditional methods that typically involve multistep reactions and
hazardous chemicals, our method used the low-cost aliphatic hydrocarbon tetracosane as precursor
in a solvent-free one-pot process. Moreover, the diameters of the carbon nanorods could be
adjusted simply by controlling the synthesis pressures. Our results revealed that pressure, as a
critical thermodynamic parameter, not only induced the formation of carbon nanorods but also had
great impact on the chemical structure of carbon at an atomic level. The local conductivity at the
nanoscale was confirmed by conductive AFM, which opens promising applications of these
nanorods in electronic and electrochemical devices. We envision that high pressure could be
potentially applied for the synthesis of other material systems where morphology control or high-
quality crystals are crucial, such as semiconductor nanocrystals, nanostructured metal oxide and

various 2D materials for catalysis, optics and magnetic applications.
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