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Hydrogenated amorphous carbon-nitride (a-C:H:N) thin films (or N-DLC) were deposited on glass and
FTO substrates by a dielectric barrier discharge plasma technique using CH4/N, gas mixture. The XPS
results reveal that as the nitrogen ratio in the CH4:N; gas mixture increases from 50% to 80%, the nitrogen
doping level increased from 5.5 at.% to a maximum value of 11.5 at.% with especially high amounts of
pyridinic (6.4 at %), and graphitic (4.7 at %) nitrogen. FEG-SEM results indicate a worm-like porous
morphology for the 20%:80% CH4:N; sample, relying on high amounts of pyridinic and graphitic N, which
is a favorable structure to boost the ions diffusion process. This optimized N-DLC electrode with high
nitrogen incorporation not only exhibits a nearly electrochemical reversibility with AE, (125 mV) and ]/
Jpc (1.03) in K3Fe(CN)s electrolyte, but also a fast charge transfer constant (6.59 x 1074 cms ™). The
excellent performance of this electrode is ascribed to the high nitrogen doping level, large surface area,
the abundant holes, and the high nano-pore volume possessing excellent electron transfer ability for
redox reaction. N-DLC thin film exhibits a promising prospect for biosensors and electrochemical elec-

trode applications.

© 2020 Elsevier B.V. All rights reserved.

1. Introduction

Recently, carbon-based electrode materials such as diamond-
like carbon (DLC) films and boron-doped diamond (BDD) films
come to be promising candidates for novel electrochemical elec-
trodes [1—3] and biosensors [4,5]. Among them, BDD thin film as a
desirable electrode material exhibits distinguished electrochemical
properties [6,7]. However, the fabrication of BDD films requires to
high temperatures (about 800 °C) and surface oxidation easily oc-
curs in these films, which decreases the charge transfer rates.
Moreover, only few substrates can be used for the deposition of
these films [6]. Hence, these problems restrict the application of
BDD electrodes and consequently there is still impetus to find a
desirable alternative carbon electrode based-material. In this re-
gard, nitrogen-doped hydrogenated amorphous carbon (a-C:H:N)
electrode, as a modified DLC electrode, presents a promising
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alternative to extremely high cost BDD electrode due to its similar
electrochemical properties such as wide potential window, low
background current, and high stability for electrochemical reaction
[4,6,8]. Furthermore, in contrast to BDD films, the a-C:H:N films can
be deposited on diverse substrates at room temperature for lower
production costs [9].

Nitrogen doping in DLC electrodes boosts the electrical con-
ductivity of the electrode by narrowing the band gap, which leads
to enhancing the electrochemical activity of the electrode material
[8]. In fact, exciting the excess electrons in the a-C:H:N electrodes
promotes the incorporation of graphitic N—C which can lead to a
significant increase in the conductivity [10]. Besides, pyridinic N
and pyrrolic N provided from nitrogen doping can develop the
formation of large amounts of nanopores [10,11] and supply large
electrode/electrolyte interfaces for the fast charge-transfer reac-
tion, which leads to an enhanced electrochemical efficiency [10]. a-
C:H:N films are already known as a desirable electro-analytical
performance, e.g., voltammetry analysis for heavy metals detec-
tion [8,12], and organic analytes detection such as glucose, dopa-
mine and DNA [13,14]. Furthermore, the a-C:H:N thin film can also
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be employed as anti-reflective coatings in IR sensors [ 15] because of
its high chemical stability and low reflectance in the IR region. The
idea of employing a-C:H:N thin films in solar cells as an IR trans-
parent coating emanates as an impressive option for future opto-
electronic devices [16]. From the aforementioned explanations, it
can be concluded that by tuning the nitrogen doping level, the
electrochemical performance and optical band gap of a-C:H:N films
can be well improved.

Among many techniques that can be utilized for the a-C:H:N
thin films fabrication (such as chemical vapor deposition [17],
magnetron sputtering [18], pulsed laser deposition [19], cathodic
arc deposition [20] etc.), extensive developments are being placed
on the non-thermal plasma-based processes [8,21,22]. Non-
thermal plasma deposition processes offer some advantages over
the typical aforementioned processes. Firstly, it provides high ef-
ficiency of surface activation by free-radicals and charged particles
(especially ions) in the plasma medium [21,23,24]. Second, due to
good adhesion to the substrate in the deposition process at ambient
temperature, the non-thermal plasmas are very attractive for
deposition on thermo-sensitive materials [25]. In this regard,
Dielectric Barrier Discharge (DBD) plasma technique can provide
approximately high density of chemical functionalities and active
species in both streamer and silent modes as a low cost non-
thermal plasma generation technique [22,26]. To fabricate a N-
doped DLC electrode (or a-C:H:N film) by a DBD plasma with hy-
drocarbon/nitrogen gas mixture, the presence of high electroneg-
ative nitrogen ions in the plasma medium is very useful to produce
the pyridinic N-sites, generating high active sites in a-C:H:N films
[27,28]. The electrochemical performance of the N-doped DLC films
could be eventually adjusted by these sites.

