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A B S T R A C T   

Morphology control of carbon structures 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 structures 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 structures 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 atomic force microscopy measurements. Our method 
promises a convenient strategy to synthesize carbon structures with controlled morphology and high ordered 
chemical structure, which opens opportunities for potential electronic and electrochemical applications.   

1. Introduction 

Carbon structures have received much attention as functional ele
ments in electrochemical devices, for gas adsorption and storage, as 
catalysts, and drug delivery systems based on their unique morphologies 
[1–3]. Specifically, one-dimensional (1D) carbon structures offer unique 
advantages due to their inherent high-aspect-ratio structural feature. 1D 
carbon structures can assemble into interconnected networks for flexible 
electronic materials with improved mechanical elasticity compared to 
bulk materials or sphere-like nanoparticles [4]. The 1D configuration 
can also provide continuous ion/electron channels and short diffusion 
distance for electrolyte ions when they are used in electrochemical de
vices [5,6]. But convenient synthesis of well-defined 1D carbon struc
tures remains a major challenge because the pyrolysis process for the 
preparation of carbon materials normally gives amorphous structures. 
To obtain 1D carbon structures, templates are widely used such as 
anodic aluminum oxide or mesoporous silica [3]. Alternatively, carbon 
nanorods have been synthesized by thermal transformation of rod- 
shaped metal–organic frameworks [7] or electrochemical deposition 
of a large polycyclic aromatic hydrocarbon (PAH) [8]. These methods, 

however, involve multistep wet chemistry processes, expensive pre
cursors or hazardous chemicals, and the sizes of the products are diffi
cult 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 ther
modynamic properties of materials [9]. Exploring the synthesis of car
bon structures at higher pressures, particular in the gigapascal (GPa) 
range, could provide access to controlled morphologies. 

High-pressure studies of the interactions, reactions, and trans
formations of atoms or molecules have attracted emerging interest 
[10,11]. It has been demonstrated 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 trans
formation from sp2-hybridized to sp3-hybridized atoms [12]. Therefore, 
high-pressure high-temperature (HPHT) techniques are commonly used 
to synthesize diamonds from all kinds of carbon allotropes [13–15]. 
However, most studies on carbon materials under high pressure focus on 
phase transition or atomic valence change, whereas the effect of 
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pressure on morphology control of carbon structures remains largely 
unexplored. 

Herein, we demonstrate the convenient high-pressure synthesis of 
carbon nanorods by direct pyrolysis of the low-cost aliphatic hydro
carbon tetracosane in a convenient one-pot process (Fig. 1a). To the best 
of our knowledge, we report the first pressure-induced synthesis of 
carbon structures 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 struc
turally complex precursor molecules, solvent or catalysts. 

2. Experimental 

HPHT syntheses of carbon nanorods were carried out in an end- 
loaded piston cylinder (see supporting information) capable of holding 
approximate 80 mg and generating a maximum pressure of 4.2 GPa 
(Fig. 1a and S1). Tetracosane was used as precursor molecule, which is a 
low-cost and structurally simple, commercial aliphatic hydrocarbon. 
Pressure was applied up to the set-points of 1.8, 2.6 and 4.0 GPa, 
respectively. At the set pressure, the sample was heated with a heating 
rate of 55 ◦C/min and held at 550 ◦C for over 18 h. The reactions yielded 
in black powders, which were washed with dichloromethane to remove 
the organic residue. The recovered samples were termed as CNR-X, 
where X denoted the applied pressure. 

The investigation of the formation mechanism was carried out at 2.6 
GPa. The samples were treated at 550 ◦C (heating rate of 55 ◦C/min) for 

1 min, 10 min, 1 h and 4 h, respectively and yielded in a colorless, waxy 
solid (1 min), brown solid (10 min) and black powders (1 h and 4 h). The 
products were analyzed without further purification. 

For the control experiment under low pressure pyrolysis conditions, 
a copper capsule filled with tetracosane was put in an evacuated (10− 3 

mbar) and sealed glass ampoule. The ampoule was heated to 550 ◦C for 
2 h in an oven. Afterwards, the glass ampoule was opened at the pre
determined breaking point and the sample was extracted as a mixture of 
a yellow liquid and a black solid. 

