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Comparison of Plasma Deposition of

Carbon Nanomaterials Using Various

Polymer Materials as a Carbon Atom

Source. Nanomaterials 2022, 12, 246.

https://doi.org/10.3390/

nano12020246

Academic Editor: Orietta Monticelli

Received: 7 December 2021

Accepted: 12 January 2022

Published: 13 January 2022

Publisher’s Note: MDPI stays neutral

with regard to jurisdictional claims in

published maps and institutional affil-

iations.

Copyright: © 2022 by the authors.

Licensee MDPI, Basel, Switzerland.

This article is an open access article

distributed under the terms and

conditions of the Creative Commons

Attribution (CC BY) license (https://

creativecommons.org/licenses/by/

4.0/).

nanomaterials

Article

Comparison of Plasma Deposition of Carbon Nanomaterials
Using Various Polymer Materials as a Carbon Atom Source
Alenka Vesel 1,* , Rok Zaplotnik 1 , Gregor Primc 1 , Domen Paul 1,2 and Miran Mozetič 1

1 Department of Surface Engineering, Jozef Stefan Institute, Jamova cesta 39, 1000 Ljubljana, Slovenia;
rok.zaplotnik@ijs.si (R.Z.); gregor.primc@ijs.si (G.P.); domen.paul@ijs.si (D.P.); miran.mozetic@ijs.si (M.M.)

2 Jozef Stefan International Postgraduate School, Jamova cesta 39, 1000 Ljubljana, Slovenia
* Correspondence: alenka.vesel@guest.arnes.si

Abstract: Carbon nanowalls are promising materials for various electrochemical devices due to their
chemical inertness, desirable electrical conductivity, and excellent surface-to-mass ratio. Standard
techniques, often based on plasma-assisted deposition using gaseous precursors, enable the synthesis
of top-quality carbon nanowalls, but require long deposition times which represents a serious obstacle
for mass applications. Here, an alternative deposition technique is presented. The carbon nanowalls
were synthesized on titanium substrates using various polymers as solid precursors. A solid precursor
and the substrate were mounted into a low-pressure plasma reactor. Plasma was sustained by an
inductively coupled radiofrequency discharge in the H-mode at the power of 500 W. Spontaneous
growth of carbon nanomaterials was observed for a variety of polymer precursors. The best quality
of carbon nanowalls was obtained using aliphatic polyolefins. The highest growth rate of a thin
film of carbon nanowalls of about 200 nm/s was observed. The results were explained by different
degradation mechanisms of polymers upon plasma treatment and the surface kinetics.

Keywords: carbon nanowalls; plasma deposition; fast synthesis; one-step procedure; polymer source

1. Introduction

For decades, the synthesis of carbon nanomaterials has been a hot topic of interdisci-
plinary research because of the numerous possible applications. The materials exhibit good
chemical inertness, reasonable electrical conductivity, and a large surface-to-mass ratio.
A variety of carbon nanomaterials have been invented, including fullerenes, nanotubes,
nanowires, graphene and its derivatives, and less-oriented materials such as soot. Of
particular importance are carbon nanomaterials in the form of evenly distributed flakes
stretching from a substrate surface. Such materials are promising for application in electro-
chemical and photoelectrical devices such as supercapacitors, super-batteries, fuel cells,
and photo-catalyzers [1–6]. A sophisticated version of such materials is carbon nanowalls
(CNWs). Carbon nanowalls are flakes of multilayer graphene sheets vertically oriented on
a suitable substrate. The typical thickness of the CNWs is several nm, and the area of a
flake is of the order of µm2. The distance between neighboring flakes in carbon nanowalls
is several 10 µm, thus making this material superior in terms of the surface-to-mass ratio.

