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a b s t r a c t 

Methane pyrolysis is a widely used technique for producing hydrogen and valuable carbon materials. Among 
these materials are carbon films, which have a diverse range of properties that make them useful for various 
applications. This study focuses on synthesizing a new type of carbon film through a microwave-driven methane 
pyrolysis process. The resulting metallic-like carbon film deposits on a polished quartz substrate and detaches as it 
thickens. We conducted a thorough characterization of the film’s properties, using different techniques to study its 
surface morphology and structural features. Our findings show that the carbon film has a smooth surface texture 
and a semi-graphitic internal structure, with 78% of the carbon atoms exhibiting sp2 bonding as revealed by X-ray 
photoelectron spectroscopy. X-ray diffraction analysis further confirms the presence of microcrystalline carbon 
fragments within the film. Additionally, conductivity measurements using a conductive-atomic force microscope 
demonstrate the carbon film’s remarkable electrical conductivity, comparable to that of gold and silver metals. 
The electrochemical measurements indicate that the carbon film’s high conductivity and free-standing nature 
make it a promising candidate for use as a direct active material in sodium-ion batteries. This is because the film 

does not require binders or conductive agents, which can improve battery performance. 
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. Introduction 

Methane pyrolysis is a widely used method for producing hydro-
en and valuable carbon materials [1] . The types of carbon materials
enerated through pyrolysis depend on several factors, including tem-
erature, pressure, gas composition, utilization of catalysts, and pre- or
ost-pyrolysis processing steps [2–4] . These parameters can affect the
inetics, end structures, and texture of the final product, resulting in a
iverse range of carbon materials, such as carbon nanotubes (CNTs) [5] ,
arbon black [6] , graphene [7] , and pyrolytic bulk carbon [8] . 

Thin film carbon formation has been studied for several decades.
arbon films exhibit a wide range of properties, making them useful

or various applications. The mechanical, electrochemical, and electri-
al properties of a carbon film depend on the method of production.
iamond-like carbon (DLC) films, one of the most widely used types of
arbon films, were first produced by Aisenberg and Chabot [9] using ion-
eam deposition. Structural analysis of various DLC films reveals that
hey consist of a mixture of sp2 and sp3 bonded carbon atoms, with the
roportion of sp3 content ranging from 33% to 60% depending on the
xperimental conditions [10] . It has been reported that DLC possesses
∗ Corresponding author. 
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esirable mechanical and electrochemical properties [11] , which can be
djusted by modifying the experimental conditions and precursor mate-
ial [12] . Methane pyrolysis has been found an effective method for the
rowth of diamond-like carbon films in a controlled environment [13] .

Graphene exists in various forms, notably in the form of small sheets
nd large-area films [14] which is mainly produced through liquid-
hase exfoliation of graphite [15] . However, the exfoliation process can
e complex and present environmental concerns [16] . As an alternative,
ethane pyrolysis has been explored as a method to produce high-purity

raphene for use as a conductive agent in lithium-ion batteries [17] .
dditionally, graphene oxide [18] can be obtained through further pro-
essing of the hydrogenated amorphous carbon resulting from methane
yrolysis [19] . Graphene oxide possesses unique properties attributable
o the presence of oxygen functional groups, making it suitable for var-
ous applications in electronics [20] . 

The microwave-plasma method has been employed for the produc-
ion of various types of carbon films, including amorphous structures
s well as graphitic carbon sheets. This process involves the decompo-
ition of hydrocarbons and alcohols within a high-temperature environ-
ent [21–23] . It has been reported that the addition of hydrogen affects
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Fig. 1. Experimental Setup for Carbon Film Formation. A con- 
tinuous carbon film is formed on the inner surface of the 
reactor’s hot wall during methane pyrolysis at temperatures 
∼1000 ◦C. 
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he ordering in the structure of the carbon sheets, promoting a more
raphitic-like structure [24] . Additionally, the presence of oxygen has
een found to facilitate the formation of graphene [25] . 