The Raman spectroscopy was conducted using a customized confocal 
microscope with 532 nm excitation laser (LaserQuantum Tau532) 
typically operating at 30 mW output power focused onto the sample 
using a 10× Mitutoyo air objective with long working distance. The high 
resolution Transmission electron microscopy (TEM) images, Energy 
dispersive X-ray spectroscopy (EDX) and selected-area electron diffrac
tion (SAED) were obtained with a field-emission transmission electron 
microscopy (FE-TEM, Tecnai G2 F20 U-TWIN). Powder X-ray diffraction 
(PXRD) measurements were performed on a Rigaku SmartLab spec
trometer using a Cu K-α anode (λ = 1.5406 Å). The powders were placed 
on a zero reflection Si substrate. Scanning electron microscopy (SEM) of 
the samples was conducted using a Hitachi SU8000 instrument. Various 
spots on the whole sample were evaluated using an acceleration voltage 
of 1.5 kV. Solid State nuclear magnetic resonance (NMR) measurements 
have been performed on a Bruker Avance III NMR console operating at 
500.22 MHz 1H Larmor frequency using a commercial 2.5 mm magic 
angle spinning (MAS) double resonance probe at ambient temperature 
and 25 kHz MAS spinning frequency. The conductive atomic force 

Fig. 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 (c) 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 (10− 3 mbar). 
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microscopy (c-AFM) characterizations were performed using an AFM 
microscope (MFP-3D Infinity, Oxford Instruments Asylum Research 
Inc.) in nitrogen atmosphere (< 0.1 % humidity, < 0.1 % O2). c-AFM 
measurements were carried out with conductive coated (Cr/Au) probes 
(PNP-TR-Au, Asylum research probes) and an Asylum Research ORCA 
cantilever holder with a current amplification factor of 50 nA/V. 

3. Results and discussion 

The SEM analysis of CNR-2.6 revealed the formation of rod-shaped 
carbon structures with dimensions of around 260 nm wide and typi
cally 1–3 μm in length (Fig. 1b and S2). TEM image further confirmed 
the formation of carbon nanorods with uniform diameters (Fig. 1c). 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 (Fig. 1d), 
indicating the crucial role of pressure in the formation of carbon 
nanorods. 

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. We found that the diameters of the carbon 
nanorods were remarkably affected by the synthesis pressures. The di
ameters 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 (Fig. 2 and 
Fig. 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 straightforward and clean approach could provide an 
alternative solution for the preparation of defined nanostructures also at 
larger scales. 

Besides morphology, intrinsic chemical structures represent also 
essential factors to improve the performance of carbon structures 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 
[16,17]. 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 syn
thesis. EDX in Fig. S4 revealed that carbon was the predominant element 
in CNR-2.6 with trace amount of oxygen, which could be due to atmo
spheric oxygen adsorbed on the surface of the nanorods. The chemical 
structure of CNR-2.6 was further investigated by solid state NMR with 
1H–13C cross polarization MAS measurement (Fig. 3a). The intense 
peak at around 122 ppm represented aromatic carbons [18], while the 
broad asymmetric signal around 22 ppm is assigned to sp3 carbon 
moieties. The ratio of sp2 carbon to sp3 carbon was estimated to be 95:5, 
indicating a main product of graphitic carbon. In contrast to the litera
ture using similar aliphatic precursors [19–21], the relatively low 

pressure in combination with the absence of a diamondoid seed prevents 
the formation of diamonds. Considering the broad and featureless 1H 
signal, one could assume the presence of residual methyl groups and 
methylene in the carbon matrix, originating from the aliphatic precur
sor. Although a quantitative version [22] of the CP-MAS method has 
been applied, it should be noted that there might be a systematic ten
dency to overestimate the content of protonated sp3 carbon. PXRD 
revealed the crystalline structures of CNR-2.6 and ACC (Fig. 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 [23]. 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 [23] 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◦

(Fig. S5). The crystalline lattices of CNR-2.6 were also visible under 
high-resolution TEM (Fig. S6a) and here, the graphitic sheets were 
stacked along the rod axis. A dominant crystal plane corresponding to d- 
spacing of 3.6 Å was found by SAED (Fig. S6b), which was close to the 
interplanar spacing of graphite and confirmed an ordered layer structure 
[24]. Raman ID/IG ratio (where ID and IG are D-band and G-band Raman 
intensities) is another indicator widely used to evaluate the quality of 
carbon chemical structures [25]. The lower intensity ratio (ID/IG) of 1.88 
for CNR-2.6 (Fig. 3c), compared to 2.11 for ACC, implied the formation 
of higher ordered carbon structures under high-pressure synthesis [26], 
which was in accordance with the XRD and TEM results. The ID/IG of 
CNR-1.8 and CNR-4.0 were 1.90 and 1.76, respectively (Fig. S7), which 
were similar to that of CNR-2.6. Our results clearly demonstrate that 
high pressure facilitated the formation of rod-shaped carbon structures 
with increasing degree of order of the graphitic carbon sheets, leading to 
higher crystallinity and greater extend of graphitization. 