In the past decade, some research groups attempted to fabricate
a-C:H:N or N-DLC films to develop new electrode materials
achieving desirable voltammetric characteristics. Zhou et al. [8]
reported the effect of nitrogen content on the electrochemical
properties and microstructure attributes of N-DLC films synthe-
sized by plasma-enhanced CVD (PECVD). They found that a nega-
tive bias voltage of —550 V, the N-DLC electrode exhibits a nearly
reversible electrode reaction by AE, at 209 mV and I$¥/I5* at 0.88 in
K3Fe(CN)g solution. Besides, for this bias a high C-N bond concen-
tration of 5.4% was achieved. Zhang et al. [11] investigated the
microstructure variation of N-doped amorphous carbon films
fabricated by magnetron sputtering of carbon target at the different
negative bias voltages in argon and nitrogen atmospheres. They
found that higher value of negative bias (150 V) can enforce the
generation of nanoporous structures explained by ion etching ef-
fect. As an important result, they found that high-energy N ions
bombardment restricts the nitrogen content and consequently the
deposition rate in CN-species.

Niu et al. [29] investigated the structural and morphological
properties of a-C:H:N films deposited by DBD-plasma in low
discharge pressures by different hydrocarbons. They showed that
raising the discharge pressure gives rise to growing in the film’s
surface roughness and deposition rate. Moreover, the properties of
deposited polymer-like films could turn into diamond-like when
the discharge pressure was increased. However, there is no report
on a-C:H:N (or N-DLC) thin films as an electrode material and an
anti-reflective coating in IR region fabricated by DBD plasma
technique. In addition, the correlation between the structural, op-
tical and electrochemical properties of a-C:H:N thin films based on
this fascinating low-cost plasma method has not been reported, yet.

In the present work, a-C:H:N thin films have been successfully
deposited on glass and FTO substrates in a homogenous silent and
streamer-like non-thermal plasma using a CH4/N; gas mixture by
DBD. The influence of nitrogen concentration on the structural,
optical, and electrochemical properties as well as microstructure
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evolution of the a-C:H:N were investigated. An additional motiva-
tion of this work is the investigation of the possible use of these
samples as an IR anti-reflective coating candidate which indicate a
good transparency associated with low reflectance (<0.02) in IR
region. In this manuscript, we focused on the electrode activities of
the samples by increasing the nitrogen content. Moreover, corre-
lations between the structural and morphological properties with
electrochemical performances were discussed.

2. Experimental details
2.1. Film preparation

The a-C:H:N thin films were fabricated by DBD plasma tech-
nique using a CH4/N, gas mixture on the Corning glass and FTO
(fluorine doped tin oxide) substrates for analytical, optical and
electrochemical testing, respectively. Before setting the substrates
into the vacuum chamber, they were cleaned ultrasonically in a
blend of deionized water and ethanol for 15 min, then dried with
nitrogen gas flow after rinsing with deionized water.

The DBD plasma chamber is made of stainless steel, and the
chamber volume is about 6200 cm?>. The two electrodes in the DBD
are made of stainless steel plate with a diameter of 8 cm and
thickness 2 cm. As a result, the area of each electrode is 50.2 cm?.
The gap between the two electrodes was regulating to 8 mm. The
upper electrode is connected to a high-voltage power supply (20 kV
peak-to-peak), while the lower electrode is grounded. Both elec-
trodes are covered by quartz dielectrics (e= 4.5). The substrate was
placed on the lower electrode. Before each plasma deposition, the
chamber is pumped down by a two-stage rotary vacuum pump to a
pressure of 10~ mbar, and then it is filled by the CH4/N, gas
mixture to 200 mbar pressure to ensure high gas purity for the
discharge. After filling the chamber with the gas mixture, the gases
flow was switched off and then the plasma ignited for the depo-
sition process. The experiments were performed for 50%:50%,
40%:60%, 30%:70% and 20%:80% CH4:N, gas ratios. The deposition
conditions are introduced in Table 1. A schematic representation of
the DBD plasma device as well as the generated plasma in different
gas ratios are shown in Fig. 1.