Moreover, non-thermal plasma decomposition of methane was em-
loyed to synthesize nanoflake graphene [26] . However, despite efforts
o produce graphene, the final product may suffer from contamina-
ion by other carbon by-products, such as carbon nanotubes [27] . Con-
equently, novel methane pyrolysis methods in conjunction with mi-
rowave [28] and radiofrequency [28] have been introduced to mit-
gate contamination issues associated with the pyrolysis process, re-
ulting in the production of pure graphene. Notably, the "pulse-etched"
icrowave-induced "snowing" technique has been employed to produce

ow-oxygen content graphene [ 29 , 30 ], and graphene nanosheets were
ynthesized through radio-frequency induction thermal plasma methane
yrolysis [31] . 

The comparison between DLC and graphene-based carbon films re-
eals notable differences in their properties. DLC films typically have a
ardness value ranging between 15 GPa [32] to 50 GPa [33] , depend-
ng on the production method [34] . On the other hand, graphene-based
arbon films exhibit a lower hardness value in the range of 5 ± 2 GPa
35] due to the greater presence of sp2 carbon-bonded atoms. Regard-
ng electrical conductivity, DLC films consist of a significant amount
f sp3 bonded carbon atoms, resulting in low electrical conductivity
36] . However, it is worth noting that the electrical conductivity of DLC
lms can be enhanced through certain modifications [37] . In contrast,
raphene-based carbon films possess a higher sp2 content, which en-
ances charge transport efficiency. This is exemplified by the high con-
uctivity of graphene at approximately ∼2000 S m-1 [38] . Due to this
haracteristic, graphene-based carbon films find extensive application
n the field of semiconductors [39] . 

In this study, we synthesized a new form of carbon film with a semi-
raphitic structure and metallic properties on the polished quartz sur-
ace (i.e., inner wall of the reactor) using microwave-driven methane py-
olysis process. For detailed information on the experiment of methane
yrolysis using microwaves refer to [40] . Previous studies have inves-
igated carbon films [41] indicting that at elevated temperatures and
ong residence times, the process of pyrolytic carbon deposition be-
ins with the creation of polycyclic aromatic hydrocarbons (PAHs) and
ther hydrocarbons which aggregate as droplets, subsequently condens-
2 
ng onto a substrate and undergoing a transformation into pyrolytic car-
on [42] . However, the characterization of these carbon films has not
een thoroughly explored. Here in this study, the objective is to com-
rehensively characterize the carbon film produced through a novel
ethod of methane pyrolysis using microwaves. In the following, we

egin with the characterization of surface morphology and bulk struc-
ure using scanning transmission electron microscopy and focused ion
eam – high-resolution transmission electron microscopy techniques,
espectively. Chemical composition and structural features are revealed
hrough X-ray photoelectron spectroscopy, X-ray diffraction, and Raman
pectroscopy. Then, a detailed discussion of the potential pathways for
arbon film formation has been provided. Conductive atomic force mi-
roscopy is used to measure the film’s conductivity, and its performance
n Na-ion batteries is evaluated through electrochemical measurements.
hese analyses help us gain a deeper understanding of the unique fea-
ures of this type of carbon film. 

. Materials and methods 

Fig. 1 shows the schematic of the experimental setup. The setup in-
ludes a 660.4mm-long (OD = 25.4 mm and ID = 22 mm) quartz reactor
ertically inserted into a 1 kW microwave. The quartz reactor is designed
o withstand high temperatures, with an annealing point of 1215 ◦C and
 softening point of 1683 ◦C. The reactor was filled with carbon par-
icles that serve as the absorbing medium for the microwave energy
sed to drive the methane pyrolysis reaction. The reaction breaks down
ethane into solid carbon and hydrogen, with minor byproducts of C1

nd C2 hydrocarbons. A comprehensive discussion of the experimental
rocedure can be found in [40] . 

During methane pyrolysis, over 99% of the solid carbon produced
s deposited on the surface of the particles, while less than 1% forms
arbon films on the hot wall of the quartz reactor. The carbon film col-
ected from the inner wall of the reactor, illustrated in Fig. 1 , has a
hiny, metallic appearance. The carbon film’s thickness varies at differ-
nt heights along the reactor, depending on the temperature of the hot
all at those locations. The experimental results revealed that the car-
on film formed in hotter regions (i.e., near hot spots generated by the
icrowave field) is thicker than that formed in colder regions near the

xhaust. 
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Fig. 2. SEM Images of the Carbon Film, Cross-Sectional Thickness Measurement, and Contamination Analysis. The carbon film was collected from the inner wall of 
the reactor and drop-coated onto a silicon wafer chip. The tilt of the carbon film allowed for cross-sectional thickness measurement. The contamination observed on 
the carbon film was primarily attributed to the granular carbon particles and the quartz reactor. 
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. Results and discussion 

