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Introduction: The floating catalyst chemical vapour deposition (FC-CVD) method is widely used for synthesising carbon nanotubes
(CNTs), typically with ferrocene as the catalyst. This study explores the use of alternative, nonferrous metallocenes to investigate their
impact on carbon nanostructure formation.

Methods: Six metallocenes - ferrocene, cobaltocene, ruthenocene, vanadocene, manganocene, and magnesocene - were tested under
comparable FC-CVD conditions. The resulting materials were characterised using scanning electron microscopy (SEM), Raman
spectroscopy, and energy-dispersive X-ray spectroscopy (EDS).

Results and Discussion: Ferrocene produced vertically aligned CNT carpets with high crystallinity. Cobaltocene and magnesocene
also yielded CNTs, though less aligned and more defective. Ruthenocene and vanadocene resulted in disordered graphitic carbon
without nanotube morphology, confirmed by the presence of broad D and G bands in Raman spectra. Notably, manganocene catalysed
the formation of dendritic structures with oxidised and functionalised surfaces, exhibiting unique morphologies distinct from
conventional CNTs.

Conclusion: These results highlight the ability of nonferrous metallocenes to direct the growth of unconventional carbon nanos-
tructures. The findings suggest new possibilities for tailoring nanocarbon morphology through catalyst selection, particularly for
applications requiring high surface area or chemical functionality.
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Introduction

Chemical vapour deposition (CVD) is one of the most extensively studied methods for synthesising
nanoparticles.> CVD is an exceptionally versatile method that enables the formation of a wide range of
nanoparticles, including carbon nanotubes, graphene, hexagonal boron nitride, MXenes, and many more 1D and
2D materials.® ® Its advantages, such as simplicity, scalability, and economic efficiency, show great promise for
potential industrial manufacturing of synthesized materials. Since its discovery over 50 years ago, many types of
CVD processes have been distinguished, including water-assisted CVD,”® plasma-enhanced CVD (PE-CVD),’'°
metal-organic CVD (MOCVD)'" or floating catalyst CVD (FC-CVD).'*!* The latter one, FC-CVD, has gained

substantial interest due to the unique opportunities it offers in the synthesis of carbon nanotubes,'*"!’

particularly
enabling a continuous one-step synthesis of CNT macroarchitectures such as CNT fibres and films, as well as
CNT arrays.*'®!'? Furthermore, FC-CVD offers the possibility of controlling the nanostructure of CNTs. The
process can be optimised to synthesise single-walled carbon nanotubes (SWCNT),'”?%?! double-walled carbon
nanotubes (DWCNT)?? and multi-walled carbon nanotubes (MWCNT),* as well as provide control over the

length, chirality or doping of the nanotubes.?*?*?*> Understanding that CVD processes are capable of synthesising
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Graphical Abstract

a wide range of nanoparticles, it is reasonable to anticipate that FC-CVD might offer capabilities beyond merely
synthesising traditional carbon nanotubes, through adjustments in process parameters and feedstocks. In the quest
for precise synthesis of CNTs, a plethora of process variables have been explored, including temperature settings,
types and flow rates of gases, reactor configurations, carbon sources, sulphur compounds, and, lastly,
catalysts.'?*?°> Regarding the latter parameter, one of the earliest studies of FC-CVD process by Sen et al
focused on the use of metallocenes.”® The metallocenes tested in this research paper included ferrocene,
cobaltocene and nickelocene. All these metallocenes were further studied separately as well as in mixtures.?”-*®
The key studies relied on using an iron catalyst derived from ferrocene®****°3! due to much better yield and
quality of CNTs, improved growth rate and scalability of the process.*> Nonetheless, it has been shown that the
use of cobaltocene may lead to the formation of interesting structures such as cup-stacked carbon nanotubes?’ as
well as improved catalytic activity in the case of cobaltocene and nickelocene mixtures with ferrocene.”®** This
indicates that the use of other nonferrous metallocenes may alter carbon nanostructure synthesis routes, potentially
yielding novel nanomorphologies. To explore this opportunity, in this work, we conducted a series of experiments
using six compounds from the metallocene family: Ferrocene, Cobaltocene, Ruthenocene, Vanadocene,
Manganocene, and Magnesocene as catalyst sources in FC-CVD syntheses of carbon nanomaterials. These
experiments revealed the emergence of novel structures, diverging from conventional carbon nanotubes, some
featuring distinctive shapes. In particular, the unique dendritic morphologies obtained with manganocene suggest
potential applications in areas such as energy storage, sensing, or printed electronics, where high surface area and
oxygen functionality are advantageous.

