
Full Length Article

Plasma-enabled growth of vertically oriented carbon nanostructures for AC
line filtering capacitors

N. Bundaleska a,*, E. Felizardo a, N.M. Santhosh b,c, K.K. Upadhyay d,e, N. Bundaleski f,
O.M.N.D. Teodoro f, A.M. Botelho do Rego g,h, A.M. Ferraria g,h, J. Zavašnik b,c, U. Cvelbar b,c,
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d Charge2C-NewCap, Av. José Francisco Guerreiro, n◦28 Paiã Park, Armazém A2.12, 1675-078 Pontinha – Odivelas, Portugal
e Centro de Química Estrutural-CQE, Departamento de Engenharia Química, Instituto Superior Técnico, Universidade de Lisboa, 1049-001 Lisboa, Portugal
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A B S T R A C T

Self-standing vertically oriented carbon nanostructures (VCNs) were synthesized using a large-scale microwave
plasma under low-pressure conditions, employing methane as a carbon precursor. The influence of plasma
operational and substrate conditions on nanostructure growth and morphology were systematically studied.
Furthermore, post-synthesis N-doping of VCNs with nitrogen content of 2.4 at% N was achieved using an Ar-N2
microwave plasma. Plasma-enabled direct deposition of VCNs, both doped and un-doped, onto nickel foils has
been accomplished. The assessment of the developed nanostructures as electrodes in high-frequency AC filtering
capacitors, has demonstrated an overall capacitance of approximately 480 µF at 100 Hz, with a cut-off frequency
of 4 kHz for a phase angle of − 45◦. The excellent electrochemical performance can be attributed to the
appropriate structural and morphological properties peculiar for the directly deposited on nickel foil VCNs
providing binder-free electrode fabrication, thus enhancing the electrode’s conductivity and charge transfer
kinetics. This plasma-enabled approach for electrode design on a large scale, coupled with excellent filtering
performance, paves the way for many applications in high-frequency scenarios, offering an environmentally
friendly alternative to conventional electrolytic capacitors.

1. Introduction

Much research interest has been shown in vertically oriented carbon
nanostructures (VCNs), such as graphene and its derivatives – vertical
graphene (VG) sheets, nanotubes (CNT), nanofibers (CNF), nanorods,
etc. Due to their exceptional morphological and structural features,
these materials are of interest for a wide range of potential applications.
Plasma-enhanced chemical vapor deposition (PECVD) techniques have
been widely implemented to fabricate such vertical structures aligned
perpendicularly on a substrate with open edges representing a 3D

ordered network of carbon nanostructures [1–7]. In general, VCNs
possess some advantages over their horizontal or randomly spaced
variants, such as improved mechanical stability, improved accessibility,
exposure to long, thin, reactive edges, etc. For example, VG sheets
possess better mechanical stability compared to free-standing graphene
due to their attachment to a substrate, thus forming a network with
different morphologies. The vertical architecture also prevents
agglomeration, which is a serious problem in randomly placed graphene
sheets, where the strong π-π stacking and van derWaals interactions lead
to restacking [1,8–10]. Similar to graphene, the free-standing CNTs with

* Corresponding authors.
E-mail addresses: neli.bundaleska@tecnico.ulisboa.pt (N. Bundaleska), elena.stefanova@tecnico.ulisboa.pt (E. Tatarova).

Contents lists available at ScienceDirect

Applied Surface Science

journal homepage: www.elsevier.com/locate/apsusc

https://doi.org/10.1016/j.apsusc.2024.161002
Received 16 May 2024; Received in revised form 26 July 2024; Accepted 15 August 2024

Applied Surface Science 676 (2024) 161002 

Available online 16 August 2024 
0169-4332/© 2024 The Author(s). Published by Elsevier B.V. This is an open access article under the CC BY license ( http://creativecommons.org/licenses/by/4.0/ ). 

mailto:neli.bundaleska@tecnico.ulisboa.pt
mailto:elena.stefanova@tecnico.ulisboa.pt
www.sciencedirect.com/science/journal/01694332
https://www.elsevier.com/locate/apsusc
https://doi.org/10.1016/j.apsusc.2024.161002
https://doi.org/10.1016/j.apsusc.2024.161002
https://doi.org/10.1016/j.apsusc.2024.161002
http://crossmark.crossref.org/dialog/?doi=10.1016/j.apsusc.2024.161002&domain=pdf
http://creativecommons.org/licenses/by/4.0/


heavily entangled bundles, results in intrinsic difficulties concerning
dispersion and permeation, and limits their application in several sys-
tems such as membrane fillers for gas purification [11]. In contrast, in
the vertical configuration, the large surface area of graphene is pre-
served with open boundaries, allowing easy access to the graphene
sheets by ions, gas, or liquid molecules. For example, the high aspect
ratio and easily accessible reactive sites are of crucial importance for
electrochemical devices and sensors. Therefore, to take the advantage of
morphological and excellent electrical properties, VG configurations can
be grown directly on a conductive substrate and used as an advanced
material for various applications, such as electrochemical and energy
storage devices, sensors, supercapacitors in alternating current (AC)
filtering, field emission, purification, electrocatalysts towards hydrogen
evolution reaction (HER) etc. [2,6,9,12–17]. The direct growth of VCN
on conductive substrate is advantageous because it provides binder-free
electrode fabrication, thus enhancing the electrode’s conductivity and
charge transfer kinetics [12]. Generally, a PECVD synthesis of VCN in-
volves plasma driven dissociation and ionization of carbon precursors,
followed by self-aligned deposition of the carbon species on a substrate
at specific conditions. The benefits of plasma in advanced nanomaterial
synthesis are well recognized, as one of the potential green techniques
for controlled synthesis and assembly of nanostructures [1–6]. Plasmas
provide a highly reactive medium that contains electrons, energetic
ions, free radicals, excited atoms and molecules, photons etc. All these
particles partake in the synthesis process by contributing to the substrate
surface activation, precursor dissociation and ionization, elevation of
the substrate temperature, reducing the thresholds for surface reactions
etc. There are several plasma sources reported (microwave (MW),
radiofrequency (RF), direct current (dc) and other combinations) oper-
ating at different pressures for VCN fabrication [16]. Additionally,
plasma-enabled techniques offer the structure-controlled synthesis of
VCN and VG structures with desired morphology and orientations [19].
This phenomenon is attributed to the electric fields inherently associ-
ated with the plasma sheath created at the substrate interface. Also,
PECVD allows the growth process on different substrates at lower sub-
strate temperatures as compared to classical CVD, which widens the
choice of substrate materials [20]. Growth of CNFs on borosilicate glass
by DC PECVD system at temperatures as low as 90 ◦C has been reported
[7]. For the synthesis of VGs, temperatures around 400 ◦C have been
reported as the lowest, and demonstrating that the structure quality and
the growth rate are increasing with temperature [1,21].