.1. Surface morphology analysis of thin carbon film 

A representative sample of carbon film was selected from a region
ear the hot zone of the reactor. To prepare the carbon film samples for
maging, they were first dispersed in ethanol and then drop-coated onto
 silicon chip substrate. The substrate was inserted into a scanning elec-
ron microscope (SEM) with bright-field and dark-field detectors (FEI
uanta FEG 250). The thickness of the sample was measured using an
ltra-high-resolution Schottky scanning electron microscope (SU7000).
n addition, an energy-dispersive X-ray spectroscopy (EDX) point scan
as performed to identify the composition of contaminants found on

he surface of the carbon film. Fig. 2 illustrates the results of all the
forementioned measurements. 

During the experiment, carbon films are formed on the polished
uartz reactor. As there is no chemical bonding between the quartz and
arbon, the film naturally detaches as it thickens. After collecting the
arbon film from the region indicated in Fig. 2a , it was stored in the
ontainer displayed in Fig. 2b and later used for SEM imaging. The SEM
mage depicted in Fig. 2c presents a cross-sectional view of a tilted car-
on film, revealing that the film produced near the microwave’s hot
pots has a thickness of approximately 550 nm. 

The surface morphology of the carbon film, as shown in the SEM
mages presented in Fig. 3d to 3f , indicates that the film has a smooth
exture on its surface. Furthermore, the conducted BET surface analysis
as yielded a surface area of 2.94 m2/g, suggesting a smooth surface for
he carbon film. However, it is important to acknowledge that this rela-
ively small surface area is prone to errors, primarily due to the limited
mount of surface area available for measurement and the low quantity
f the sample. The presence of sharp edges and the crack pointed out
y the arrows in Fig. 2f suggests that the carbon film has a brittle na-
3 
ure. The irregular-shaped carbon objects embedded with carbon fibers,
hich were detected on the carbon film, mostly originated from the car-
on particles that came into contact with the film during the pyrolysis
rocess. In addition, dots with different contrast on the surface of the
arbon film were analyzed using EDX point scan, which revealed that
hey contain around 66.9% carbon. The remaining composition mostly
omprises oxygen and silicon, with less than 1% of other elements. The
ource of these contaminants is most likely the granular carbon particles
nd contact between the carbon film and the quartz reactor. However, it
s also possible that they originated from materials used during sample
andling or components and parts upstream of the experimental setup. 

.2. X-ray photoelectron spectroscopy (XPS) characterization of carbon 

lm surface 

The carbon film was analyzed using a ThermoFisher SCIENTIFIC
-Alpha X-ray Photoelectron Spectrometer, which is equipped with a
onochromated AI K X-ray source. XPS analysis can identify the dis-

inctive chemical and structural features of the top 10 nm of the carbon
lm [43] . This is achieved by studying the XPS survey spectrum and
1s chemical state of the carbon film [44] , which helps in identifying
he sp2 hybridized carbon atoms and the degree of graphitization of the
arbon film. Analysis of the XPS spectra reveals that the carbon film is
redominantly composed of 97.4% carbon, 2.5% oxygen, and less than
% silicon. It’s noteworthy that despite the absence of oxygen during the
roduction process, the film contains less than 3% oxygen, suggesting
ossible exposure to air during transfer for analysis [45] . Additionally,
he oxygen and silicon present in the film may be due to SiO 2 residue
eft behind during detachment from the reactor walls. 

To gain insight into the structure of the carbon film, its XPS survey
as compared with those of activated carbon and graphite flakes, which
re commonly used as representatives of amorphous and graphitic car-
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Fig. 3. XPS C1s Spectra of Carbon Film, Activated Carbon, and Graphite. The position of the main peak for the carbon film lies between the two peaks for activated 
carbon and graphite, suggesting its semi-graphitic structure. The deconvolution of the C1s XPS spectrum of the carbon film was used to determine its sp2 percentage. 
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Table 1 

The lateral size (La) and stacking height 
(Lc) of activated carbon, carbon film, and 
graphite flakes, which have been calcu- 
lated using Eqs. (1) and 2 . 