2.2. Characterization

Raman spectra of the deposited N-DLC films were measured by
Micro-Raman spectrometer (Takram P50CoR10, Teksan) with a
laser excitation wavelength at 532 nm. The Raman spectra were
then fitted using both Guassian and Lorentzian functions by Ori-
ginPro 9.30 software to evaluate required parameters. To studying
the functional groups of the specimens, ATR-FTIR spectra were
recorded via a Jasco FTIR-4700 spectrometer with a resolution of
4 cm~. Besides, PHI 5000 VersaProbe apparatus was utilized for
XPS measurements in order to the chemical composition analysis of
the a-C:H:N films. A monochromatized Al Ko, line (1486.6 eV) was
operated as an incident photon source located at 54.7° with respect

Table 1

Discharge conditions of plasma deposition of a-C:H:N thin films.
Discharge Parameter value
Frequency of power supply 20 KHz
Discharge power 140 W
Discharge pressure 200 mbar
Deposition time 40 min
Discharge gap 8 mm
Operating gases CH4+N;3

Substrates Corning Glass and FTO
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Fig. 1. a) Schematic diagram of the DBD plasma set-up used for the N-DLC thin films
deposition. b) Photographs of the plasma medium generated in the DBD reactor for
different CH4:N; gas ratios.

to the analyzer axis. Photoelectron spectrum was accumulated at
the take-off angle of 45° with respect to the surface normal. The
energy analyzer was worked at the constant analyzer energy mode.
All spectra were charge-corrected regarding to the hydrocarbon
constituent of the C1s peak at 285 eV. The XPS survey was acquired
using a pass energy of 117.4 eV. Moreover, pass energy of 23.5 eV
was employed according to the high-resolution peaks of each
element. The PHI Multipak Software was used concerning to the
spectral curve fitting. A Gauss-Lorentz function and a full width at
half maximum of 1-1.5 eV were applied. The thicknesses of the
films and their surface morphology were analyzed by a field-
emission scanning electron microscope (FEG-SEM, MIRA3 TES-
CAN) operating at 15 kV. Optical transmittance and reflectance of
the N-DLC films were measured by employing UV—Vis—NIR spec-
trophotometer (Cary 5000). The electrochemical measurements
were performed in an aqueous solution of 1 M KCl containing
10 mM KsFe(CN)g using an Autolab PGSTAT 30 electrochemical
analyzer in a three-electrode system, where the synthesized elec-
trode, Ag/AgCl and platinum plate were served as the working,
counter and reference electrodes, respectively. The electrochemical
impedance spectroscopy (EIS) measurement was performed using
the same system in frequency range of 0.01—105 Hz and at open
circuit potential and ac amplitude of 10 mV. Using the Zview soft-
ware, the impedance spectra were fitted with the equivalent circuit.

3. Results and discussion
3.1. Structural and compositional properties

Raman spectroscopy, as a non-destructive method, is employed
to extract the structural information and the presence of defects in
a-C:H:N films. Raman spectra of the a-C:H:N thin films with
different nitrogen incorporation (in the CH4:N, gas mixture) are
exhibited in Fig. 2a.

For all samples, the Raman spectra are dominated by two
common features in disorder carbon films recognized as G- and D
bands in the region between 1000 and 1800 cm~! and corre-
sponding the second order bands. Due to the bond stretching of all
pairs of sp?, the G peak around 1580-1590 cm ™! is raised, while the
D peak around 1380-1390 cm ! is owing to the in-plane breathing
vibrations of sp? carbon atoms in rings. To obtain the parameters of
interest, the Raman spectra were deconvoluted using fitting
method by Gaussian and Lorentzian functions [30—32]. In addition
to the G- and D bands, the first- order Raman spectra exhibits a sub-
band approximately around 1520 cm ™! named as G1 which can be
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attributed to fine structures of the sp? sites in the amorphous car-
bon [30,33]. As can be seen from Fig. 2a, because of increasing the
finite size of crystallites and the following enhance of the defects
density, the intensity of this peak increases when N incorporation
enriched [33]. The variation in the G-peak position, intensity ratio
of D and G band (i.e., Ip/Ig) as well as full width at half maximum
(FWHM) of G-band for the samples are reported in Table 2. With
increasing the nitrogen incorporation in the films, an upshift of the
G-peak position is observed which refers to the promotion of the
clustering associated with evident rising of Ip/Ig [12].

In fact, the increase in the Ip/Ig ratio could be assigned to the
increase in the size and number of the sp? carbon clusters and
consequently the higher existence of complete sp? graphitized
rings [8,30,34]. In addition, the G-FWHM is related to structural
disorder caused by bond angle and bond length distortions. As a
result, the lowest G-FWHM value of samples having the most ni-
trogen content may rely on increasing the graphitization structure
[30,31,35].