The growth mechanism of VGNs in PECVD has been analyzed
experimentally and theoretically by many research groups [22–24],
indicating that the process proceeds with the creation of radicals in the
plasma, their interaction with the substrate surface, nucleation, coales-
cence of C radicals and vertical growth. Numerous factors are known to
have an impact on the growth process. They can be divided into two
groups: one associated with substrate conditions (temperature, substrate
material, presence of a catalyst), and other related to the plasma oper-
ational conditions (power, carbon precursor flow rate, mixture compo-
sition, substrate location in plasma environment, deposition time, bias
voltage etc.) [1,7–11]. It is commonly accepted that the first step is the
substrate surface activation by plasma provided ion bombardment,
leading to the formation of defects and dangling bonds, which attract
radicals from the plasma. Consequently, a thin buffer layer, consisting of
both amorphous and graphitic carbon, parallel to the substrate is
deposited, which serves as a base for the carbon nucleation. Later, ver-
tical growth continues by surface diffusion of deposited carbon atoms.
Gaseous carbon-containing precursors such as CH4, C2H2, CO, and C3H4
mixed with H2 or O2 are commonly used, although experiments with
liquid and solid precursors (butter, honey, C60 etc.) can also be found in
the literature [1,7,9,18]. In addition to the synthesis process, plasmas
also provide a possibility for the controlled surface engineering of car-
bon by easy functionalization, and heteroatom doping, which can be
achieved either by in situ (simultaneous growth and doping) or post-
treatment (doping of previously synthesized VCNs) methods [25–28].

These surface engineering methods by molecular and atomic doping can
be used as a potential technique to tailor the electrical and electro-
chemical properties of VCNs [29,30].

Among the various possible applications of VCNs, there is strong
interest in the development of supercapacitor (SC) electrodes operating
at high frequencies for AC filtering in order to replace bulky aluminum
electrolytic capacitors [31–33]. Circuit elements with high-frequency
capacitive response are of technological importance in a wide range of
applications in the fields of conventional and power electronics, e.g. for
passing or bypassing low frequency signals (mostly used for ripple and
noise filtering), decoupling in power supplies, DC link circuits, power
factor corrections etc. In AC filtering applications, the US/EU 60/50 Hz
line frequency are used, thus, the filtering capacitor, following the full-
wave rectifier, must capacitively respond at 120/100 Hz and with a
minimum loss (thermal generation) [31]. At such frequency, conven-
tional electrochemical capacitors (ECs) generally lose their capacitive
characteristics, instead, they behave like highly lossy inductors with a
positive impedance phase angle. For that reason, most of the market
share for this application is dominated by electrolytic capacitors, which
work well in this range of frequencies. However, the low capacitance
values, in the order of µF, and bulky sizes of these types are limiting their
application in the downscaling of circuit boards, in particular for
portable electronics. Therefore, a highly desired aspect in today’s
growing technological market is to bridge the performance gap between
the capacitance and frequency response between electrochemical and
electrolytic capacitors, which will bring great impacts on compact cir-
cuit design, with the use of miniaturized electrolytic capacitors, self-
powered tiny sensor systems etc.

To this end, plasma synthesis of vertically oriented carbon nano-
structures (VCN) provides a scalable and flexible approach offering
control over nanostructure morphology and composition. Nevertheless,
each plasma has its own particular properties and even two plasma re-
actors based on the same design usually have different outcomes for the
same operating parameters. Applied to this particular case, the conse-
quence is that similar plasma sources can favour VCN with rather
different morphology, interlayer distance, thickness, uniformity etc.,
depending on the plasma parameters [1,2]. The general aim of the
present investigation is to explore the overall capabilities of a large-scale
slot antenna excited microwave plasma reactor developed at IPFN for
the growth of carbon nanostructures under low-pressure conditions
using methane as a carbon precursor in terms of its chemical, morpho-
logical and electrical properties. Moreover, the specific goal is to
determine the optimal conditions for the growth of VCN for direct use as
electrodes in AC filter capacitors. To this end the effects of precursor
flow rate, substrate material, substrate voltage, gas composition, and
substrate pre-treatment were systematically investigated. Additionally,
to test the effect of the nitrogen doping on the electrodes additional post
deposition treatments of synthesized layers with nitrogen plasma have
been conducted. Post-synthesis nitrogen doping of VCNs was achieved
within the same plasma reactor system, with a nitrogen content of 2.4 at
% N determined by X-ray photoelectron spectroscopy (XPS). The VCN
and nitrogen-doped VCN with optimal thickness and surface structures
deposited on nickel foils were tested as electrodes of AC filtering ca-
pacitors, demonstrating excellent capacitive response at high
frequencies.

2. Experimental arrangements

2.1. Plasma synthesis of VCNs

A slot antenna excited plasma source based on surface wave propa-
gation is used to fabricate VCN (Fig. 1) [27,34]. The discharge vessel is a
glass tube (diameter D = 24 cm and length L = 70 cm), with a 10 mm-
thick quartz window at the top. The plasma chamber was evacuated to
provide a base pressure of about 10-6 mbar. Argon with high purity
(99.999 %) was used as a background gas. Methane injected at the
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bottom of the chamber was used as a carbon precursor. The microwave
power of 800 W at 2.45 GHz is delivered to the chamber by a waveguide
system with a rectangular cross section. The chamber is isolated from
the generator by a high-power circulator with a high-power matched
load connected to its third port. An impedance transformer matches the
chamber impedance to the feeding waveguide. The waves enter the
chamber through two slot antennas, which are cut on the wider side of
the waveguide. The waveguide is short-circuited from one end, and by
tuning, a standing wave pattern is created inside the waveguide with a
maximum of the electric field at the antennás position. The plasma is
created by the energy carried by surface waves propagating radially and
azimuthally along the interface between the plasma and a quartz
dielectric plate. The power of the surface wave close to the interface
sustains overdense plasma. The microwave electric field decreases
exponentially with the distance from the interface and vanishes at some
axial distance. Two different regions can be identified concerning the
main mechanisms governing plasma production and sustainment. The
first one is the discharge zone close to the interface (at about 1 cm from
the quartz plate for the present conditions), where the surface waves are
propagating, and their energy sustains the discharge. Due to diffusion,
the plasma expands into a second “microwave electric field free” remote
plasma region. As a rule, the axial length of the remote zone is much
larger than that of the active discharge zone. Particle diffusion and
heavy particle collisional processes are dominating in this region.