Sample L c (nm) L a (nm) 

Activated Carbon 1.01 4.00 
Carbon Film 3.41 4.41 
Graphite 26.14 –
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on, respectively. This comparison is presented in Fig. 3a . Across all
pectra, the dominant peak is centered between 284.4 to 285.1, which
an be attributed to carbon atoms with sp2 and sp3 hybridization. The
ashed line denotes the binding energy of sp2 hybridized carbon atoms,
hich is 284.4 eV [10] . The peak for the carbon film is situated between

he values observed for activated carbon and graphite, suggesting that
he film has a semi-graphitic structure. To further examine the C1s XPS
pectrum of the carbon film, the peaks corresponding to C = C (284.4 eV)
46] , C 

–C (285.1 eV) [47] , C 

–O (285.9 eV) [ 46 , 48 ], C = O (287.4 eV)
46] , and 𝜋- 𝜋∗ (291.3 eV) [49] bonds were deconvoluted based on their
espective binding energies [44] using Origin software, which yielded
n adjusted R-squared value of 0.977. The resulting deconvoluted curve
or the carbon film is presented in Fig. 3b . By deconvoluting the C1s
hemical state, the components representing different types of bonding
etween carbon-carbon and carbon-oxygen were identified. To calcu-
ate the sp2 fraction, the corresponding peak area was determined and
ivided by the total C1s peak area. This ratio was then further normal-
zed using the reference value obtained for graphite flakes. The analysis
eveals that the carbon film has a semi-graphitic structure, with approx-
mately 78% of the carbon atoms exhibiting sp2 bonding. 

.3. Characteristics of carbon film through Raman spectroscopy and X-ray 

iffraction (XRD) analysis 

Raman spectroscopy was performed using a Renishaw inVia TM Ra-
an microscope with an incident wavelength of 532 nm from a diode-
umped solid-state laser with a 20x objective, resulting in a spot size of
1.4 𝜇m. To prevent local heating induced by the laser, the intensity
as kept at a constant value of around 1 mW. Fig. 4a illustrates the Ra-
an spectrum obtained from the carbon film, where the Raman curve
as been deconvoluted by considering four major bands. These include
 (I, D4) band around 1200 cm 

− 1 , D (D1) band at 1349 cm 

− 1 , G band
t 1596 cm 

− 1 , and A (D", D3) band at around 1520 cm 

− 1 [50] . The D
nd G bands originate from disorder in the carbon structure [51–53] ,
uch as armchairs and zigzag edges [54] , while the G band arises from
he ideal graphitic lattice [51–53] in the carbon structure. The T band
s also associated with the graphite lattice disordering, similar to the D
and, while the A band is related to amorphous carbon features [53] . 

The degree of graphitization in carbon samples is commonly evalu-
ted by analyzing the ratio of the D band intensity to the G band intensity
I D /I G ). For the carbon film produced by microwave-driven methane py-
olysis, an I D /I G ratio of 1.31 has been measured. Furthermore, it has
lso been reported [50] that glassy carbon exhibits a distinctive char-
cteristic of an I D /I G ratio exceeding 1. The characterization conducted
n this study shows that the carbon film has a semi-graphitic nature, as
4 
ndicated by the Raman analysis, which closely resembles this feature
ound in glassy carbon. 

Furthermore, Fig. 4b displays the X-ray diffraction (XRD) patterns
f the carbon film, activated carbon (representing amorphous carbon),
nd graphite, obtained utilizing a Bruker D8 Advance diffractometer
ver a 2 𝜃 range of 5° to 110°, using Cu-K 𝛼 radiation with a wavelength
f 1.5418 Å. Subsequently, the spectra were processed using Origin soft-
are to determine the FWHM and peak positions, which were then
tilized to determine the lateral size (La) and stacking height (Lc) of
he carbon samples using the Scherrer equations (Eq.1 and 2) [ 55 , 56 ].
he resulting values of La and Lc for all three samples can be found in
able 1 . 