Another significant parameter which can be obtained from the
visible Raman analysis is the grain size of the graphite which is
attributed to the in-plane correlation length L, [30,36]. According to
the empirical equation proposed by Robertson [37], the Ip/I; ratio
could be used to estimate the size of the sp? clusters, which is
described as follows [30,36]:

§—D:C/(A)L§ (1)
G

where L, is the diameter of a cluster, A denotes the excitation
wavelength (532 nm in this work), and C'(1) is the variable scaling
coefficient that is taken as 0.55 nm~2 [30,36]. This estimated typical
size of graphite clusters increases with decreasing G-FWHM and
vice versa. The values of the calculated L, have been reported in
Table 2. In this table, it can be seen that sample 20%:80% presents
the highest L, parameter suggesting the presence of a high level of
sp? structures which could be explained by its high nitrogen con-
tent [30,31,37]. Moreover, the broad asymmetrical and nearly
featureless Raman band observed in the high-frequency region
(2500-3200 cm™!) is attributed to the D and G second order
structures. This broaden second order Raman spectrum observed in
defective graphitic carbon materials induced by nitrogen incorpo-
ration could be due to the very small size of graphitic crystallites
[33,35,38].

In order to deconvolute the 2D region into its possible consistent
peaks, this region is compared in Fig. 2b, separately. The most
prominent bands named as 2D, D + G1, D + G and 2G, respectively,
are demonstrated in the Fig. 2b. The two merging second-order
peaks around 2822 and 2926 cm™!, which are common in all
samples, are a combination of the D band with the G1 and G band
frequency, respectively [39,40]. Another two peaks around 2665
and 3129 cm™! are attributed to the overtone mode of the D band
(namely 2D) and G band (namely 2G) since the frequency of these
peaks are close to twice that of the D band and G band frequency,
respectively [35,39,40]. The small graphitic crystallite size derived
from the second order of the Raman spectra is in consistent well
with first order of Raman spectra (see Table 2).

Fig. 3a shows ATR-FTIR spectra of specimens with different ni-
trogen fractions. The transmission spectrum of the samples can be
analyzed by considering several typical spectral regions. The broad
band at 3700-3100 cm™~! is due to the stretching vibrations of O-H
and N-H functional groups [29,41—43]. More precisely, this broad
peak indicates the presence of the anti-symmetric and symmetric
stretching bands of NH2 around 3360 and 3200 cm™, respectively.
It is also observed that more incorporation of N, in CHy4/N, ratio
leads to an increase of the intensity of these bands which can be
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Fig. 2. a) First and second-order Raman spectra of a-C:H:N thin films fabricated at different CH4:N gas ratios (vs. %), b) Deconvolutions of the second order Raman spectrum.

Table 2
Variation in the Ip/I; ratio, G-FWHM, G-peak position, graphite cluster size L,, and
optical band gap of the investigated a-C:H:N samples for different CH4:N, gas ratios
(vs. %).

CH4:N, Ip/lg G-peak position (cm™1) G-FWHM L, (nm) Eg (eV)
50:50 0.72 1587 123 1.15 1.33
40:60 0.85 1589 111 1.24 1.21
30:70 0.92 1592 105 1.30 1.17
20:80 1.03 1596 93 1.37 1.09

attributed to an increase in the N-content of the deposited films.
The band observed at 2223 cm™! is attributed to C=N triple bond
stretching vibration which becomes stronger when increasing ni-
trogen concentration. Similar trend was reported by different au-
thors [29,42]. The band around 1715 cm~' corresponds to a
contamination of the carbon films by oxygen [30]. In addition to the
observed IR active bands, the D and G bands are detected at 1368
and 1602 cm™, respectively. The appearance of these features is

®) 2) Raman

\/ —— ATR-FTIR|
Bl
N
2
z
E
]

T T T T
1000 1200 1400 1600 1800 2000

Wavenumber (cm™)

due to the symmetry breaking in the sp? domains caused by the N
incorporation into the films which makes these features active in IR
spectroscopy [35,41,43]. As can be seen in Fig. 3b, a satisfactory
correspondence between ATR-FTIR spectra and the structures
observed in the Raman spectra is found. Finally, an apparently
increasing activity of the wagging mode of C and N atoms at
832 cm~! as well as wagging mode of H atoms in the N-H group at
609 cm ™! is observed with increasing the nitrogen incorporation
[44]. The results extracted from ATR-FTIR analysis are also corrob-
orated by Raman spectroscopy.

To elucidate the chemistry of the films, N-DLC films were also
investigated by XPS analysis. The hydrocarbon component of the
C1s peak at 285 eV was considered as a reference to calibrate the
binding energy [45]. The survey spectra of a-C:H:N thin films with
different nitrogen contents which includes C, N, and O without any
other impurities is presented in Fig. 4. As it is obvious, adding the
nitrogen fraction in the feed gas results in a gradual enhance of the
intensity of N peak.

To recognize the bonding state of the N-doped DLC films, the

100

Transmittance (a.u.)