Two types of Ni substrates were used, i.e., Ni-foam and Ni-foil. Before
plasma growth, the substrates were subjected to different pre-treatment
procedures: the Ni-foam was cleaned with ethanol, followed by
annealing at 400 ◦C for 30 min in air or Ar atmosphere. The Ni-foil
substrates were chemically etched in 2 M HCl solution for 1 min,
cleaned with deionised water, and dried. In addition, stainless steel was
also used as a substrate material. The substrate, placed on a sample
holder, was fixed in the remote plasma zone at z = 5 cm from the quartz
plate (z-axis is shown in Fig. 1a). The substrate holder includes a brass
disc and copper wire, both isolated to secure electrical contact and
provide appropriate electrical field distribution. The negative bias
voltage (U) was regulated by a high-voltage supply.

The influence of operating conditions such as processing time (t =
1–60 min), carbon precursor flow rate (QCH4 = 5–10 sccm) and micro-
wave power (P = 600–800 W) on the process of VCN growth, was
investigated. The bias on the substrate was varied from 0 to − 400 V. CH4
was used as a carbon precursor and its mixtures with H2 were also used.
Prior to all experiments, the reactor was cleaned with Ar plasma at P =

600 W for 60 min. Furthermore, post-synthesis N-doping of the VCN was
achieved using the same plasma reactor (Fig. 1b). For this reason, the

deposited VCNs were processed at different treatment times in Ar/N2
plasma environment where large number of nitrogen atoms is created as
a result of the N2 dissociation. The N atoms attach mainly at the reactive
edges of the vertically grown nanostructures.

2.2. Characterization techniques

Scanning Electron Microscopy (SEM) characterization of the grown
structures was performed by a JEOL, JSM-7001F field emission gun
scanning electron microscope operating in secondary electron imaging
mode (SEI) using 15 kV accelerating voltage and dual-beam SEM-
focused ion beam microscope (FIB-SEM, Helios NanoLab 650i, FEI). The
samples were attached to a double-sided adhesive carbon tape mounted
on an aluminium stub.

Raman spectroscopy characterization using a LabRAM HR Visible
(Horiba Jobin-Yvon) Raman spectrometer at 633 nm with 1 cm− 1

spectral resolution and a laser spot size of 2 μm was conducted. Mea-
surements were performed with a laser power P=0.054 mW to avoid
overheating. Raman spectra from different arbitrarily chosen regions on
the sample were collected.

X-ray Photoelectron Spectroscopy (XPS) surface characterization of
the Ni-foam substrate and nitrogen-doped VCNs was performed with a
XSAM800 non-monochromatic dual anode spectrometer from KRATOS.
The spectrum was obtained with Al Kα radiation, at a take-off angle of
45◦. Charge shift correction was performed using as a reference the
binding energy (BE) of Ni0, centred at 852.6 eV [35] for the Ni-foam
substrate and the BE of sp2 carbon atoms, C–C or C–H, found in gra-
phene, centred at 284.4 eV [36], for the N-doped VCN. The sensitivity
factors used for the quantification were 0.278 (C 1 s), 0.477 (N 1 s),
4.044 (Ni 2p), 0.780 (O 1 s), and 0.328 (Si 2p).

XPS characterization of VCNs on Ni-foam and foil were performed on
a VSW XPS system with the Class 100 energy analyzer being a part of a
customized experimental setup, assembled for surface investigation by
different techniques. Survey spectra were taken in a fixed analyzer
transmission mode with a pass energy of 44 eV (FAT 44), energy step of
0.5 eV, and dwell time of 0.5 s. Detailed spectra were taken in FAT22
mode with energy step 0.1 eV and dwell time 4 s per scan. Analysis was
performed using the non-monochromatic Mg Kα source (photon energy
of 1253.6 eV). The energy was calibrated to the peak position of Ag 3d5/2
(binding energy of 368.22 eV) and Au 4f7/2 (binding energy of 83.96 eV)
lines.

Fig. 1. a) scheme and photo of the experimental setup for the synthesis of vcn; b) scheme of n-doping process using the same plasma reactor.
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2.3. Electrochemical measurements

The electrochemical features of the plasma-designed VCN have been
investigated in order to reveal their potential as electrodes for super-
capacitors. The VCN synthesised directly on the Ni-foil at the plasma
conditions P = 800 W, QCH4 = 10 sccm, t= 60 min, U=-400 V, and their
2.4 % N-doped derivatives (NVCN) were used in these experiments. The
measurements were performed in a symmetric cell setup using a 6 M
KOH electrolyte with 14 mm disk-shaped electrodes, in which the Ni
substrate was used as the current collector. The initial assessment of the
electrode structures was evaluated by analysing the voltage dependence

on the current density, measured in Ag− 1 (CV studies). Additional ana-
lyses using Electrochemical Impedance Spectroscopy (EIS) were per-
formed, to study, particularly, the behaviour of the system at 100 Hz,
which is of interest for AC filtering applications.

3. Results and discussion

The growth of VCNs is the result of the interplay between the sub-
strate characteristics and the plasma parameters. Initial surface condi-
tions such as thermal and electronic conductivity, adhesion, surface
roughness, and ability to adsorb hydrocarbon species, are found to affect

Fig. 2. SEM of VCN synthesized on a) Ni-foam; b) on stainless steel; c) Raman spectra of the two deposits after removing the background; d,e,f) SEM and XPS of VCNs
synthesized on air annealed Ni-foam; g,h,i) SEM and XPS of VCNs synthesized on chemically etched Ni-foil; j,k) Effect of substrate bias on the morphology of VCNs.
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the growth process [37–40]. In parallel, plasma operational parameters
(e.g. power, gas composition and pressure, exposure time) strongly in-
fluence the plasma-surface interactions, and consequently the
morphology and composition of the assembled structures [1–5]. Besides,
as demonstrated plasma also has the potential to dope the previously
grown structures tuning their electrical and optical properties.