To understand the formation mechanism of carbon nanorods, we 
collected the products at varying durations of heating under 2.6 GPa. 
The SEM images (Fig. 4a) reveal the inception of rod-shaped structures 
after 10 min, albeit with an initially rough surface. Extending the 
heating time to 1 h remarkably refines the nanorods, making their sur
faces much smoother. XRD patterns (Fig. 4b) show the emergence of the 
(002) peak of graphitic carbon after 10 min, which becomes a sharper 
signal with prolonged heating durations. This consistent evolution 
suggests an interdependence between the formation of carbon nanorods 
and the growth of graphitic carbon sheets. The increase in graphitization 
with increasing reaction time can also be confirmed by MALDI-TOF 
(Matrix Assisted Laser Desorption/Ionization Time-of-Flight) mass 
spectrometry (Fig. S8). A detailed analysis of the low molecular weight 
fraction reveals a huge number of signals which can all be assigned to 
pure hydrocarbons with different degrees of hydrogen saturation. 
Whereas short reaction times result in signals with high H/C ratios, long 
reaction times lead to a maximum degree of unsaturation. Interestingly 

Fig. 2. Carbon nanorods with various diameters synthesized under different pressures. (a) 1.8 GPa; (b) 2.6 GPa; (c) 4.0 GPa.  
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the measured minimum H/C ratios can all be assigned to two- 
dimensional polycyclic aromatic hydrocarbons with a maximum de
gree of unsaturation, thus supporting the assumption for the stacked disc 
nature of the carbon nanorods. 

The proposed mechanism of carbon nanorods formation under 
pressure is depicted in Fig. 3d. First, tetracosane could decompose into 
PAHs [27,28]; 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 car
bon aerogels. Carbon nanostructures such as nanorods are rarely found 
because vectorial alignment towards nanorods requires anisotropic 
Hamaker interaction (force fields) between the graphitic particles [29]. 
This type of anisotropy could result in preferred orientation of graphitic 
sheets within the particles. In our case, high pressure could lead to larger 
sized PAHs as suggested by the above structural characterization, which 
facilitated the stacking of the graphitic sheets along the rod axis. 
Furthermore, high pressure could also directly provide an anisotropic 
force fields, thereby supporting the formation of carbon nanorods. 

The high degree of sp2 hybridization suggested that the carbon 
nanorods were electrically conductive. To test the electrical properties, 
we performed 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 (Fig. S9). We therefore 
selected the fast force mapping mode, where a fast (10–100 Hz) 
sequence of force-distance curves was performed up to a maximum 

predetermined load force (2.3 nN in our measurements) and simulta
neously recorded the tip-sample current. The height of the individual 
carbon nanorod of CNR-2.6 was 227 ± 2 nm as shown in Fig. 5(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 
(Fig. S10). The conductivity value was comparable to carbon black 
despite that the synthetic temperature of these carbon nanorods was 
much lower. Furthermore, the structure of nanorods has the advantage 
to construct conductive percolation network with small amount of ma
terial usage [4]. 

4. Conclusions 

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 pres
sure, 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 nanostructures. Compared to the tradi
tional methods that typically involve multistep reactions and hazardous 
chemicals, our method used the low-cost aliphatic hydrocarbon tetra
cosane as precursor in a solvent-free one-pot process. Moreover, the 
diameters of the carbon nanorods could be adjusted simply by control
ling the synthesis pressures. Our results revealed that pressure, as a 

Fig. 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). 

Fig. 4. Growth of the carbon nanorods with heating time. SEM images (a) and XRD patterns (b) of the products after different heating time. The scale bars in (a) 
represent a length of 100 nm. (c) Proposed formation mechanism of the carbon nanorods. 
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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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