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Abstract Unlocking the full electrochemical potential of diamond-like carbon (DLC) thin films hinges
on a nuanced understanding of their synthesis parameters. This study meticulously investigates the
profound influence of the methane-to-hydrogen gas ratio on the electrocatalytic performance of DLC
films precisely fabricated via direct current plasma-enhanced chemical vapor deposition
(DCPECVD). A systematic exploration across methane flow rates from 0.5 to 4.5 sccm revealed a
dramatic impact on the film’s microstructure, particularly its sp*/sp? hybridization ratio and grain
morphology. The morphology and structure of the samples were studied by scanning electron
microscopy (SEM) and Raman spectroscopy, while electrochemical behavior was quantitatively
assessed via electrochemical impedance spectroscopy (EIS) and Mott—Schottky analysis. The findings
unequivocally establish a direct correlation between methane concentration and both the structural
attributes and electrochemical efficacy of the DLC coatings. Strikingly, an optimized methane
concentration of 0.5 sccm yielded DLC films with an excellent microstructure, marked by a higher
sp*/sp? ratio and finely uniform grain structures, which in turn facilitated markedly enhanced
electrocatalytic activity. Furthermore, consistent n-type semiconductor conductivity was observed
across all investigated DLC samples.
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1. INTRODUCTION

Diamond-like carbon (DLC) has attracted
considerable attention in various engineering and
electrochemical applications due to its unique
combination of diamond-like properties, including high
hardness, excellent wear resistance, and good chemical
stability. These characteristics are particularly important
in applications such as electroanalysis and water
treatment (Jo et al., 2018; Pillaca et al., 2024; Zeng et
al., 2014). Compared to diamond, the production of
DLC is significantly more cost-effective, which has led
to its widespread use as a protective coating in a variety
of applications, including optical components, magnetic
storage media, automotive parts, biomedical implants,
and microelectromechanical systems (MEMs) (Zeng et
al., 2014).

Structurally, DLC consists of a disordered network
of sp*- and sp3-bonded carbon atoms, and its properties
are strongly influenced by deposition parameters
(Dennison et al., 1996). The sp*/sp? bonding ratio is one
of the key factors governing the mechanical, electrical,
and chemical properties of DLC coatings. Modifying
this ratio can lead to improved surface properties;
however, its effect depends on deposition conditions
such as temperature, pressure, and the composition of
precursor gases during the deposition process. In this
context, numerous studies have demonstrated that

methane (CHa) concentration plays a crucial role in
controlling the structure and, consequently, the
properties of DLC coatings, leading to changes in
hardness, electrical conductivity, and optical
characteristics, i.e., features that are highly relevant for
electronic and electrochemical applications (Dezfuli
2022; E. Mohagheghpour et al., 2021; Park et al., 2013;
Pillaca et al., 2024). Previous reports indicate that
variations in CHa flow rate significantly affect various
characteristics of DLC electrodes. These characteristics
include crystalline morphology, grain size, and film
thickness (Guinea et al., 2009), the sp*/sp? bonding ratio
(Mansano et al., 2000), electrocatalytic activity (Feng et
al., 2011; Naragino et al., 2012), and even the type of
semiconducting behavior (Ferreira et al., 2002). In
general, an excessive CHa flow rate can adversely affect
surface quality; however, optimizing the CHa ratio
during the deposition process can substantially improve
the structural quality and electrochemical performance
of DLC coatings. Therefore, a systematic investigation
of the effect of CH4 concentration aimed at optimizing
the electrochemical performance of DLC electrodes and
potentially reducing production costs is highly
desirable.

In recent years, considerable research efforts have
been devoted to improving the wear resistance,
corrosion resistance, and electrochemical properties of
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DLC coatings (G. Capote et al., 2016; Han et al., 2021).
Despite these advances, several research gaps remain. In
particular, a comprehensive understanding of the
relationship between CHa4 concentration, microstructural
evolution, and the electrochemical and semiconducting
responses of DLC coatings, especially for DLC
deposited on titanium substrates, has not yet been fully
established. Addressing this issue is essential for
advancing emerging applications of DLC, such as water
treatment and energy conversion, and for providing
guidelines for material selection and design in specific
electrochemical applications.