Results and Discussion

The first experiment aimed to obtain the reference data for further studies presented in this work. The experiment
followed the procedure identified in the literature to be the most efficient, yielding carbon nanotube arrays of the highest
purity.>* 3¢ The CNT arrays were synthesised using a solution of 5 wt.% of ferrocene in toluene. The preheater
temperature was set to 170°C. The evaporating feedstock has been injected into the hot zone of the reactor and
transported with the argon flow set at 1 L/min. The synthesis has been performed at 760°C. SEM images and Raman
spectrum of synthesised CNT structure are presented in Figure 1.
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Figure | Scanning electron microscopy (a) and Raman spectrum (b) of carbon nanotube array structure obtained in the dedicated process with the ferrocene as the
catalyst.

As is shown in Figure 1 the FC-CVD method allowed obtaining a regular array structure of carbon nanotubes.
Individual carbon nanotubes had typical diameters in the range of several tens of nanometers. The height of the arrays
was about one millimetre. Such a result ranks very well among the CNT array structures described in the literature®**
and proves that the applied parameters of the process were well-adjusted.

The presented Raman spectrum shows all features characteristic of Raman spectroscopy of CNT structures. Radial
breathing mode (RBM) is visible at low frequencies, suggesting that the synthesised material includes single-wall
nanotubes (SWNT). Around 1330 cm ™', a D-band peak appears, which is typically observed in all graphitic structures
that contain some impurities or defects that break the sp® carbon structure symmetry.>”*' Next, at the frequency of
~1580 cm ' G-band, originating from carbon atom vibrations is visible. The overtone of the D-band, known as the 2D-
band, is also visible on the analysed spectrum at ~2650 cm ™. All the peaks are sharp and well-located, which proves the
good quality and purity of the material.

In the following syntheses, the ferrocene catalyst precursor has been replaced by other metallocenes - Cobaltocene,
Ruthenocene, Vanadocene, Manganocene and Magnesocene. The process conditions which were found to yield the best
CNT arrays for ferrocene-based synthesis were assumed to be the starting point for other metallocene syntheses.
However, some procedure parameters had to be adjusted to accommodate the melting points and solubility of the new
catalysts being tested. These compounds share a closely similar structure. All of them are bis(cyclopentadienyl)metal
structures, however, they exhibit some differences, for example, having varying melting points with values: 172.5°C,
173°C, 194°C, 165°C, 173°C, 176°C for Ferrocene, Cobaltocene, Ruthenocene, Vanadocene, Manganocene and
Magnesocene, respectively.

For all catalysts, a feedstock of 5 wt.% metallocene in toluene was prepared. During the preparation of the feedstock,
different solubilities of individual metallocenes were observed. This resulted in an extended sonication-assisted dissolu-

tion time, up to an hour, in the case of the Vanadocene and Manganocene.
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For all the tested metallocenes, experiments were first carried out with the process parameters used for ferrocene
(preheater temperature of 170°C, oven temperature - 760°C). Next, the temperatures were modified in the range of
650-850°C for the furnace, and 150-200°C at the preheater and product deposition on quartz glass was investigated. For
most of the catalysts tested, modifications of process temperatures did not improve the deposition of the products.
However, the significant difference in the melting point of ruthenocene compared to ferrocene necessitated an increase of
the temperature of the preheater to 200°C and the temperature of the actual pyrolysis to 850°C.