Several methods were proposed for the synthesis of carbon nanowalls. They are
usually based on classical chemical vapor deposition (CVD) or plasma-enhanced chemical
vapor deposition (PECVD). These techniques usually require a long deposition time of
minutes or even hours. The current progress in the synthesis of carbon nanowalls has been
reviewed in the papers [7,8]. Recently, we have shown that nitrogen-containing carbon
nanomesh can be deposited in nitrogen plasma using polymer polyethylene terephthalate as
the source of a carbon precursor [9]. The aim of this paper was to investigate the influence
of the type of polymer material used as a carbon precursor on the growth of carbon
nanostructures. Therefore, several different polymers were used in the study presented
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in this paper. Additionally, besides the effect of the source of the carbon precursor on the
CNWs’ growth, the effect of the type of processing plasma gas was also investigated.

2. Materials and Methods
2.1. Plasma Synthesis of Carbon Nanomaterials

The deposition of carbon nanomaterials was performed in an inductively coupled
radiofrequency plasma (ICP-RF) system shown in Figure 1. The system consisted of the
discharge tube with a coil of six turns that was positioned in the middle of the tube.
The tube was made of borosilicate glass with dimensions 80 cm in length and 4 cm in
diameter. The system was first pumped with a Hi-Cube 300 Classic pumping station
(Pfeiffer Vacuum, Asslar, Germany), consisting of a turbomolecular pump of a nominal
pumping speed of 260 L/s backed with a rotary pump with a nominal pumping speed of
5 m3/h. This pumping station was used to get the base pressure of 10−2 Pa and to achieve
low levels of the residual atmosphere. After achieving the base pressure, we continued
pumping only with a rotary pump with a nominal pumping speed of 80 m3/h. A gas of
commercial purity was released into the discharge system using a mass flow controller Aera
FC7700 (Advanced Energy, Denver, CO, USA). Various gasses were used to manipulate the
morphology and chemical composition of deposited carbon nanostructures. The deposition
was thus performed using N2 (43 sccm), O2 (35 sccm), H2 (82 sccm), and CO2 (58 sccm),
keeping the gas pressure constant at 16 Pa. This was the pressure obtained using the
smallest flow rate that was possible to set on our flow controller. If the flow rate was higher,
it was not good for the synthesis because the polymer degradation products were too
quickly pumped away. Here we should mention that CNWs could also be synthesized in a
closed system without pumping, but this was not practical because it was more difficult to
control the constant experimental conditions and the repeatability.

Nanomaterials 2022, 12, x FOR PEER REVIEW 2 of 15 
 

 

the influence of the type of polymer material used as a carbon precursor on the growth of 
carbon nanostructures. Therefore, several different polymers were used in the study pre-
sented in this paper. Additionally, besides the effect of the source of the carbon precursor 
on the CNWs’ growth, the effect of the type of processing plasma gas was also investi-
gated.  

2. Materials and Methods 
2.1. Plasma Synthesis of Carbon Nanomaterials 

The deposition of carbon nanomaterials was performed in an inductively coupled 
radiofrequency plasma (ICP-RF) system shown in Figure 1. The system consisted of the 
discharge tube with a coil of six turns that was positioned in the middle of the tube. The 
tube was made of borosilicate glass with dimensions 80 cm in length and 4 cm in diameter. 
The system was first pumped with a Hi-Cube 300 Classic pumping station (Pfeiffer Vac-
uum, Asslar, Germany), consisting of a turbomolecular pump of a nominal pumping 
speed of 260 L/s backed with a rotary pump with a nominal pumping speed of 5 m3/h. 
This pumping station was used to get the base pressure of 10−2 Pa and to achieve low levels 
of the residual atmosphere. After achieving the base pressure, we continued pumping 
only with a rotary pump with a nominal pumping speed of 80 m3/h. A gas of commercial 
purity was released into the discharge system using a mass flow controller Aera FC7700 
(Advanced Energy, Denver, CO, USA). Various gasses were used to manipulate the mor-
phology and chemical composition of deposited carbon nanostructures. The deposition 
was thus performed using N2 (43 sccm), O2 (35 sccm), H2 (82 sccm), and CO2 (58 sccm), 
keeping the gas pressure constant at 16 Pa. This was the pressure obtained using the small-
est flow rate that was possible to set on our flow controller. If the flow rate was higher, it 
was not good for the synthesis because the polymer degradation products were too 
quickly pumped away. Here we should mention that CNWs could also be synthesized in 
a closed system without pumping, but this was not practical because it was more difficult 
to control the constant experimental conditions and the repeatability. 