T T T T
2500 2000 1500 1000

Wavenumber (cm™)

T T
4000 3500 3000 500

Fig. 3. a) ATR-FTIR transmittance spectra of a-C:H:N samples for different CH4:N, gas ratios (vs. %), b) the IR and Raman spectra relative to sample 20%:80% CH4:N».
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Fig. 4. XPS spectra of a-C:H:N thin films in dependence on the different CH4:N, gas
ratios (vs. %).

high-resolution XPS C1s and N1s core level spectra were evaluated,
separately (see Fig. 5 and Fig. 6). The high-resolution C1s is fitted by
four components corresponding to different bonding states of the
carbon atoms. The first component C1 at 284.9 eV is attributed to
sp3/sp? C—CR/C=CR (R: H or C), the second one C2 at 285.8 eV is
assigned to C—NR/C=NR (R: H or C), the third one C3 at 286.7 eV is
ascribed to C=N, and forth one C4 at 288.2 eV is corresponded to
C=0/N—-C=0/N—C—O0 bonds [11,45,46]. The N1s spectra were also
deconvoluted into three sub-peaks as shown in Fig. 6. The peak N1
at 399.2 eV is attributed to pyridinic N, N, at 400.4 eV is assigned to
graphitic N, and N3 at 402.3 eV is corresponded to N—O groups
[10,11].
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The effect of the nitrogen content on the distribution of the
three nitrogen components N1 to N3 in the films are summarized in
Table 3. With increasing the nitrogen ratio in the gas mixture from
50% to 80%, the corresponding nitrogen doping level increases from
5.5 at.% to a maximum value of 11.5 at.%. This high nitrogen doping
concentration is much more important than that of N-DLC or a-
C:H:N electrodes deposited by PECVD technique [6,8], and corre-
sponds to high nitrogen doping level 11.7 at.% obtained by Guo et al.
[10], for nitrogen-doped amorphous carbon synthesized through
thermal decomposition.

The effect of the nitrogen content on the structure evolution of
specimens exhibited a greater amount of pyridinic N, 6.4 at.%, and
graphitic N, 4.7 at.%, in the sample 20%:80% relative to the others.
This effect provides more nanopores/active sites as well as excess
electrons which leads to enhance the electrochemical performance
[10]. These results are in accordance with FEG-SEM and EIS out-
comes. More details will be brought in the next parts.

3.2. Optical properties

The transmittance and reflectance spectra of a-C:H:N thin films
with different nitrogen incorporations as a function of wavelength
in the UV—Visible—NIR range (300—2600 nm) are illustrated in
Fig. 7. The occurrence of interference fringes in all samples’ spectra
(transmittance and reflectance) could be due to both homogeneous
deposition of the films and desirable thickness. Moreover, good
transparency associated with low reflectance (<0.02) in IR region
makes a-C:H:N thin films as a proper anti-reflective coating
candidate in IR devices [47—49]. Another important aspect of
transmittance spectra is concerned with a redshift in band edge
with increasing of nitrogen concentration which will be discussed
below.

To compute the indirect band gap (Eg) of the specimens, the
optical absorption coefficient (a), near the absorption edge, could
be obtained by the following equation [50]:
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Fig. 5. XPS Cl1s core spectra of the a-C:H:N thin films deposited at different CH4:N, gas ratios (vs. %).
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Fig. 6. XPS N1s core spectra of the a-C:H:N thin films deposited at different CH4:N; gas ratios (vs. %).

Surface chemical composition of a-C:H:N thin films deposited at different CH4/N, compositions. Data are reported in atom percent, as recorded by XPS. The chemical states of
nitrogen are expressed of the total nitrogen normalized to 100%.

CH4:N; gas ratio (%) Element (at. %) N/C Content ratio (%) in sample to fraction of total N (at. %)
C N [0} Pyridinic N Graphitic N N-Oxide
50:50 79.9 5.5 14.6 0.07 238 2.3 0.4
40:60 79.4 7.1 13.5 0.09 35 33 0.3
30:70 80.5 8.4 11.1 0.10 49 33 0.3
20:80 77.0 11.5 11.5 0.15 6.4 47 0.4
2 4
in which d denotes the thickness of the film, R and T are the
1.0 0.20 reflectance and transmittance, respectively. The optical band gap of
the films was calculated using Tauc’s relation:
o5 ahw =A(hv — Eg)* 3)
[
8 — Blank glass substrate = in which hv is the photon energy, A is a constant, and Eg defines the
£ SRR 50:50 g band gap energy. From extrapolating of the linear part of (ahv)!/?
g |1 44 e L0.10 5 versus photon energy, the band gap of the N-doped DLC films was
IS ~ . . . . .
£ specified (see Fig. 8). The achieved results are given in Table 2. It can
T 044 be learned that the increase in the nitrogen content (in CH4:Nj
mixture) from 50% to 80% leads to a gradual decrease in optical
0.05 band gap from 1.33 eV to 1.09 eV.
0.2 It is known that due to the 7/m* transitions in sp? domains, sp?
fraction adjusts the optical band gap in all types of amorphous
) carbon films [51]. Based on the Raman results, increasing nitrogen
0.0 5(')0 ) 0'00 ) 5'00 20'00 25'00 0.00 incorporation leads to an increase in sp?/sp> ratio as well as the
increase of sp® cluster size. Thereby, the detected redshift can be
Wavelength