 a = 1 . 84 𝜆[ = 1 . 54178 nm ] ∕ 𝛽a 
[
FWHMof ( 101 ) peak 

]

cos 
(
𝜃a 
[
Braggangleof ( 101 ) peak 

])
(1) 

 c = 0 . 89 𝜆[ = 1 . 54178 nm ] ∕ 𝛽c 
[
FWHMof ( 002 ) peak 

]

cos 
(
𝜃c 
[
Braggangleof ( 002 ) peak 

])
(2) 

The X-ray diffraction spectra show two distinct peaks: one between
4.8° to 26.4° corresponding to the (002) reflection, and the other be-
ween 43° to 43.7° corresponding to the (101) reflection. In addition,
he graphite spectrum exhibits a second peak at 54.5°, corresponding to
he (004) reflection. The carbon film displays a second peak at 2 𝜃 = 30°,
hich may be attributed to Si impurity as identified in XPS results [57] .
he sharp (002) peak in the carbon samples, similar to graphite’s peak,

ndicates a crystalline structure. However, the broader peak suggests
he presence of random microcrystalline fragments [58] , as seen in acti-
ated carbon and pyrolytic carbon film spectra. By comparing the posi-
ion of the (002) peak in all three samples, it is evident that the carbon
lm’s peak center falls between that of activated carbon and graphite.
his indicates the presence of microcrystalline carbon fragments within
he carbon film [58] . Additionally, comparison of the lateral width and
tacking height values obtained for all three carbon samples provides
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Fig. 4. Raman and X-ray Diffraction (XRD) Spectra of the Carbon Film, Activated Carbon, and Graphite. (a) Deconvoluted Raman spectra of the carbon film, with 
fitting of D, G, T, and A peaks. (b) XRD spectra of the carbon film compared with graphite suggests the presence of microcrystalline carbon fragments in the carbon 
film. 
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urther evidence. Specifically, the lateral width of graphite crystals in
he carbon film is over three times wider than that in activated carbon,
hile the increase in stacking height is only slight. 

The findings from XRD, XPS, and Raman analysis consistently sug-
est a semi-graphitic structure of the carbon film. A previous study
59] has reported that heat treatment of carbon films at temperatures
xceeding 900 °C may transform the structure from an amorphous to a
ore graphitic one. In this study, the carbon film undergoes heat treat-
ent at 1000 °C for approximately two to three hours per experiment;

herefore, it is possible to attribute the observed semi-graphitic structure
o the heat treatment. 

.4. Cross-sectional and planar characterization of the carbon film using 

ocused ion beam – high-resolution transmission electron microscopy 

FIB-HRTEM) 

Based on the SEM image presented in Fig. 2c , the carbon film appears
o have a thickness of approximately 550 μm. However, to conduct high-
esolution transmission electron microscopy (HRTEM), it is desirable to
ave a sample thickness below 50 nm [60] . Therefore, we focused on
he edges of the carbon film, which are often thinner than the center. To
xamine the carbon film’s cross-sectional microstructure, we utilized a
ocused ion beam (FIB) milling technique. The step-by-step FIB milling
rocess is demonstrated in Fig. 5 . Initially, a section of the carbon film,
s displayed in Fig. 5a , was chosen. Fig. 5b depicts a secondary electron
mage of the selected region on the carbon film before the FIB milling
rocedure, and Fig. 5c shows the carbon film after the process. 

The sectioned carbon film was transferred on a TEM sample sup-
ort chip. The chip was subsequently loaded onto the TEM holder and
nserted into the Hitachi HF3300 transmission electron microscope for
RTEM imaging. The second row of Fig. 5 displays a cross-sectional
iew of the carbon film. High-resolution images unveil the presence of
urved carbon nanostructures ( Fig. 5d ) and a stack of graphitic layers
n specific regions ( Fig. 5e and 6f ) [41] . One possible explanation for
he formation of these curved carbon nanostructures is the rolling of
raphitic layers during their formation on the inner wall of a cylindri-
al quartz reactor [61] . Another hypothesis suggests that these curved
raphitic layers could be fragments of nearly spherical carbon particles,
esulting from the FIB cutting process. However, since the cross-section
oes not form a complete circle like that of a sphere, this interpreta-
ion remains uncertain. Subsequently, these nanosized curved graphitic
ayers may merge through the deposition of amorphous pyrolytic car-
on, align with the observation in the formation of diamond-like carbon
lms through radio-frequency methane-argon plasma [62] . The shiny
ots observed in the first two bright rings of the selected area electron
5 
iffraction (SAED) pattern ( Fig. 5g ) provide additional evidence of the
emi-graphitic structure of the carbon film. 