 

Figure 1. Experimental set-up. 

Deposition of carbon nanomaterials was performed on the substrates made from ti-
tanium foil which were placed in the middle of the coil (i.e., in the glowing discharge). Ti 
substrates were in the form of a square with a size of 8 × 8 mm2. At the same time, a piece 
of a polymer material was also placed into the discharge tube, as shown in Figure 1.  

The polymer was placed 1 cm before the Ti substrate. The polymer material served 
as a source of carbon precursors. Different polymer materials (from Goodfellow Ltd., 
Huntingdon, UK) were used to study the influence of the source material on the properties 
of the nanocarbon deposit. The following polymer materials were selected: low-density 

Figure 1. Experimental set-up.

Deposition of carbon nanomaterials was performed on the substrates made from
titanium foil which were placed in the middle of the coil (i.e., in the glowing discharge). Ti
substrates were in the form of a square with a size of 8 × 8 mm2. At the same time, a piece
of a polymer material was also placed into the discharge tube, as shown in Figure 1.

The polymer was placed 1 cm before the Ti substrate. The polymer material served
as a source of carbon precursors. Different polymer materials (from Goodfellow Ltd.,
Huntingdon, UK) were used to study the influence of the source material on the properties
of the nanocarbon deposit. The following polymer materials were selected: low-density
polyethylene (LDPE), high-density polyethylene (HDPE), polypropylene (PP), polyamide
(PA6), polyethylene terephthalate (PET), polystyrene (PS), and acrylonitrile butadiene
styrene (ABS). For all polymers, equal masses (200 mg) were used. The amount of a
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polymer does not affect the synthesis of CNWs as long as it is large enough to provide
a sufficient flux of carbon precursors to the polymer surface. We found that 200 mg of a
polymer is more than enough, so we always chose this mass of a polymer. If the amount of
a polymer was too small compared to the size of the substrate surface, the surface would
be poorly covered with CNWs because of the insufficient flux of carbon precursors.

The deposition time was varied using PP polymer to find the most optimal time for
the deposition of CNWs—which was 60 s. Then, the deposits were formed using all the
above-mentioned polymers at a constant treatment time of 60 s.

The plasma was ignited and sustained at the forward power of the RF generator of
500 W (Advanced Energy, Denver, CO, USA). The RF generator operated at the standard
industrial frequency of 13.56 MHz. Inductively coupled plasma was sustained in the
H-mode, where the absorbed power was high (reflected power only 20 W). At these
conditions, a Ti substrate was heated in the plasma because of exothermic heterogeneous
surface reactions and reached a temperature of approximately 800 ◦C after several seconds.
At the same time, the polymer material was also heated and melted. Degradation products
of polymer evaporated from the solid precursors and deposited on the Ti substrate forming
a layer of nanowalls.

To understand deposition mechanisms occurring in plasma when using various gases
and polymer materials, we characterized the plasma by optical emission spectroscopy (OES)
using AvaSpec-3648 Fiber Optic Spectrometer (Avantes, Apeldoorn, The Netherlands). The
spectrometer resolution was 0.5 nm in the range of wavelengths between 200 to 1100 nm.
The integration time was 1 ms. The spectrometer was placed at the end of the tube on its
axis because the sidewalls of the tube quickly became opaque due to the formation of a
deposit.

2.2. Characterization of the Samples

The surface morphology of the deposits was analyzed by secondary electron mi-
croscopy (SEM). Microscopic images were acquired in immersion mode using Schottky
field emission scanning electron microscope with a monochromator (Thermo Fisher Verios
4G HP, Waltham, MA, USA).