Fig. 7. Optical transmittance and reflectance of the a-C:H:N thin films deposited at

different CH4:N; gas ratios (vs. %).

due to the 7 states of sp? phase which lies near Fermi level and thus
it controls the optoelectronic properties [48]. These results indicate
that the band gap of N-doped DLC films can be modified by tuning
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the feeding amount of nitrogen in these films. Therefore, to reach a
narrower band gap with distinguished charge mobility, high ni-
trogen incorporation must be applied in the gas mixture which
provides an easier electron transfer.

3.3. Morphological property

Surface and cross-section FEG-SEM micrographs of the a-C:H:N
thin films are given in Fig. 9 for various nitrogen incorporations in
CH4:N; gas ratio. As seen in Fig. 9a, the specimen deposited at
50%:50% CH4:N; ratio shows a smooth surface with several spher-
ical grains disseminated on the surface. Increasing the nitrogen
concentration to 60% in CH4:N; ratio leads to conglomeration of
these small grains and formation of graphite like nanosheets in
amorphous a-C:H:N matrix. With raising the nitrogen content up to
70%, the coagulation of the grains becomes more noticeable and the
nanosheets become larger. In fact, such structures are associated
with graphite nanosheets, carbon nanosheets and solid plates
[10,33,52,53].

As discussed before, the existence of the nano-graphite clusters
were confirmed from the first- and second-order Raman results.
Moreover, pyridinic- and graphitic-N structures can be derived
from XPS measurements. According to these structural results, it
can be inferred that the formed structures on the surface of thin
films may be associated with the carbon nanosheets. Besides, from
Fig. 9 (b2) and (c2), it is clear that the carbon nanosheets observed
in the a-C:H:N amorphous matrix have a twisted petal-like
morphology. Similar morphology for carbon nanosheets has been
reported in various literatures based on glow discharge and PECVD
techniques and thermal decomposition method [10,54,55]. With
increasing the nitrogen concentration to 80% in CH4:N; ratio, the
morphology of the a-C:H:N film dramatically changed which is
shown in Fig. 9 (d). At a glance, the 20%:80% CH4:N;, sample shows a
homogeneous dense structure composed of nano-groove and small
hole on the upper surface. As is visible in Fig. 1b, when the nitrogen
concentration increased from 50% to 80% in the discharge region,
the plasma medium changed from silent to a uniform strong
streamer mode of plasma achieved. By increasing nitrogen content
to 80%, provides numerous avalanches of charged particles
including both electrons and ions of the plasma medium. These
particles in the streamers can strike to the film surface, make the
holes in the upper surface and modify the film morphology and its
structure in the deposition process. Moreover, high-magnified

0.16
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< 0.08-
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<
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Fig. 8. Tauc plots of the a-C:H:N thin films deposited at different CH4:N; gas ratios (vs.
%). The inset shows the band gap energy variation with respect to N, content.
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image of the hole on the film surface allows us to investigate
deeper inside the surface morphology.

As can be seen in Fig. 9 (d2), a worm-like porous morphology is
created in the holes on the film surface which is a favorable
structure to boost the ions diffusion process. Furthermore, this
particular porous structure is depending on high amounts of pyr-
idinic N as well as graphitic N, which is provided in a high nitrogen
doping. Indeed, pyridinic N promotes the formation of nanopores,
while graphitic N generates excess electrons and enhances the
electronic conductivity [10].

Consequently, these promising characteristics, which are
exhibited by the DBD plasma deposition technique, can noticeably
improve the electrochemical performance of the electrodes. Zhang
et al. [11], reported the same morphology obtained by magnetron
sputtering technique but with a deteriorated nitrogen doping
which is attributed to etching process by high-energy N ions. In the
plasma-based deposition techniques, the energy rate of N-ions
bombardment plays a major role in CNy film growth. It was found
that the bombardment with low-energy particles could effectively
facilitate the film growth.

On the other hand, the bombardment with high-energy parti-
cles provides porous morphology with the cost of both deposition
rate loss in CNy films and low nitrogen content [11,56]. In contrast,
we found that with employing a CH4:N; DBD plasma, a porous
morphology in the a-C:H:N films is originated with high nitrogen
content which is favorable for electrochemical electrode
applications.

FEG-SEM cross-sectional micrographs were also examined to
characterize the films thickness and specially confirming the
porous-like morphology in depth of N-DLC films. From Fig. 9 (d3), it
can be clearly observed that increasing nitrogen content up to 80%
in CH4:N> plasma mixture leads to high level of porosity in a-C:H:N
thin films.