All deposits obtained in the syntheses were subject to scanning electron microscopy (SEM) and Raman spectroscopy
analysis. SEM images of the obtained nano and micromaterials are presented in Figure 2.

As shown in Figure 2a and b, the use of cobaltocene as a reaction catalyst formed nanotube structures. However, the
nanotubes are not arranged in a regular array structure, as is the case with iron catalysts.

In the case of the Magnesocene, individual nanotube structures can be seen at higher magnification (Figure 2d).
However, their number is negligible and their length is much shorter than for the Cobaltocene. In the case of the catalyst
in the form of both a Vanadium compound (Figure 2e and f) and a Ruthenium compound (Figure 2g and h), no nanotube
structures are visible. The structures visible in the obtained images are rather similar to graphite forms decorated with
metal catalysts. The analysis of SEM images seems to indicate that the most interesting material is the product of the
manganocene-catalysed reaction (Figure 2i and j). Dendritic structures resembling fern leaves were obtained.

The observed variations in carbon nanostructure morphology can be attributed to the intrinsic properties of the
metallocene catalysts used. Thermal decomposition temperatures play a crucial role; metallocenes with lower decom-
position points activate earlier, leading to different catalyst particle sizes and distributions. Moreover, the strength of
metal-carbon interactions influences the formation of metal carbides, which serve as active sites for carbon growth. For
instance, nickel’s strong affinity for carbon facilitates the formation of stable carbides, promoting the growth of well-
structured carbon nanotubes. In contrast, metals with weaker carbon interactions may lead to amorphous carbon
structures. Additionally, the electronic configuration and oxidation state of the metal center affect catalytic activity and
selectivity, further influencing the morphology of the synthesized carbon materials.

All obtained materials were also analysed by Raman spectroscopy for chemical and structural identification
(Figure 3a—e). Due to the unusual and intriguing structure of the manganocene-catalysed material, it was additionally
subjected to an Energy Dispersive Spectroscopy (EDS) analysis to characterise the elemental composition (Figure 3f).

The Raman spectra presented in (Figure 3a—e) seem to lead to conclusions consistent with the analysis of SEM
images. For the structures obtained for the cobaltocene (Figure 3a), magnesocene (Figure 3b), ruthenocene (Figure 3c)
and vanadocene (Figure 3d) catalysis, the Raman spectra show the D and G bands characteristic of nanocarbon
structures, with wavenumbers of around 1300 and around 1580 cm™', respectively. The bands in these positions are
characteristic of sp® hybridized materials. Thus, both nanotube structures and graphene/graphite can be present in the
samples. Therefore, to analyse the composition, it is necessary to correlate the results of Raman spectroscopy with SEM
images. In the case of cobalt (Figure 3a) and magnesium (Figure 3b) based catalysts, the images clearly show the
presence of carbon nanotubes. The G-band to the D-band intensity ratio is often mentioned as a useful tool for
determining the quality of produced carbon nanotubes. The D-band is associated with defects within the graphic lattice
or even with amorphous carbons. The better the purity and quality of the nanotubes, the higher the value of the G:D ratio
is observed.** Therefore, both the cobaltocene and magnesocene carbon nanotubes contain numerous defects, which is
also consistent with the results of the SEM analysis.

Furthermore, taking into account both the SEM imaging results and the presence of the typical G and D bands in
Raman spectroscopy for materials catalysed by ruthenocene (Figure 3¢) and vanadocene (Figure 3d), it can be concluded
that graphite structures were obtained, probably functionalised to some extent by the presence of ruthenium and
vanadium elements, respectively.