3.1. Influence of the substrate on the growth process

In the first stage of this study, the influence of the substrate such as
substrate type, pre-treatment, and dc biasing of the substrate, on the
growth and morphology of synthesized VCN was investigated.

3.1.1. The effect of substrate type
VCNs were deposited on Ni-foam and stainless steel substrates. The

deposition of VCNs for both substrates was performed under the same
operational conditions (P = 800 W, QCH4 = 10 sccm, p = 0.3 mbar, U =

-400 V, t = 60 min). A much thicker deposition was observed on Ni
substrate as compared to the stainless steel. Indeed, SEM analysis of the
nickel foam reveals the formation of well-defined VCNs with high aerial
density and heights of a few microns (Fig. 2a). The structures grown on
stainless steel, for the same deposition duration, appear smaller and
irregular (Fig. 2b). This system has been studied in [41], revealing sig-
nificant growth of carbon structures only at substrate temperatures
above 575 ◦C. Modest growth observed in our case is in accordance with
the applied conditions, which cannot provide such high substrate tem-
peratures. The Raman modes attributed to carbon deposit observed on
Ni-foam and on stainless steel are D (~1335 cm− 1), G (~1593 cm− 1) and
2D (~2649 cm− 1), and the low-intensity D‘ (1615 cm− 1), D+D‘ (2915
cm− 1) and 2D‘ (3205 cm− 1), typically observed in graphene-based
structures (Fig. 2c). Well-pronounced G-band is an intrinsic feature of
all sp2 (graphitic) carbon, while D and D‘ are related to defects and
disorders. Poor coverage of the stainless-steel surface with carbon
nanostructures is also reflected in its Raman spectrum, i.e., there is a
strong background due to light scattering from the stainless-steel sub-
strate (raw Raman spectra can be found in the SI Fig. 1S). In addition to
these substrates, the Cu substrate was also tested, however, no deposit
was observed under the same operational conditions. This can be related
to the lower adhesion energy of graphene on Cu ~ 0.72 Jm− 2 as
compared to the ~ 6.77 Jm− 2 on Ni substrate [42]. Starting from these
magnitudes average adhesion energy per surface atom can be estimated
to be about 0.5 and 5 eV for Cu and Ni substrates, respectively.
Considering the indicated energy values it can be concluded that the
bonding between graphene and Ni substrate has covalent character in
contrast to the van der Waals interactions with Cu.

3.1.2. Different pre-treatment of Ni-foam and Ni-foil
Furthermore, the influence of substrate pre-treatment on the VCN

deposition process was also studied. Two cases were considered, i.e.,
substates with different surface morphologies Ni-foam and Ni foil. The
deposition was performed on the previously annealed Ni-foam, and on
the chemically etched Ni foil, both exposed to Ar plasma. In the case of
Ni-foil annealed in air, thin and irregular deposition was observed, not
suitable as electrode coating, therefore this case was not considered. The
aim of the Ar plasma treatment was to perform cleaning of the substrate
by ion sputtering, as well as to increase the substrate temperature, and to
create roughness thus activating the surface. The Ar+ ions are acceler-
ated towards the dc biased substrate, resulting in surface sputtering that
contributes to the removal of contaminants like water vapor, hydro-
carbons etc., from the sample surface. However, in parallel to this pro-
cess, mechanism of hydrocarbon growth in Ar plasmamay also occur via
the well-known effect of beam-enhanced polymerization [43–45]. Hy-
drocarbon molecules from residual gas are efficiently adsorbed on the
substrate due to the high sticking coefficient. When exposed to Ar+

bombardment, these molecules are dissociated, and the free radicals
formed in this way cross-link and form, with time, inert polymer-like

structures. Which of the two processes will dominate depends on the
ion sputtering yield and the partial pressure of hydrocarbon species.

XPS analysis of the Ni-foam after the Ar plasma treatment, have
demonstrated the following atomic ratios: O/C = 0.374, Ni/C = 0.714.
The XPS of Ni 2p region obtained from the Ni-foam substrate treated
with Ar plasma, includes the photoelectron doublet undoubtedly
assigned to Ni0, with its Ni 2p3/2 component centred at 852.6 eV and Ni
2p1/2 component + 17.1 eV apart (Fig. 2S). A fit of Ni 2p profile with Ni
2p spectra of reference samples of nickel in different oxidation states, led
to the following relative weights: Ni0 − 89.1 at%; Ni(OH)2– 9.7 at%; and
NiOOH − 1.2 at%. Oxygen is dominantly found as C-O, C=O, Ni(OH)2,
and NiOOH (see SI). The main peak in C 1 s region, centred at 284.6 eV is
assigned to sp2 C–C and C–H carbon, which implies that some graphi-
tization of the deposited hydrocarbon layer could also be occurring
(Fig. 2S). Therefore, under the conditions considered, the Ar plasma
treatment led to additional hydrocarbon deposition, whilst the substrate
oxide surface layer, grown due to the air exposure, was not removed.

The SEM and XPS analyses of the VCNs synthesized on Ni-foam at
plasma conditions P=800 W, QCH4 = 10 sccm, t = 60 min, U = -400 V,
are shown in Fig. 2 d,e,f. It can be clearly seen from the SEM image
(Fig. 2d) that vertically oriented structures are grown. The chemical
composition analysis of VCNs on Ni foam by XPS analysis (Fig. 2 e,f)
reveals the presence of carbon (67.8 at%), oxygen (28.0 at%), and Ni
(4.2 at%). While the highly asymmetric shape of the C 1 s line is typical
for graphitic carbon phases, its maximum position below 284 eV is a
signature of poor electrical contact with the ground. Indeed, from the
best fit of the Ni 2p3/2 line it can be concluded that the metallic bulk (the
corresponding contribution is 17.7 % of the overall Ni signal) is covered
by a thin layer of Ni(OH)2 which is on the potential of + 1.4 V (Fig. 3S).
When fitting the main contributions of the C 1 s line we applied the peak
model suitable for sp2-rich carbon, previously determined from the
measurements of the highly oriented pyrolytic graphite. The dominant
contribution is attributed to sp2 carbon (64.4 %), followed by that of the
sp3 carbon or hydrocarbon contamination (17.1 %), C-O bonds (8.8 %),
(C=O)-O- bonds (4.9 %) and finally a wide peak attributed to the π–π*
system (4.9 %). Such bond identification, including the relative shifts
due to the differential charging of different chemical phases, is justified
by the fitting of the O 1 s line.