The chemical composition of the samples was analyzed by X-ray photoelectron spec-
troscopy (XPS). The characterization was performed by using an XPS (TFA XPS Physical
Electronics, Münich, Germany). The samples were excited with monochromatic Al Kα1,2
radiation at 1486.6 eV over an area with a diameter of 400 µm. Photoelectrons were detected
with a hemispherical analyzer positioned at an angle of 45◦ with respect to the normal of the
sample surface. Survey spectra were measured to determine the surface composition—i.e.,
the presence of any other elements except carbon. The survey spectra were measured at a
pass energy of 187 eV with an energy step of 0.4 eV. The measured spectra were analyzed
using MultiPak v8.1c software (Ulvac-Phi Inc., Kanagawa, Japan, 2006) from Physical
Electronics, which was supplied with the spectrometer. Standard sensitivity factors were
used for the calculation of the surface composition.

3. Results and Discussion
3.1. Influence of the Deposition Time

Various deposition times were used to find the most optimal conditions for the syn-
thesis of a thin film of carbon nanowalls. In Figure 2, examples of SEM images of CNW
deposits when using the PP polymer as a source of carbon atoms are shown. One can
observe that at the shortest deposition time of 10 s, CNWs are small and dense on the
substrate surface (Figure 2a). When the deposition time is increased, the size of the vertical
flakes increases, as well as the distance between them (Figure 2a–c), reaching the maxi-
mum size of the nanowalls and a maximum distance between them at 60 s of treatment
(Figure 2d). At longer deposition times (Figure 2e,f), CNWs become slightly smaller and
denser again. Furthermore, the edges of CNWs are less sharp, indicating that etching and
their destruction had already occurred.
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The results presented in Figure 2 are further evidenced in Figure 3, which represents
the thickness of the CNW film versus the deposition time. The deposition time does not
affect just the morphology of CNWs but also the thickness of the deposited layer. One
can observe a maximum thickness at the treatment times between 30 and 60 s. A decrease
in the film thickness at a longer treatment time is a consequence of plasma etching and
simultaneous removal of the deposit during its growth.

The results presented in Figures 2 and 3 are in agreement with our previous investiga-
tion, where we deposited CNWs in nitrogen plasma with the same experimental conditions
but using PET polymer as the solid precursor and found the most optimal deposition
time was 60 s [9]—i.e., the same as in this study. Therefore, in all further experiments, the
deposition time was fixed to 60 s.
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Figure 3. The thickness of CNWs, shown in Figure 2, versus deposition time.

3.2. Influence of the Polymer Material as a Carbon Atom Source

In the next set of experiments, different polymer materials were used to study the
influence of the carbon source material on the characteristics of the deposits. Therefore,
examples of aromatic (PET, PS, ABS) and aliphatic (LDPE, HDPE, PP, PA6) polymers were
used to produce different plasma radicals acting as building blocks for the growth of CNWs.
Some of these polymers were olefins (PS, LDPE, HDPE, PP), whereas the others contained
heteroatoms O and/or N (PET, ABS, PA6). The structure of these polymers is shown in
Table 1.

Table 1. Chemical structure of the polymers used as a carbon precursor.