DLC coatings can be synthesized using various
techniques, among which plasma-enhanced chemical
vapor deposition (PECVD) is especially attractive due
to its capability to coat substrates with complex
geometries (Pillaca et al., 2024). Previous studies have
shown that the use of a DC-PECVD system can lead to
improved DLC coating quality (G. Capote et al., 2016;
G. Capote et al., 2016; Lugo et al., 2017). In the present
work, DLC coatings were deposited on grade 2 titanium
substrates using a DC-PECVD technique with different
CHa. flow rates. Although the effect of the CHa/H: ratio
on the structural and some electrochemical properties of
DLC coatings has been reported in previous studies, the
focus of the present research is on providing an
integrated analysis of the structural, electrochemical,
and semiconducting behavior of DLC coatings
deposited on titanium substrates. The main novelty of
this work lies in the simultaneous correlation of the
bonding structure (sp?sp®) with electrochemical
impedance spectroscopy (EIS) and Mott—Schottky
responses within a single coating—substrate system.
Furthermore, the observation of a mixed n—p-like
semiconducting behavior under a specific processing
condition (an aspect rarely addressed in prior studies)
reveals a new dimension of the electrochemical
performance of DLC coatings. Accordingly, the
objective of this study is to identify optimal processing
conditions for achieving DLC coatings with enhanced
electrochemical performance and to provide a deeper
understanding of the relationship between bonding
structure and electrochemical responses.

2. Experimental procedures

Titanium plates were mechanically ground, and
DLC films were deposited using a DC-PECVD system
with varying CHs concentration, utilizing Ar, Hz, gases
at controlled flow rates, pressure (0.4 Pa), and
temperature (700 °C). The key parameters used for
coating DLC anodes are summarized in Table 1.

Table 1. Deposition parameters of DLC anodes.

S/N a b c d e
CH4 0.5 1 1.5 3 4.5
H: /Ar flow (sccm) 30/30
Pressure (Pa) 0.4
Temperature (°c) 700
Voltage (V) 500
Time (hour 6

The resulting films were characterized for surface
morphology via SEM and for sp*/sp? ratio via Raman
spectroscopy. Electrochemical characterization was
performed using a potentiostat in a three-electrode

system (Ag/AgCl, Pt, DLC working electrode) at 25 °C.
EIS was performed in 0.5 M H2SO4 (100 kHz to 10 mHz,
+10 mV). Brugg et al.'s equations (1) and (2) served as
the basis for calculating the effective capacitance
(Hirschorn et al., 2010):

R.. x R.1(C-m)/m) (1)
Co = 0/m) [M
dl (Q,dl) R(;t + Rs

Ceff = (Q‘C)(’/n) x Rc((—n)/n) 2)

The Helmholtz relation (Eq. (3)) indicates that the
effective capacitance increases proportionally with the
coating's specific surface area and the dielectric constant
of the filler, and inversely proportional to its thickness
(Hirschorn et al., 2010).

eggA/d = Cetr 3)

This relation defines €0 as the vacuum permittivity
(8.89 x 107'2), £ is the dielectric constant, A is the
capacitor plate area, and d is the distance between the
plates (Hirschorn et al., 2010).

Mott-Schottky tests were conducted in the same
electrolyte (-0.2 to 1.5 V, 1-20 kHz, 10 mV) to
determine defect density (Ng) using Equation (4)
(Gelderman et al., 2007; Williamson & Isgor, 2016).

2 KpT
1/c? = oo, V=V == “4)

where e is the electron charge; € and €o are the
permittivity of the semiconductor and of vacuum,
respectively; and V is the potential. Other parameters
are Vp (the flat band potential), kg (the Boltzmann
constant), and T (the temperature).

3. RESULTS AND DISCUSSION

The comprehensive analysis of Raman spectroscopy
results provided critical insights into the structural
evolution of diamond-like carbon (DLC) as a function
of methane concentration during the deposition process.
It was unequivocally determined that an optimal CH4
flow rate range, specifically between 1 to 1.5 standard
cubic centimeters per minute (sccm), was paramount for
achieving a superior diamond-like structure within the
coatings. This optimum signifies a balanced
composition where the advantageous sp® bonding
(characteristic of diamond) is maximized relative to sp>
(graphit) bonding.

Further investigation revealed that exceeding this
optimal CHs flow rate window led to a discernible
detrimental  shift in the coating's intrinsic
microstructure. Specifically, an elevated CH4 flow rate
consistently correlated with a significant increase in the
intensity ratio of the D to G peaks (Ip/Ig ratio) in the
Raman spectra. The D peak typically signals disorder
and defects within graphitic sp? carbon structures, while
the G peak originates from the in-plane stretching of sp?
carbon atoms in more ordered graphitic networks.
Consequently, a rising Ip/lg ratio directly indicated a
decrease in the overall sp*/sp? bond ratio within the
coating, thereby reducing its desired diamond-like
character and increasing its undesirable graphitic
content. These structural changes were further
corroborated by a shift of the G peak towards higher
frequencies, often attributed to increased internal
compressive stress or alterations in the average bond
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angles within the sp? network. Concurrently, a reduction
in the G peak width was observed, which can signify the
formation of larger or more ordered graphitic clusters.
Collectively, these spectroscopic indicators pointed
towards an increase in the size and prevalence of non-
diamond (i.e., graphitic) clusters throughout the coating.
Despite these variations related to the CHs4 flow rate, the
study consistently demonstrated that the diamond-like
carbon samples generally possessed a dense and
compact structure, exhibited low porosity, and
maintained excellent surface uniformity under
controlled deposition conditions. These inherent
qualities are highly advantageous for protective
coatings. The findings underscored that precise and
meticulous control of the CH4 flow rate played a pivotal
role in fabricating high-quality DLC coatings with a
desirable morphology and robust structural integrity.
However, it was also observed that an increase in the
CH4 flow rate negatively impacted the macroscopic
surface quality of the coatings. For instance, at lower
flow rates, specifically 0.5 and 1 sccm, the coatings were
continuous and characterized by fine, densely packed
grains, contributing to an excellent surface finish and
enhanced protective capabilities. In stark contrast,
escalating the CH4 flow rate beyond 1.5 sccm resulted in
a noticeable decline in the surface quality of the
coatings, suggesting the formation of larger, less
uniform grains, increased surface roughness, or the
introduction of macroscopic defects due to an excess
carbon precursor during deposition.