In another aspect, Ni foil was also used for the experiments to avoid
surface oxidation of the substrate and to create roughness. VCNs were
grown on Ni-foil at the plasma conditions P = 800 W, QCH4 = 10 sccm, t
= 60 min, U = -400 V (Fig. 3 g,h,i), and indeed, this sample showed the
best XPS results in terms of oxygen contamination: it contained carbon
(89.5 at%), oxygen (5.5 at%), and nickel (5 at%). The latter is also
confirmed by the fitting of the C 1 s and Ni 2p3/2 line, showing much
smaller relative contributions attributed to the bonds with oxygen. The
C 1 s line was fitted to four contributions, with the most intense
contribution attributed to sp2 C–C bond (73.6 %), followed by sp3 C–C
(13.6 %), and C-OH (5.4 %). The fourth contribution (7.5 %) is the wide
π–π* complex. The Ni 2p line has two contributions assigned to metallic
Ni (80 % of the total Ni signal) and Ni(OH)2 (Fig. 3S). This can also be
seen in the oxygen 1 s line: 40 % Ni(OH)2; the rest is C-OH. The presence
of sp2 C–C and the π–π* shake-up satellite are indications that graphene-
like structures were synthesized.

This investigation reveals that substrate pre-treatment plays a very
important role in the growth of VCNs. The air-exposed Ni-foam surface is
passivated by the formation of NiO and Ni(OH)2 surface layers,
depending on the surface treatment (for instance, annealing in air).
Graphene structures will not grow on such surfaces. The role of Ar
plasma activation, and particularly chemical etching, is to make cracks
and defects in such chemically inert layers. It is considered that nucle-
ation and growth in the vertical direction will initiate only from these
defective sites [10,22]. Therefore, the morphology of grown structures
will strongly depend on the shape and size of these defects. To decrease
the oxygen on the substrate, which interferes with the synthesized car-
bon nanostructures, chemical etching was performed. Although
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chemical etching removes this oxide layer, subsequent Ar plasma
treatment creates both a similar hydrocarbon layer and defects. There-
fore, Ar plasma treatment enables the processes of nucleation and
growth of VCNs. Moreover, this hydrocarbon layer plays the role of a
protective coating to prevent oxidation and corrosion of the underlying
metal substrate [42]. Indeed, using chemically etched Ni-foil substrate,
VCNs were grown with low relative oxygen content (5.5 at%) and with a
high fraction of sp2 carbon bonds (73.6 at%).

3.1.3. Influence of the negative bias voltage applied on the substrate
In general, the substrate surface is on negative potential with respect

to plasma, which accelerates positive ions towards the surface. Effective
control of particle fluxes and energies towards the targeted surfaces is
crucial for governing the synthesis process. For this reason, additional dc
biasing of the substrate located in plasma was introduced to shape the

ions energy distribution via changing the substrate potential with
respect to the local plasma potential. Therefore, the substrate bias
voltage (its absolute value) was increased to enhance the ion
bombardment effect, substrate temperature, nucleation and growth rate.
It is to be noted the negative dc biasing provides vertical alignment of
the carbon nanostructures. The influence of different substrate biasing
on the surface morphology was monitored at different voltages (− 200
and − 400 V), while keeping the plasma parameters constant (QCH4 = 10
sccm, P = 800 W, t = 60 min).

Well-aligned VCNs are grown at dc bias voltage of − 200 V, whilst
their lateral size increases at − 400 V, as seen from SEM images (Fig. 2 j,
k). The nanostructures grown at − 200 V are densely packed and exhibit
cone-like shapes, while the synthesis at − 400 V leads to the lateral
development into somewhat larger structures with turnstile-like
morphology. This result demonstrates that control of the morphology

Fig. 3. Effect of methane flow rate on the morphology of vertical graphene nanostructures, SEM images and corresponding Raman spectra.
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can be achieved by adjusting the dc negative bias voltage on the sub-
strate. SEM images of cross-section of VCNs synthesized at different
condition are shown in SI (Fig. 4S).

3.2. Influence of the plasma parameters

The effects of the plasma operational parameters, such as carbon
precursorś flow rate, treatment time, and addition of H2 gas, on the
growth and morphology of the nanostructures were also studied.

3.2.1. Influence of the carbon precursor’s flux
By investigating the substrate effects and bias voltage, optimal

operational parameters for the VCN growth in methane plasma were
found to be 800 W of microwave power, a bias voltage of –400 V, and a
deposition time of 60 min. By keeping these parameters fixed, the
methane flow rate (QCH4) was varied from 10 to 5 sccm. In all cases, the
substrate surface was uniformly covered with the deposited nano-
structures, however, with different morphologies (Fig. 3 a, c, e). Well-
defined turnstile-like nanowalls (10 sccm) were transformed into
thinner cone-like structures (7 sccm), while a further decrease of QCH4 (5
sccm) yielded in small clustered nanostructures reminiscent of petal-
like. In [46] VCN morphology change from nanofibers, nanowalls to
interconnected nanowalls was observed with the decrease of the pre-
cursors ́ flow rate (paraxylene), which was associated with formation of
defects at low flow rates. The structural quality of the synthesized
nanostructures was analysed by Raman spectroscopy, an effective
technique for investigating sp2 and sp3 hybridized carbon atoms. Each
Raman spectrum in Fig. 3 (b,d,f) corresponds to an average spectrum of
the spectra collected at different sample regions. The Raman spectra of
the samples grown with 10 and 7 sccm (Fig. 3 b,d), exhibit peaks of
graphene-like material: sharp G peak at approximately 1592 cm− 1,
indicating the presence of crystalline graphene layers, the D peak at
1335 cm− 1 that corresponds to defective graphene layers and finally low
intensity 2D peak, which is demonstrative of graphene. The 2D’ and
D+D’ bands can also be observed, implying presence of D’ band at about