3.4. Electrochemical behaviors

Fig. 10 demonstrates cyclic voltammograms (CV) of a-C:H:N
electrodes deposited on FTO substrates with different nitrogen
concentrations in redox couples of Fe(CN)%*/“' measured at
different scan rates (5-200 mVs~'). As can be seen from Fig. 10,
symmetric CV curves are obtained for different a-C:H:N electrodes
which presents a pair of well-defined redox peaks in the all scan
rates. Besides, it was found that with the increase of sweep rate,
although the shape of CV curves for all electrodes stays unchanged,
but the largest CV enclosed area is created for 20%:80% a-C:H:N
electrode. This occurrence indicates fast redox reactions at elec-
trode/electrolyte interface and outstanding rate capability for
20%:80% electrode in comparison to others [57].

Furthermore, to evaluate the effect of nitrogen incorporation
ratio on the peak current densities of anodic and cathodic reactions,
voltammetry profiles of the electrodes are compared at 20 mVs~!,
in Fig. 11. It can be seen from Fig. 11 that the a-C:H:N electrode
deposited at most nitrogen ratio acquires an outstanding electro-
chemical performance, since the redox current for this electrode
(i.e., sample 20%:80%) is appreciably more than the other elec-
trodes. This behavior in the electrode 20%:80% can refer to both the
most amounts of active C-N bonds measured by XPS measurements
and nanoporous morphology, which leads to an enhanced elec-
trochemical performance due to raising the current respond
[8,58,59].

Moreover, in order to investigate the reversibility of the redox
reaction, the difference between the reduction and oxidation peak
potentials (AEp) likewise the anodic and cathodic peak current
density ratio (Jpa/Jpc) is calculated at scan rate of 20 mVs-1. The
outcomes outputs are given in Table 4. It was found that AE, and Jpa/
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D1=550.4 nm

——

D1=636.9 nm

Fig. 9. FEG-SEM images of the a-C:H:N thin films deposited at a) 50%:50%, b) 40%:60%, c) 30%:70%, and d) 20%:80% CH4:N gas ratio.

Jpc of the a-C:H:N electrode deposited at highest nitrogen fraction
are 125 mV and 1.03, respectively. It was achieved that nearly
reversible electrode reaction can take place on the surface of
electrode 20%:80% in comparison with the others. Besides, as can be
seen in Fig. 12, the linear relationship between the square root of

the scan rates and the redox peak currents in the optimal electrode
(i.e., specimen 20%:80%) implies on a typical diffusion-controlled
process [8,60].

In order to study the effect of nitrogen incorporation on the
nature of electrode processes such as charge transfer resistance and
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Fig. 11. Comparative CV profiles of a-C:H:N electrodes with different CH4:N, gas ratios
at a scan rate of 20 mVs~.

also the electrochemical properties related to the frequency
domain, EIS measurements were conducted for all the a-C:H:N
electrodes in the same solution (1 M KCl solution containing
10 mM KsFe(CN)g) at open circuit potential. In this regard, Fig. 13
compares the Nyquist plots of a-C:H:N film electrodes in the fre-
quency range of 0.01—10° Hz.

Using Randless equivalent circuit shown as the inset to Fig. 13,
the empirical impedance spectra were fitted and analyzed, and the
pertinent values are summarized in Table 4. The equivalent circuit
model includes the electrolyte resistance Ry connected in series
with a parallel combination of charge transfer resistance R in

series with a Warburg impedance W, and a constant phase element
CPE. Instead of the double layer capacitance, the element CPE is
employed to characterize the non-ideal action of the capacitance
due to the frequency dispersion in this region [12,14,61,62]. Con-
cerning the charge transfer resistance (R.) values, a similar de-
pendency of the nitrogen incorporation in a-C:H:N electrodes is
observed. It was found that the higher nitrogen incorporation in the
CH4:N; plasma leads to lower values of the both Rs and Rt and in
consequence a faster charge transfer as well as higher electrical
conductivity are achieved. Moreover, in the low frequency region,
the 20%:80% electrode exhibits a more vertical line than the other
electrodes, offering lower mass transfer resistance (Warburg
impedance) which expedite ions diffusion [57,62]. These results
further confirm the significant electrochemical performance of
20%:80% electrode with the most nitrogen incorporation, which
agrees well with findings of the voltammetric data. Furthermore, to
specify the apparent heterogeneous charge transfer rate constant
ko, the electrochemical response is employed as follows [12,14,60]:

RT

ko=—ms———
® " [CFPARct 0

(4)

where R, is the molar gas constant (8.314 ] K~! mol™!), T, the
temperature (298.15 K), [C], the redox species molar concentration,
F, the Faraday constant (96,485 Cmol!), A, the geometrical elec-
trode area (10~4 m?), and Rcty—0, denotes charge transfer resistance
at the zero over potential. The calculated kg values are summarized
in Table 4. The improvement of ko values by increasing nitrogen
incorporation highlights the rise of electrode activity due to the
increasing presence of N dopants in the a-C:H:N film in accords
with the results of CVs.