In the planar view, we focused on the edges of the carbon film, which
re thinner and allow electrons to pass through the specimen, enabling
maging. Despite the selected area electron diffraction (SAED) pattern
xhibiting a single bright ring ( Fig. 5k ), indicating an amorphous struc-
ure for the carbon film in the planar direction, Fig. 5i reveals the pres-
nce of randomly oriented, curved stacks of carbon layers with thick-
esses below 5 nm. These fragments were also found in the TEM anal-
sis of glassy carbon [50] , which was characterized as aromatic layer
tacks formed at the end of the carbon film formation process [41] . 

.5. Mechanism for the formation of thin carbon film 

Methane pyrolysis generates light hydrocarbons, including acetylene
63] , which serves as a precursor for the formation of heavier hydrocar-
ons and PAHs (polycyclic aromatic hydrocarbons). Fincke et al. [64] re-
orts that fast cooling of the hot reacting gasses within a few millisec-
nds hinders the production of PAHs and solid carbon, such as carbon
lack. Also, Kim et al. [65] . observed the formation of solid carbon when
he residence time exceeded 200 ms. In this study, the residence time of
he reacting flow at a temperature of approximately 1000 ◦C is around
.5 second, which is significantly longer than the time required for PAH
nd solid carbon formation. As a result, there is a possibility that PAHs
lay a role in driving the formation of the carbon film. 

Parker et al. [66] observed the formation of a carbon film through
he decomposition of benzene at 1000 ◦C. Their findings suggest that the
lm formation may primarily be influenced by the presence of polycyclic
romatic hydrocarbons (PAHs) in the gas phase, which can potentially
row and agglomerate to form the carbon film. Therefore, the formation
nd growth of PAHs in the gas phase could be considered as a potential
athway for carbon film formation. 

In our previous study [40] , the gas phase species present in the reac-
or exhaust were analyzed using a gas chromatography-thermal conduc-
ivity detector (GC-TCD), and the results indicate that there are only a
rivial amount of ethane, ethylene, and acetylene in the exhaust. Acety-
ene exhibits the lowest concentration among the minor species that exit
he reactor, suggesting that it is being consumed through two possible
athways. The first pathway involves the decomposition of acetylene
67] which leads to the formation and growth of polycyclic aromatic hy-
rocarbons (PAHs), while the second pathway is linked to the addition
f acetylene to the carbon surface and PAHs [68] . Additionally, Becker
t al. [69] report that benzene and naphthalene both form at nearly the
ame residence time during methane pyrolysis at temperatures around
000 ◦C, which is close to the average temperature of our experiments. 
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Fig. 5. FIB-HRTEM Characterization of the Carbon Film. The first row illustrates the FIB process steps. The second row displays high-resolution transmission electron 
microscopy (HRTEM) images of the cross-section of the carbon film, highlighting the existence of curved carbon nanostructures and stack of graphene layers indicated 
by arrows. The third row depicts the planar view of the carbon film, revealing the presence of fragments from stacks of aromatic layers as indicated by arrows. 

Fig. 6. Formation of Pyrolytic Carbon Film in a Quartz Tube. (a) The quartz vial was filled and sealed with 1 mg each of A3R5, fluoranthene, and pyrene. (b) The 
vial was placed in a furnace and heat-treated for 3 h at 1000 ◦C. (c) A carbon film was formed on the inner wall of the quartz, and the Raman spectrum of the film 

suggests a semi-graphitic structure for the carbon film. (d) The Raman spectrum of the produced carbon film. 
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The previous studies provide evidence suggesting the formation of
enzene, which consequently opens the possibility for the formation of
yrene [ 70 , 71 ], Additionally, the reaction between benzene and naph-
halene has been observed to yield fluoranthene and acephenanthrylene
A3R5) [70] . The dominance of five-membered ring PAHs may be at-
ributed to the limited number of active sites available on their surface
 72 , 73 ]. Considering the potential abundance of these PAHs in the gas
hase, it would be valuable to explore their potential contribution to
he formation of carbon films. 