1614 cm− 1. The regions encompassing G and D bands were therefore
fitted to three Lorentzian contributions (D, G and D’ bands). The fittings
reveal that the D’ intensity is in some cases comparable to that of the G
band. The fitting results of the G, D, D’ and 2D bands are summarized in
Table 1, showing similar results of the samples made with 10 and 7 sccm,
while those taken from the 5 sccm sample differ mainly by the increased
width of the D peak (Table 1). The D/D’ ratio can be used to estimate the
predominant type of defects in graphene structures [47]. The measured
ratio in our samples is in the interval (1.78 – 2.82). Therefore, we can
conclude that there are both on-site defects (due to nitrogen doping) and
boundary defects (due to the finite size of the graphene planes). The
higher position (1592 cm-1) of the G line compared to one in free
standing graphene (1583 cm-1) suggests comprehensive stress and/or
increased dopant density in VCN [48,49].

Similarly with the Raman spectra, the most significant difference in
surface morphology is observed between the sample synthesized with 5
sccm and the other two samples: the former is characterized by much
smaller structures. In many cases, in the pressure range considered (10-1-
10-2 mbar), the deposition rate increases with reducing the gas pressure
[50]. The size of the grown structures depends on the density of the
nucleation centres formed on the surface, which increases with the
deposition rate.

At the same time, it is known that a smaller grain size is obtained
with a higher deposition rate. Therefore, smaller size structures in the 5
sccm sample can be explained by reduced gas pressure (due to the lower
CH4 flow rate), and consequently by higher deposition rate.

At lower flow rates the deposited species will have longer relaxation
time to form ordered structures, while increased CH4 flows should lead
to lower ordering (and consequently to the formation of disordered
structures). Another explanation for the reduced ordering and smaller
deposition rate can be related to the phenomena of CH4 plasma inter-
action with carbon surfaces. Since the deposition and erosion of carbon-
based materials are simultaneous and competing processes, the net
deposition rate can be reduced by enhanced sputtering [51]. It is known
that chemical sputtering is an important channel of carbon removal in

Fig. 4. Influence of H2 gas as etching agent: a) SEM images of the sample grown with CH4; b) SEM images of the sample grown with CH4 and H2 (CH4:H2 = 2:1) at
different magnifications and observation angles; c) The morphology changes with plasma treatment duration (5, 15, and 30 min).
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hydrocarbon plasmas [52]. In CH4 plasmas, in particular, the hydrogen
atoms are the dominant reaction product, contributing significantly to
the chemical sputtering of carbon. Thus, increased CH4 flow in the
plasma leads to increased flux of atomic hydrogen towards the substrate
surface, where erosion of the carbon species occurs. At lower CH4 flow
the carbon growth channel dominates over the chemical sputtering,
yielding in higher deposition rate i.e. thicker deposition layer. One can
also expect that erosion processes are also generating defects, causing
formation of smaller structures.

According to these results, the growth of vertically oriented nano-
structures with QCH4= 10 sccm, P= 800W, U= − 400 V, and t= 60min
is considered to be optimal, as evidenced by SEM and Raman analysis.
This gas flow corresponds to the operation pressure of 0.3 mbar. In the
further analyses, the samples were produced under these conditions.
Besides, the ability to control the morphology of the synthesized VCNs
by the precursor’s flow rate was demonstrated.

3.2.2. The effect of additional H2 gas
The role of buffer gas in the formation of carbon structures are also of

interest in this research and therefore, the effect of hydrogen gas as an
etching agent was also studied. It has been reported that the introduc-
tion of gases H2, Ar, O2, and H2O improve the crystallinity and
morphology of the vertical graphene structures [2]. This is ascribed to
preferential etching of amorphous carbon by these gases with respect to
the crystalline graphite phase [52,53]. The effect of H2 during the
plasma growth of VCNs is presented in Fig. 4 a,b. The SEM micrographs
present distinguishable morphology differences of VCNs synthesized at
the optimal operational conditions (P = 800 W, t = 60 min, U = -400 V)
using CH4 and CH4 + H2, respectively. The SEM images reveal that
vertically oriented nanowalls were synthesized without the addition of
H2 (Fig. 4 a). The observed morphology is among the most common for
graphene-like materials, i.e., turnstile-like with wall heights around 2–3
μm. High-resolution images show that the wall edges are terminated by
fibre-like nano-structures. A top view of the SEM image (200 nm) of the
sample clearly demonstrates the turnstile-like shape of the synthesized
structures. While the insertion of H2 with keeping the same CH4 flow
(CH4:H2 = 2:1) results in the growth of different nanostructures, i.e.,
nanofibres with a height of 5–8 µm (Fig. 4 b). Adding hydrogen to the
gas discharge has a strong influence on the morphology of the synthe-
sized structures: thick nanowalls were transformed into vertically ori-
ented clusters of nanotubes. Such structures could be of potential
interest as field electron emitters [54].

3.2.3. Influence of the plasma treatment time
The other important parameter is the plasma deposition time and the

time-dependant morphology of the grown structures was studied by
performing SEM analysis for different deposition times. The plasma
operational parameters P = 800 W, QCH4 = 10 sccm and U = -200 V,
were kept constant and the deposition time varied from 5 to 30 min.
After 5 min, the substrate was covered with a thin layer of a certain
roughness and wave-like nanostructures (Fig. 4 c). At 15 min, carbon
clusters are formed over the defective spots, and at 30 min small VCNs
are grown. Therefore, under the conditions considered, about 30min are
necessary for the accomplishment of all critical steps, i.e., formation of
structural defects on the substrate surface, creation of a thin hydrocar-
bon layer, nucleation, and growth of VCN.