Polymer Structure

PS
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SEM images of the deposits synthesized from the above-mentioned polymers are
shown in Figure 4. Figure 4a–d show the deposits formed on the titanium substrate when
using polymers PP, PA6, LDPE, and HDPE. In all four cases of polymers, we can clearly
observe the formation of CNWs. However, the next three images shown in Figure 4e–g
significantly differ from Figure 4a–d. Instead of CNWs, a dense mesh of small nanocarbon
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was formed, resembling cauliflower-like structures. These samples with the cauliflower-like
structures were synthesized from polymers PS, PET, and ABS, all examples of aromatic
polymers. In contrast, images with CNWs (Figure 4a–d) were all obtained when using
aliphatic polymers as a source of the carbon precursor. The results shown in Figure 4
indicate that there must be a significant difference in the thermal degradation of aromatic
and aliphatic polymers upon plasma conditions leading to different carbon radicals acting
as building blocks for CNWs. Aromatic polymers are in general more thermally stable than
aliphatic, and it seems that aromatic rings, which are in the first approximation similar
to a graphite structure (except that the rings are terminated with hydrogen), are not key
building blocks for the growth of CNWs, or they have a different influence on the formation
of the nucleation sites and growth process [10]. In addition, the dynamics of the migration
and reorientation of these species as well as the time scale of their growth may be different,
thus affecting the growth of the deposit.
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To get a further insight into the degradation mechanisms of various polymers and
the consequent formation of their degradation products, we studied the literature. The
explanation is far from being simple because of the presence of various factors in plasma
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(i.e., heat load, irradiation, reactive (oxidizing) plasma species) that may all influence the
degradation kinetics of polymers in plasma. Depending on the environmental conditions,
polymers can undergo different degradation mechanisms [11]: (i) thermal degradation,
(ii) photochemical degradation, and (iii) oxidative degradation. Thermal degradation is
caused by a temperature increase leading to conformational changes, bond dissociation,
and radical formation. Photochemical degradation is triggered by photon irradiation (visi-
ble, UV, VUV), causing bond dissociation and cross-linking. If the treatment is performed
in an oxidizing atmosphere such as air, the bond-scission is followed by oxidation (pho-
tooxidative degradation). Oxidative degradation is caused by the presence of oxygen.
This process is particularly effective in gaseous discharges (i.e., oxygen plasmas) that are
a rich source of various reactive oxygen species—the most important are neutral oxygen
atoms. Even when using discharges sustained in other gasses, some oxygen is present in
vacuum systems as water vapor. In the presence of reactive oxygen species, the process of
polymer degradation is often initiated by hydrogen subtraction from polymer, followed
by various reactions [12]. However, plasmas are not only a rich source of oxygen atoms
but also a source of radiation by photons (UV/VUV). Furthermore, because of exothermic
heterogeneous surface recombination and chemical reactions of oxygen radicals on the
polymer surface, the polymer can be heated well above the melting temperature. All
the above-mentioned processes occur on the polymer surface upon plasma conditions
simultaneously, making the plasma–polymer interaction very complex. In extreme cases of
polymer oxidation, polymer burning occurs [11]. The interior of the polymer is subjected
to thermal degradation, causing the formation of molecular fragments, which migrate
towards the polymer surface, where they mix with oxygen and burn [11]. When using
plasma afterglows for surface functionalization of polymers, the polymer is kept at room
temperature. Therefore, only prolonged treatment with oxygen radicals can cause etching
and degradation. In our case, the polymer was placed in the intense glowing region;
therefore, it was heated above its melting temperature in a short time. Furthermore, ex-
periments were performed in nitrogen plasma with a low base pressure; therefore, the
contribution of oxidizing species to polymer degradation is negligible in our case. For
this reason, we can assume that thermal degradation is the most important mechanism in
our conditions. For all polymers probed in this study, the final degradation product after
prolonged plasma treatment was black carbon residues, although some visual differences
were observed during the plasma treatment. ABS polymer immediately carbonized. PS
and PET polymers shrank into a ball, started boiling, and finally carbonized. LDPE and
HDPE twisted, intensely boiled, and then carbonized. PA6 was also intensively boiling, but
it neither shrank nor twisted. For PP polymer, no special visible changes were observed in
terms of twisting, shrinkage, or bubble formation, and it looked as if only evaporation was
occurring on the surface before the carbonization. From these observations, it seems that
intensive boiling or evaporation is the most important process for providing appropriate
volatile low-mass species, which served as building blocks of nanocarbon on the titanium
substrate.