Besides, the electron rate constants (ko) measured for N-DLC or
a-C:H:N electrodes in this study are 1—3 orders of magnitudes
greater than the results found by other deposition techniques in
various literatures [6,60,63]. These results revealed that the a-
C:H:N thin film electrode with high nitrogen incorporation



M. Nilkar, FE. Ghodsi, S. Jafari et al.

Journal of Alloys and Compounds 853 (2021) 157298

Table 4
Electrochemical data of a-C:H:N electrodes with different nitrogen concentration deposited on FTO substrates for the KzFe(CN)Z /4 redox couple.
CH4:N; gas ratio (%) AEp (V) Joallpe Rs (Q) R (Q) CPE (puF/cm? ko x10™# (cm s~!
50:50 0.132 1.15 40.46 863 1.31 3.08
40:60 0.132 1.13 24.40 882 1.19 3.02
30:70 0.130 1.12 21.64 502 3.10 5.30
20:80 0.125 1.03 18.23 404 4,08 6.59
1.5 amorphous carbon-nitride (a-C:H:N, or N-doped DLC) thin films on
® anodic peak glass and FTO substrates by a dielectric barrier discharge (DBD)
104 * cathodic peak plasma using CHy4/N, gas mixture. The effects of nitrogen incor-
) poration on the structural, morphological, optical and electro-
chemical properties of a-C:H:N thin film were studied by Raman,
0.54 ATR-FTIR, XPS, FEG-SEM, cyclic voltammetry (CV), and electro-
NE chemical impedance spectroscopy (EIS). The experiments were
RS} performed at 50%:50%, 40%:60%, 30%:70% and 20%:80% CH4:N; gas
g 0.0 ratios. Raman spectra indicated that with increasing the nitrogen
= incorporation in the films, the size and number of the sp? carbon
o 2054 clusters increased. XPS analysis revealed that increasing the ni-
trogen fraction in the feed gas from 50% to 80% led to an increase of
the nitrogen doping content from 5.5 at% to maximum value
-1.01 11.5 at.%. Moreover, the influence of the nitrogen incorporation on
the structure evolution of samples demonstrated a higher amount
15 . . . . of pyridinic N_, 6.4 at.%, and graphitic N, 4.7 at.%, in tl_]g sgmple
0.1 0.2 03 0.4 0.5 20%:80% relative to the others. More content of pyridinic and

12

Square Root of Scan Rate (Vs™)

Fig. 12. Dependence of peak current densities of anodic and cathodic reactions on
square root of scan rate for a-C:H:N electrode with 20%:80% CH4:N2 gas ratio.
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Fig. 13. The EIS Nyquist plots of a-C:H:N thin film electrodes with different nitrogen

concentration (The insets are the magnified impedance spectra at high frequency re-
gion and the representation of the equivalent circuit of fit).

(especially for the sample 20%:80%) possess an excellent electron
transfer ability for redox reaction which exhibits a promising
prospect for heavy metal tracing analysis and biosensor
applications.

4. Conclusions

In this work, we successfully deposited hydrogenated

10

graphitic nitrogen provided more nanopores/active sites as well as
excess electrons which led to enhance the electrochemical perfor-
mance. A decrease in optical band gap from 1.33 eV to 1.09 eV was
observed when the nitrogen content (in CH4:N; mixture) increased
from 50% to 80%, which resulted in the conductivity enhancement.
In addition, in this technique, worm-like porous microstructures
were achieved when nitrogen incorporation reached to 80% in CHg/
N, mixture. Furthermore, an excellent rate capability and fast redox
reactions at electrode/electrolyte interface was observed for
20%:80% electrode in comparison to others. This behavior in the
electrode 20%:80% could refer to both the most amounts of active C-
N bonds measured by XPS measurements and nanoporous
morphology, which led to an enhanced electrochemical perfor-
mance due to raising the current respond. As a result, good con-
ductivity and high specific surface area which are two desirable
factors in reversible electrode reaction and electrochemical
response were observed. Moreover, in the low frequency region,
the 20%:80% electrode exhibited a more vertical line than the other
electrodes, providing lower mass transfer resistance (Warburg
impedance) which facilitated ions diffusion. These results further
confirmed the significant electrochemical performance of 20%:80%
electrode with the most nitrogen incorporation, which agreed well
with findings of the voltammetric data. Thus, the 20%:80% a-C:H:N
thin film electrode with high nitrogen incorporation, large surface
area, abundant holes, and high nano-pore volume possessed an
excellent electron transfer ability for redox reaction which exhibi-
ted a promising prospect for biosensor, heavy metal tracing analysis
and electrochemical applications.
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