Moving beyond structural and morphological
attributes, the study also meticulously investigated the
electrochemical performance of these DLC coatings, as
visually represented in Figure 1. It was conclusively
found that increasing the CHs flow rate led to a
significant diminution in the electrochemical active
surface area, implying a reduced number of available
sites for electrochemical reactions and, consequently, a
decrease in catalytic efficiency. Concurrently, a
substantial increase was observed in both the charge
transfer resistance (Rc) at the electrode-electrolyte
interface and the bulk coating resistance (R.). Elevated
resistances are  critical limiting factors in
electrochemical applications, as they impede electron
transfer kinetics and overall device performance. These
increased resistances, in turn, instigated a reduction in
the double-layer capacitance (Ca), which quantifies
charge accumulation at the interface, and the overall
coating capacitance (C.). Interestingly, the sample
prepared with a 0.5 sccm CH4 flow rate exhibited the
highest effective double-layer capacitance (Cesr, a1) and
the greatest electrocatalytic activity, highlighting this
specific deposition condition as potentially optimal for
electrochemical applications demanding high activity
and efficient charge storage.
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Figure 1. shows the Nyquist plots of diamond-like carbon
samples under different CH4 gas fluxes.

Finally, the semiconductor behavior of the DLC
samples was thoroughly analyzed, as illustrated in
Figure 2. With one notable exception, all diamond-like
carbon samples consistently displayed n-type
semiconductor behavior, indicating that electrons
functioned as the majority charge carriers. The
significant exception was the sample deposited with a
0.5 sccm CHy flow rate, which uniquely exhibited n-
type behavior up to a potential of 0.5 V, subsequently
transitioning to p-type behavior (where holes act as
majority carriers) at higher applied potentials. This
distinctive biphasic semiconductor response at 0.5 sccm
suggests a specific and intricate electronic band
structure or a nuanced balance of donor and acceptor
states at this particular CHs4 concentration. For the
predominantly n-type samples, a clear trend emerged:
increasing the CH4 flow rate was accompanied by a
proportional increase in the majority carrier density
(Ng). This enhancement in carrier density in the n-type
samples is likely correlated with the increased graphitic
(sp?) content, as graphitic clusters are known to
contribute significantly to the electrical conductivity by
providing more free charge carriers.

03 -04-7- 01 03 05 07 09 1 13 15

Potential (V) vs.Ag/AgCl)

Figure 2. Mott-Schottky curves of DLC layers in 0.5M
sulfuric acid solution under different CH4 gas fluxes.

4. CONCLUSION

In this study, it was demonstrated that the methane
flow rate is a decisive parameter in controlling the
structure, electrochemical properties, and electronic
behavior of diamond-like carbon (DLC) coatings.
Proper adjustment of this parameter leads to the
formation of dense, uniform coatings with high surface
quality, whereas an excessive increase in methane flow
rate results in reduced structural order, increased non-
diamond phases, and weakened -electrochemical
performance of the coatings.
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Raman spectroscopy results and electrochemical
tests indicated that a methane flow rate of 0.5 sccm, as
the optimal value, provides the highest fraction of sp?
bonds, the lowest amount of non-diamond clusters, and
the greatest active surface area and electrocatalytic
activity. Furthermore, investigation of the electronic
behavior of the samples revealed the predominance of
n-type semiconducting behavior in the diamond-like
carbon coatings, such that variation of the methane flow
rate enables tuning of the carrier density and conduction
type.

Overall, these findings highlight the importance of
precise control of methane flow rate for the
simultaneous optimization of the structure and
performance of diamond-like carbon coatings.
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1. Plasma-enhanced chemical vapor deposition
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1. Field Emission Scanning Electron Microscope (FE-SEM)
2. Raman spectrometry
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1. X-ray photoelectron spectroscopy
2. Electron energy loss spectroscopy
3. Scanning Electron Microscope

4. constant phase element
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