To further check whether just high temperature causing thermal degradation is suffi-
cient for CNW synthesis or whether plasma is needed at all, we performed an additional
experiment in the same vacuum system without igniting the plasma. An additional heater
was used to heat the polymer and the Ti substrate; however, CNWs did not form. In yet
another modification of this experiment, the Ti substrate was placed in the glowing plasma,
whereas the polymer was placed far away from plasma and heated by an additional heater.
In these conditions, CNWs were formed on the Ti-substrate, thus proving that plasma
has an important role in the growth of CNWs on the substrate or in the modification of
polymer-degradation products reaching the plasma. However, for polymer degradation
itself, the plasma is not essential for the deposition of nanocarbon on the titanium surface;
therefore, a simple thermal degradation can also be applied.

Polymers may have different weight-loss rates during their thermal degradation [13].
Furthermore, different degradation products may also be formed. As found in the literature
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review, the most important thermal and photodegradation products of the polymers used
in our study are summarized in Table 2 [14–19]. We can notice that in the case of aromatic
polymers, degradation products contain aromatic rings (e.g., styrene monomer), whereas in
the case of aliphatic polymers, various low-molecular unsaturated and saturated aliphatic
compounds are formed. As already mentioned before, despite some similarities of aromatic
rings to graphite structure, it is apparent that aromatic rings are not important building
blocks in the formation of CNWs. It is much more likely that low-molecular aliphatic
compounds that can be further dissociated in plasma are the most important building
blocks. This is also in agreement with the classical PECVD techniques that apply CH4,
C2H2, or even ethanol and hexane vapor or fluorinated compounds CF4, CHF3, and C2F6
for the deposition of CNWs [20–22]. Currently, it is supposed that C2 dimers are the most
important building units for CNWs growth [23]. From C2 dimers, higher mass-carbon
clusters CnHx

+ may be formed, initiating the growth process [23,24].
In fact, we have found only one publication, published by Lehman et al. [24], where

authors used aromatic precursor p-xylene for the synthesis of CNWs. They also used
ICP-RF plasma but with a very low discharge power of just 150 W. Very low power was
responsible for breaking the C–H bond in the methyl group attached to the aromatic
ring, leaving the aromatic ring (which exhibits higher stability) rather intact. The growth
of CNWs was explained by the condensation of p-xylyl radicals and the formation of
polycyclic aromatic 2,6-dimethylanthracene. In another publication by Hsu et al. [25],
the authors also reported the synthesis of CNWs using a low-power plasma (60 W) and
1,2-dichlorobenzene as the precursor; however, methane was also introduced into the
plasma to enhance the growth process. Since methane is a commonly used precursor, it
is questionable if 1,2-dichlorobenzene was needed for the successful deposition of CNWs
at all. In RGA spectra, the authors found substantial amounts of C2 together with smaller
amounts of C6 and C6H6.

The formation of C2 was also monitored in our experiment using OES. The evolution
of C2 species during the plasma treatment of various polymers is shown in Figure 5. No
correlation was found between the intensity of C2 species and the morphology of the
deposits. Nevertheless, the final growth of nanostructures obviously depends on many
factors: supply of appropriate building units, their consumption by the growth process, the
time scale needed for transport and reorganization, etc. These processes do not depend just
on the type of precursor used but also on the surface temperature, which in turn depends
on the discharge power [26]. Building units are not produced only as a consequence of the
thermal decomposition of polymers, but they can also be produced in plasma as well as
within the sheath, where fluxes of ions may be important, especially at the initial stages of
the formation of nucleation sites [26].
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Table 2. Thermal and photooxidative degradation products. Information for melting and deposition
temperature was obtained from [16].

Polymer Melting
T

Decomposition
T Thermal Degradation Products Refs.