All the obtained findings suggest that the plasma-enabled synthesis

of carbon nanostructures is highly influenced by different factors such as
substrate surface chemistry and plasma operational parameters. Better
growth (higher deposition rate and higher ordering of the structures) of
VCNs on the nickel substrate rather than on the stainless-steel indicates
the effect of the catalytic activity of the substrate for the VCN growth.
The catalytic characteristics of the nickel substrate enhance the diffusion
of carbon in the substrate more than the stainless steel and stimulate the
initial growth, which results in the final orientation and dimension of
the VCN [55]. This investigation revealed that the presence of oxygen at
the substrate surface reduces the quality of VCNs. From that perspective,
a chemically stable metallic oxide layer (mainly consisting of Cr2O3 and
various Fe oxides [56,57]) on stainless steel surface, could be respon-
sible for the low coverage of the substrate with VCNs. Surface properties
can be further enhanced by the activation (chemical etching and Ar
plasma pre-treatment) to improve growth control. These processes
create more surface defects on the substrate and allow the formation of
more dangling bonds with the carbon dimer during the nucleation stage.
A higher number of nucleation spots leads to the formation of uniformly
grown densely packed VCN structures compared to the non-treated
substrates. Besides the surface chemistry, the surface potential also in-
fluences the growth process. During the plasma treatment, energy and
flux of bombarding ions towards the negatively biased substrate are
increased, which leads to a higher concentration of surface defect sites i.
e., to a higher number of nucleation sites. The final outcome is increased
density of the nanostructures.

Besides the substrate properties, the plasma operational conditions
are also key in the processes of growth of the vertical nanostructures.
Among them, the flux rate of the precursor gas is one of the main factors
defining the morphology of the final nanostructure. The deposition rate
becomes lower with a higher precursor flow rate, ascribed to the higher
etching rate due to high flow. The high flow rate also reduces the time
available for reactive species to incorporate into the existing nucleation
centres during the initial growth phases because of the higher density of
species, leading to less ordered structures. Along with the precursor gas,
the insertion of other gases also significantly influences the growth of
carbon nanostructures. In this work, hydrogen was used as a supple-
mentary gas for the continuous etching of amorphous carbon to improve
the structural quality of the VCNs. During the initial growth process, the
carbon dimers could be bonded via dangling bonds, some of which
would be bonded through sp3 bonding. The presence of hydrogen could
eliminate the weakly bonded carbon atoms by the etching and, in turn,
improve the crystalline features of the material. In this case, the addition
of hydrogen is modifying the morphology from nanowalls to vertically
aligned nanotubes.

Even though all the plasma operational parameters are directly
involved in the growth of VCNs, systematic identification of each stage
in VCN growth relies on time-dependent growth. The time-evolved
growth of VCN could be demonstrated as follows: the carbon precur-
sor was ionized and dissociated into ions and radicals in the initial
stages. The nickel substrate featured point defects and dangling bonds
through surface plasma interaction, where carbon deposition is initi-
ated. During the nucleation, Ni slightly melted Ni nanoparticles formed
with a thin carbon layer (5 min). The second stage began with the for-
mation of carbon clusters over the defect spots. The growth continued,
where the vertical dimension of the carbon nanostructures increased by
the absorption of carbon atoms, forming a pillar-like structure. Along
with the prolonged growth time, these clusters transform to branch-like

Table 1
Parameters from Raman spectra: intensity ratios and full width at half maximum (FWHM) of D, G, and 2D bands.

Sample Peak positions (cm− 1) ID/ IG I2D/ IG ID/ ID’ FWHM
D

FWHM
G

FWHM
2DD G D’ 2D

10 sccm 1333 1592 1614 2645 1.991 0.173 2.82 51 39 197
7 sccm 1335 1593 1614 2649 1.938 0.180 2.70 49 37 166
5 sccm 1322 1591 1610 2629 1.883 0.157 1.78 90 38 251
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structures, forming densely packed VCNs on the substrate.

3.3. Post-synthesis N-doping

In order to tailor the electronic properties of the VCN, nitrogen
doping of VCNs was performed using Ar/N2 plasma in the same plasma
reactor as used for the VCN deposition. The VCN structures grown on the
Ni foil (Fig. 2 g,h,i) were doped with nitrogen at following plasma
operational conditions: P = 600 W, z = 8 cm, QAr = 45 sccm, QN2 = 5
sccm, t = 3 min (Fig. 1 b) [27,28].

Surface characterization of the doped nanostructures (NVCN) by XPS
revealed the presence of C, N, Ni, O, and Si at the surface. The SEM
image and the relevant detailed regions of the XPS spectrum are shown
in Fig. 5. The C 1 s photoelectron region was fitted with four peaks
centred at: 284.4 eV attributed, mainly, to graphitic-like sp2 C–C [36]
and also to C–H; 286.1 eV attributed mainly to C-O, but most probably
also including some sp3 C–C and/or C–H (285 eV) and C-N (286 eV);
288.7 eV assigned to carboxylates and/or N-C=O; and 291.7 eV attrib-
uted to π–π* energy losses features [58]. N 1 s was fitted with three peaks
centred at 398.0± 0.1 eV, 399.5± 0.1, and 401.2± 0.1 eV attributed to
pyridinic, pyrrolic, and quaternary nitrogen atoms, respectively [58].
The nitrogen relative amount is ~ 2.4 at%, and N/C=0.081. Addition-
ally, the main doublet in Ni 2p (not shown) is no longer that assigned to
Ni0, as in the Ni-foam with no VCN. The Ni 2p3/2 main peak in NVCN is
centred at 854.1 ± 0.1 eV, which is closer to Ni2+ species, namely Ni
(OH)2 [35].

3.4. Electrochemical studies

Deposition of a few micrometer thick VCN structures directly on the
current collector allowed the use of material directly in the form of
binder-free electrodes without any further electrode processing. Such
assembly should provide sufficiently high electrical conductivity, which
is critical for high-frequency applications.

The results of the electrochemical studies performed on VCN and
NVCN structures are summarized in Fig. 6. Cyclic voltammetry (CV)
studies performed on the two types of electrodes (Fig. 6 a) demonstrate

quasi-rectangular shapes, with NVCNs having slightly higher current
response. Such a result illustrates the potential of electrodes for EC
applications.