Even though the presence, shape and location of the characteristic bands provide a large amount of information about
the carbon material, there is a large discrepancy in the literature regarding the Raman spectra of various graphite systems,
eg relatively newly produced graphitised structures reduced from oxides, wrinkled or functionalised sp*-bonded carbon
materials.*>* For graphene, a strong share of the 2D band is usually observed, which is not observed for the materials
tested here. Yet, it is not difficult to find reports in which the 2D band is very broadened and not very intense, as well as
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Figure 2 Scanning electron microscopy images of carbon structures synthesised with the usage of (a and b) cobaltocene, (c and d) magnesocene, (e and f) vanadocene,
(g and h) ruthenocene, (i and j) manganocene as a catalyst. For each catalyst, images are presented at 10,000 (left) and 25,000% (right) magnification to allow consistent

comparison of morphological features.
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Figure 3 Raman spectra of carbon structures synthesised with the usage of (a) cobaltocene, (b) magnesocene, (c) vanadocene, (d) ruthenocene, (e) manganocene as
a catalyst. Energy Dispersive Spectroscopy analysis of the structure synthesised with manganocene as a catalyst (f).

in which the 2D band is omitted at all.***° In general, Raman spectra of graphitised structures depend not only on the
number of layers or the number of graphitisation disturbances but also largely on their functionalisation, production
method or substrate.

Among all tested materials the most intriguing and thought-provoking is the one catalysed by the manganocene
(Figure 3e). With the aim to better analyse the surprising SEM images and the diversity of bands in Raman spectroscopy,
this material was also subjected to elemental composition analysis using EDS (Figure 3f). As shown by the result of this
test, the compound synthesized as a result of the Manganocene catalysed reaction consists of carbon, manganese and
oxygen. This most likely indicates that nanocarbon structures, built on the manganese catalyst were obtained, which are
further functionalized with oxygen from the air. This information allows a better understanding of the plurality of bands
in the Raman spectrum.

A number of bands can be observed in the Raman spectrum of this material, some of which can be sorted into groups.
The first visible signal is around 131 cm™', the intense band in this position for carbon structures is often associated with
the presence of single-walled nanotubes. Between 1069 cm ™' and 1371 cm ™', a group of three bands is visible, and these
are the most intense peaks of the analysed spectrum. The location of these bands, namely in the vicinity of the D band,
may indicate that we are dealing with a highly disturbed structure of nanotubes. For wavenumber 1722 cm ™', a single
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band is visible, followed by another triplet of bands at positions between 2013 cm ™' and 2373 cm™". The last visible band
appears at the wavenumber of 2903 cm™'. The analysis of such arranged strands is not easy. Both the SEM images, which
show the extremely complex architecture of the material, and the EDS results, which show a small number of constituent
elements, should be considered. Bands in the range 1650-1750 cm ™' indicate the presence of carbon-oxygen double
bonds and the bands in the range 2100-2300 cm ' indicate the presence of carbon-carbon triple bonds. The last band, on
the other hand, indicates carbon-hydrogen vibrations.’® The structure obtained is probably a nanocarbon structure with
a strong disturbance of the graphite structure, for example, due to the complicated structure and the related series of
carbon bonds. In addition, this structure is most likely functionalized with oxygen, which presumably happened due to
the oxidation of the carbon structures by the manganese catalyst.

While this study focused on the synthesis and structural analysis of carbon nanomaterials derived from various
metallocene catalysts, the unique features of the manganese-catalysed dendritic structures—such as high surface
complexity, presence of oxygen functionalities (as suggested by EDS and Raman), and hierarchical morphology—
make them promising candidates for further functional evaluation.

In particular, such materials could be explored in printed electronics, as novel functional fillers or electrodes in

51,52 53,54

conductive inks and pastes, or in electrochemical sensing platforms, where surface functional groups can

enhance molecular binding. Moreover, their complex surface topology and redox-active components suggest potential

5

in energy storage devices,”” including supercapacitors®® and battery electrodes.”’ These possibilities position the

synthesised materials as intriguing subjects for future application-driven studies.