PS 503 K 549 K

monomer styrene (40%), dimer, trimer, tetramer, pentamer,
benzene, ethylbenzene, α-methylstyrene; in the presence of
oxygen: phenol, ketones, benzoic acid, benzyl alcohol,
benzaldehyde

[14–16]

PE 378–408 K 650 K propene (up to 25%), propane, ethene, ethane, butene, hexene
(formation of the transition state six-membered ring) [14–16]

PP 443 K 624 K pentane (24%), 2-methyl-1-pentene, 2,4-dimethyl-1-heptene,
propane [14–16]

PET 523–533 K 698 K

cleavage of ester groups and formation of carboxylic acids and
vinyl esters (benzoic acid (43%), acetaldehyde (16%), CO2, vinyl
esters of benzoic acid), anhydride containing oligomers, cyclic
oligomers; also scission through a six-membered ring transition
state; formation of non-volative residues of interconnected
aromatic rings was also reported.

[15–18]

PA6 498–508 K 708 K cyclic oligomers, caprolactam (73%), CO2 [19]

ABS 383–398 K 693 K degradation to its constituents, depending on temperature:
butadiene, sytrene, ethylbenzene, N-containing products [27,28]

Here we should also note that the different morphology of the deposited carbon nanos-
tructures when using aromatic or aliphatic polymer precursors is not the only outcome
of this study. We have also noticed significant variations in the thickness of the deposited
layers. In Figure 6a–g cross-sections of the deposits and their thicknesses are shown. In
general, we can observe that, when using aromatic polymers (Figure 6e–g), the layers
are thicker than for aliphatic polymers (Figure 6a,c,d). It was reported that etching and
removal of amorphous carbon from the deposit was an important step in the formation
of CNWs [29]. In addition, hydrogen was found to play a significant role in the growth of
CNWs [30–32]. A generally accepted mechanism of CNW growth includes: (i) adsorption
of CHx radicals and formation of an amorphous layer, (ii) formation of defects acting as
nucleation sites, and (iii) migration and nucleation of carbon species leading to the growth
of graphene sheets [29,33]. Therefore, etching is essential for helping the formation of
appropriate nucleation sites and removal of small randomly oriented structures, including
amorphous fractions, thus enabling the growth of relatively large vertical graphene sheets.
Moreover, etching also prevents the formation of additional graphene layers by the removal
of weakly bonded carbon atoms, and it enhances the migration of carbon precursors [33].
All these facts can explain the formation of thicker layers when using aromatic polymers. It
seems that there was no simultaneous etching of amorphous parts during the growth to
allow the migration, nucleation, and formation of highly ordered structures. Furthermore,
simple low-weight polymer degradation products in the case of aliphatic compounds
probably have a higher ability for migration and appropriate orientation during CNW
growth than larger aromatic fractions.

3.3. Influence of the Processing Gas

As mentioned in the previous subsection, the presence of oxidative species and radi-
ation may influence the thermal degradation mechanisms of polymers. However, it was
also reported that the addition of hydrogen, argon, and even oxygen in classical PECVD
techniques using a CH4 precursor could greatly improve the quality of CNWs [7]. The qual-
ity of carbon nanowalls is often attributed to the quantity of inadequately bonded carbon.
The best quality is attributed to graphene sheets free from the amorphous hydrogenated
carbon phase. The amorphous phase will deposit, especially at elevated pressures, but will
be effectively removed by weak bombardment with positive ions and chemical interaction
with reactive neutral species such as H and/or O atoms. Some authors also performed the
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synthesis of CNWs in nitrogen or ammonia plasma to allow for the doping of CNWs with
nitrogen atoms and thus affecting their electronic properties [8]. This was also one of the
reasons for choosing polymers such as PA6 and ABS in this investigation, because they
contain nitrogen. We wanted to check if this can help obtain CNWs with more N-doped
atoms. Table 3 shows the surface composition of the deposits as revealed from XPS survey
spectra acquired on samples whose SEM images are shown in Figure 4. We have to stress
again that the deposits were formed using nitrogen plasma. The measured concentration of
nitrogen for all polymers is rather small. The highest amounts were found when using PS,
PET, and PA6 with no significant difference between them. For ABS polymer, the nitrogen
content was at the detection limit of XPS. Therefore, using N-containing polymer as a
carbon as well as a nitrogen precursor does not allow a higher content of nitrogen to be
obtained within the surface film as probed by XPS.
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Table 3. XPS surface composition of the deposits synthesized in nitrogen plasma using various
polymer sources.