Nyquist plots obtained from the EIS measurements of the two elec-
trodes (Fig. 6 b-c) are similar, showing equivalent series resistances
(ESR) of 87 and 92 mΩ for VCN and NVCN, respectively. Such low ESRs
for both electrodes make them suitable in high frequency applications.
Frequency dependence of the phase angle reveals quite high cut-off
frequency (a frequency at which the phase angle reaches − 45◦) of
about 4 kHz for both electrodes (Fig. 6 d) and the corresponding time
constant τRC of 39 μs. This material has a lower cut-off frequency but
also lower τRC than VCN reported in [59]. Besides, our structures have
lower resistivity at the cut-off frequency (0.11 Ω vs. 0.67 Ω in [59]). It is
interesting to mention that the work in [59] demonstrated the superi-
ority of VCN structures in AC filtering with respect to horizontally and
randomly grown structures. At the same time the respective phase an-
gles values for VCN and NVCN electrodes at 100 Hz are − 81.5◦ and
− 78.1◦; the electrodes, deliver, respectively, capacitances of 481 and
477 µF (Fig. 6 e).

It is interesting to compare the ESR and the capacitance values ob-
tained in this work with literature data obtained in similar conditions.
Such comparison, for the frequency of 120 Hz concerning the results
reported elsewhere [31–33,60–64] is presented in Fig. 6 f. The elec-
trodes developed in this work display lower ESR and higher capacitance
values compared to several other examples reported in the literature.

The excellent electrochemical performance, such as high capaci-
tance, low ESR, and suitable phase angle, can be ascribed to the
favourable structural and morphological properties of directly grown
VCN and NVCN structures. The features that contribute to the
enhancement of electrochemical properties include:

• the binder-free electrode preparation, which establishes the direct
contact between the current collector and the active material to
reduce the ohmic coupling at the current collector/material
interface;

• high electrical conductivity of such structures that improves the
charge transfer and efficient electrolyte interaction;

Fig. 5. Surface morphology and chemical composition analysis of NVCN − (a) top-view SEM micrograph, and high resolution XPS (b) C 1 s, (c) N 1 s and (d) O 1
s spectra.
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• the vertical morphology of the carbon nanostructures, which en-
larges the effective area for enhanced electrode–electrolyte contact;

• design and doping in the plasma environment, which ensures the
structural quality of the materials with a sufficient number of surface
defects and stimulates the electrolyte interaction during the elec-
trochemical processes.

Since a good capacitive response at high-frequency regions is the key
to replacing the existing AECs in electric circuits for AC/DC conversion,
the structure-controlled design of specific electrodes is crucial. Consid-
ering the excellent performances of plasma-designed electrodes at high
frequencies, supercapacitor electrodes fabricated by such structures
carry high potential to be used in electronic systems for alternating
current line filtering applications as an alternative to AECs.

4. Summary

Growth of vertically oriented carbon nanostructures was achieved
using a large-scale microwave plasma at low pressure conditions and
methane as the carbon precursor. Optimal operational parameters for
the vertical growth were established, as follows: QCH4 = 10 sccm, P =

800 W, bias voltage of substrate U = − 400 V, deposition time 60 min.
The effect of both the substrate and the plasma conditions on the
nanostructure growth and morphology were investigated. The influence
of the surface pre-treatment showed that chemical etching secures the
lowest amount of oxygen impurities in the grown nanostructures, while
the most versatile morphologies are obtained after annealing and Ar
plasma pre-treatment of the substrate. Different deposition rates and
morphologies were observed on Ni-foam and stainless steel substrates.
Under the same conditions, due to the higher adhesion energy of carbon
on Ni, thicker deposits were detected as compared with the ones on
stainless steel. The addition of negative bias on the substrate, aiming to
control the flux and energy of the bombarding ions, led to the synthesis
of well-aligned nanowalls exhibiting turnstile-like morphology at a
higher biasing voltage (− 400 V). Additional tuning of the shape of the
synthesized VCNs was achieved by the addition of H2 in the plasma.
Introducing H2 changes the morphology from nanowalls towards
nanotubes. Both structures are characterized by dominant sp2 carbon
bonds, as confirmed by XPS. With gas composition ratio CH4:H2 = 2:1,
the growth of nanotubes with height 5–8 µm was achieved. Post-
synthesis N-doping was obtained in the same plasma reactor system

yielding 2.4 at% N and N/C = 0.081, as computed by XPS. Doped and
pure VCNs synthesized under the optimal plasma conditions directly on
the Ni-foil current collector and tested as high-frequency AC filtering
capacitors showed good cut-off frequency of 4 kHz at which the phase
angle is − 45◦. A suitable phase angle of − 81.5◦ and − 78.1◦ at 100 Hz,
for doped and pure VCN, respectively were achieved and the overall
capacitance was 481 and 477 µF at 100 Hz.

The excellent electrochemical performance, characterized by high
capacitance, low equivalent series resistance, and appropriate phase
angle, can be attributed to the favorable structural and morphological
properties inherent in the directly grown vertically oriented carbon
nanostructures providing binder-free electrode preparation. The used
plasma approach to fabricate VCNs facilitates direct contact between the
current collector and the active material by eliminating the need for
binders, enhances the electrode’s conductivity and charge transfer
kinetics.

Furthermore, the design and doping of the nanostructures within the
plasma environment ensure the structural quality of the materials,
incorporating a sufficient number of surface defects. These defects play a
crucial role in facilitating electrolyte interaction during electrochemical
processes. By providing active sites for ion adsorption and desorption,
surface defects enhance the electrode’s electrochemical activity and
capacitance. The used plasma method outclasses the conventional
chemical approaches for electrode preparation by enabling precise
control over nanostructure morphology and composition, leading to the
formation of uniform and well-defined structures. Moreover, the plasma
environment allows for rapid and efficient synthesis, reducing process-
ing times and energy consumption. Additionally, plasma methods
minimize the use of hazardous chemicals and by-products associated
with traditional chemical synthesis routes.

In conclusion, plasma-enabled synthesis of vertically oriented carbon
nanostructures offers a scalable and environmentally friendly approach
for electrode design. The optimized processing parameters yield VCN-
based electrodes with excellent high-frequency filtering performance,
presenting a viable alternative to conventional electrolytic capacitors for
high-frequency applications. Future work will focus on further opti-
mizing the synthesis process and exploring additional functionalities of
VCNs for diverse technological applications.

Fig. 6. Electrochemical performances of VCN and NVCN electrodes with 14 mm diameter (a) CV curves at a scan rate of 100 mV/s; (b-c) Nyquist plot; (d) Phase angle
vs Frequency plot; (e) Capacitance vs Frequency plot and (f) Comparison between the capacitance vs ESR values in this work to some of the reported literature in
carbon electrodes for high-frequency capacitors.
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