Conclusions

Unique properties of nanoscopic carbon materials lead to extensive works of both the new materials among this family
and other synthesis possibilities of known materials. To fulfil both of those trends we presented research on the
capabilities of CNT arrays-dedicated furnace, on the synthesis of either nanotube with better alignment or new carbon
nanostructures. The use of metallocenes as catalysts was associated with the proven effectiveness of ferrocene in the
synthesis of good quality vertically aligned carbon nanotubes carpets. Conducted tests showed that catalysis by
cobaltocene and magnesocene allows obtaining the structure of nanotubes. However, these are not regularly arranged
parallel structures and graphitization is strongly disturbed. The defects are stronger for the catalysis with the magnesium
compound. The materials synthesized by the vanadocene and ruthenocene catalysis did not show the structure of the
nanotubes. However, the Raman spectra of these materials reveal the G - and D - bands characteristic of the graphite
structures. The observations of the scanning electron microscopy images allow confirming the presence of graphite
structures. The manganocene-catalysed reaction allows for obtaining very interesting structures resembling ferns. Based
on the conducted material analysis we were able to characterize the material as oxidized and functionalized carbon
structures. The manganocene-catalysed reaction allows for obtaining very interesting structures resembling ferns. Based
on the conducted material analysis we were able to characterize the material as oxidized and functionalized carbon
structures.

The research conducted allowed us to obtain interesting materials. It was shown that the growth of nanotube
structures does not occur for the entire family of metallocenes and that intriguing and unusual structures can be obtained.
These findings highlight the potential of nonferrous metallocenes to diversify the morphology of carbon nanomaterials
beyond traditional CNTs. Considering the unique features and potential applications of these nanostructures, particularly
those derived from manganocene, it would be highly valuable to pursue further studies. Future experimental research
should focus on optimising synthesis conditions, assessing reproducibility, addressing the scalability of material
manufacturing, as well as evaluating the functional performance of these novel nanostructures, including the testing of
electrical, thermal and mechanical properties, and chemical reactivity. Full understanding of the mechanisms responsible
for the synthesis of novel nanomaterials could be gained through the simultaneous atomistic modelling of the synthesis
reactions.
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Experimental Section

Materials: In all experiments, toluene was used as a carbon substrate. The tested catalysts included Ferrocene,
Cobaltocene, Ruthenocene, Vanadocene, Manganocene, and Magnesocene. Toluene and Ferrocene were purchased
from Sigma Aldrich, UK. Other metallocenes were purchased from Strem Chemicals, Inc., UK.

Synthesis

Carbon nanomaterials were synthesized using the previously described chemical vapour deposition process, tailored
specifically for the synthesis of carbon nanotube arrays.>® Briefly, the setup comprised a horizontal tube furnace capable
of reaching temperatures up to 900°C, a liquid feedstock injector heated to 200°C, a source of argon gas, and an exhaust
filtering system. During a standard CNT synthesis process, the liquid feedstock, comprised of a carbon source and
a catalyst source, is heated and then injected into the reactor’s main zone with a flow of argon. Within the reactor’s hot
zone, the feedstock undergoes pyrolysis. Iron catalysts deposit on the walls of the quartz tube, initiating the growth of
CNTs in the form of arrays. All syntheses were performed in triplicate to confirm reproducibility. Representative results

are shown.

Solutions Preparation

The metallocene solutions in toluene were prepared by weighing the desired amount of metallocene and toluene and their
homogenization using a VCX 750 ultrasonic homogeniser until visible dissolution of metallocene in toluene. 10 minutes
each for Ferrocene, Cobaltocene, Ruthenocene, Magnesocene. 60 minutes each for, Vanadocene, and Manganocene.

Characterization

The Raman analysis was made on the Horiba LabRam 300 spectrometer with a 17 mW, 633 nm red laser. The analysis
software was Lab Spec 5. Scanning Electron Microscopy of the reference CNT array was carried out using a Carl Zeiss
Auriga 60 high-resolution scanning electron microscope with an accelerating voltage of 8 kV. Structural investigations
were combined with advanced energy-dispersive spectroscopy analysis.
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