Polymer Gas C
(atom. %)

N
(atom. %)

O
(atom. %) N/C

PS N2 93.8 3.7 2.6 0.04
PET N2 94.4 2.6 3.0 0.03
ABS N2 98.0 0.7 1.3 0.03
PA6 N2 94.4 2.8 2.8 0.003
LDPE N2 98.6 0.3 1.1 0.02
HDPE N2 95.6 1.7 2.8 0.01
PP N2 96.7 1.0 2.3 0.01

The influence of the processing gas on the growth and morphology of CNWs was
studied using different gases instead of nitrogen to reveal the role of the presence of
oxygen, hydrogen, or other species in the plasma. CNWs were synthesized from PP and PS
polymers using plasmas created in H2, O2, N2, and CO2 gases. Figure 7a–h shows SEM
images of the deposits (left column) and their cross-sections (right column) for the case of
aliphatic PP polymer, whereas Table 4 shows the surface compositions as deduced from
XPS survey spectra. An important conclusion from Figure 7 is that no matter what gas we
use, the CNWs are always synthesized on the surface when using this aliphatic polymer
as the solid precursor. This is another indication that, in our case, oxidative degradation
of a polymer is not the most important mechanism that leads to the growth of CNWs, at
least for this type of polymer. The CNWs only differ in the size of the graphene flakes.
Furthermore, their chemical composition (Table 4) is similar—according to experimental
error, the oxygen concentration is practically the same, regardless of the type of processing
gas used.

Table 4. XPS surface composition of the deposits synthesized from PP polymer using various gaseous
discharges.

Polymer Gas C
(atom. %)

N
(atom. %)

O
(atom. %)

PP N2 96.7 1.0 2.3
PP O2 97.5 2.5
PP H2 98.3 1.7
PP CO2 98.5 1.5

In order to check if this is true also for aromatic polymers, we show in Figure 8a–h
SEM images of CNWs synthesized from PS polymer using different gases. Opposite to
aliphatic polymer used in Figure 7, we can now observe the best formation of CNWs in
the case of O2 plasma. It is known that O2 plasma treatment of aromatic polymers causes
destruction and opening of the aromatic rings and thus a loss of aromatic structure [34,35],
which can explain why we can only get CNWs in the case of O2 plasma treatment.

The method for synthesizing carbon nanowalls presented in this paper enables de-
position rates as large as a few 100 nm/s. This is much larger compared to the classical
technique using gaseous precursors. The deposition rates reported by various authors were
presented in the review paper [7]. The achievable deposition rates were between about
0.1 and 100 nm/s, but most authors reported values between 1 and 10 nm/s. The highest
deposition rate (300 nm/s), which deviates greatly from other reported data, was obtained
by Zhang et al. [36], who used a mixture of argon, hydrogen, and methane at the pressure
of 800 Pa, a discharge power of 18 kW, using a combination of inductively and capacitively
coupled discharges. All other authors reported values below about 10 nm/s.
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4. Conclusions

CNW growth in low-pressure plasma sustained by an inductively coupled RF dis-
charge at the power of about 500 W was investigated using various polymers as solid
precursors as well as various gases. The substrates were titanium mounted inside the RF
coil and left at the floating potential. Important findings were derived from these investi-
gations. We found that aromatic precursors were unsuitable for CNW growth, indicating
that aromatic rings are not the most useful building blocks for CNWs. Aliphatic precursors
which thermally degrade to simple low-weight CxHy species were found more relevant for
CNW growth. These two findings are in agreement with the generally accepted theory that
C2 dimers are the most important building blocks involved in the formation of CNWs. In
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the presence of appropriate building blocks, CNWs will grow in plasma regardless of the
gas type used for creating the discharge. The results indicate that the procedure elaborated
in this paper may be applicable to mass production, as the optimal growth rate of a film
consisting of good quality CNWs is over 100 nm/s.
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