To investigate the role of PAHs in the formation of carbon films,
e prepared a mixture of pure PAHs (Sigma Aldrich) containing A3R5,
uoranthene, and pyrene, each at a concentration of 1 mg ( Fig. 6a ).
he mixture was sealed in a quartz vial and heated to 1000 ◦C ( Fig. 6b ),
esulting in the deposition of a carbon film on the tube’s inner surface
 a  

6 
 Fig. 6c ). The Raman spectra ( Fig. 6d ) obtained from the carbon film
roduced in this experiment were analyzed using the method described
n detail in Section 3.3 . The analysis suggests a similarity in the D to G
eak ratio between the carbon film formed in the quartz vial and the
ne formed during methane pyrolysis. This similarity suggests a close
esemblance in the carbon films’ structure and raises the possibility that
he formation of this type of carbon film during methane pyrolysis may
e independent of the microwave. 

.6. Conductive-Atomic forced microscopy (cAFM) and electrochemical 

easurements of the carbon film 

The conductivity of carbon material is an important factor for its suit-
bility in various applications [74] . Therefore, I-V measurements were
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Fig. 7. Comparative cAFM Measurements of the Electrical Conductivity of Car- 
bon Film, Silver, and Gold. The results reveal that carbon film exhibits metallic 
conductivity, similar to the highly conductive metals (e.g., silver and gold). 
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onducted on the carbon thin film, silver substrate, and gold substrate
sing the conductive AFM technique. The ORCA 

TM module of an Asylum
ypher atomic force microscope (AFM) was utilized for the measure-
ents, which can measure currents ranging from approximately 1 pA

o 20 nA. The current flow was measured using conductive AFM probes
12PtIr400B, k = 0.6 N m 

− 1 ) from Rocky Mountain Nanotechnology.
o determine the negligible contact resistance of the system without
he carbon thin film, a silver paste was deposited onto a gold substrate
nd conductivity measurements were conducted. Then, the carbon film
as placed onto the gold substrate, and an electrical connection was

stablished to the AFM by using the silver paste. Fig. 7 illustrates the
ig. 8. Electrochemical Measurements of the carbon film. (a) The first and second cy
urrent densities (C rates), (c) gravimetric charge discharge curves at different curre
urrent densities, (e) cycling performance at 0.1C, (f) gravimetric charge discharge c

7 
onductivity curve for all three components. The data clearly indicates
hat the carbon thin film exhibits metallic electrical behavior, similar to
hat of silver and gold. 

The abundant availability of sodium, in contrast to lithium, posi-
ions Na-ion batteries as a practical and complementary alternative
o the well-established Li-ion batteries [75] that utilize graphite [76] .
herefore, it becomes imperative to find a cost-effective carbon-based
aterial that suits the requirements of Na-ion batteries. The carbon
lm’s high conductivity and free-standing properties make it particu-

arly promising for use in sodium-ion batteries. This is because the film
oes not require binders or conductive agents, which can enhance the
verall performance of the batteries [77] . To evaluate the effectiveness
f the carbon film as an active material in sodium-ion batteries, electro-
hemical measurements were conducted using CR2032 coin cells. For
ach coin cell, a piece of the carbon film ( ∼8 mm in diameter) was dried
vernight in a vacuum oven at 80 ◦C. The coin cells were assembled in
n Ar filled glove box with a metallic sodium counter electrode and
 M NaClO4 in ethylene carbonate (EC) and dimethyl carbonate (DMC)
1:1, v/v) as the electrolyte. The galvanostatic charge/discharge pro-
les, rate and cycling performance, and the galvanostatic intermittent
itration technique (GITT) were performed on LAND CT2001A battery
esting system within a potential window of 0–2.5 V. 

The first two cycles of the galvanostatic charge/discharge (GCD)
urves of the carbon film are shown in Fig. 8a . During this first cycle, the
olid electrolyte interphase (SEI) forms on the surface of the electrode
nd is important for protecting the carbon surface from degradation re-
ctions during cycling. However, the formation of this layer also low-
rs the Coulombic charging efficiency between the first and second cy-
le. The carbon film managed to achieve an initial coulombic efficiency
ICE) of 64%, which is reasonable, with the second cycle delivering a
apacity of 154 mAh g − 1 . Examining the rate performance from 0.1C to
.0C shown in Fig. 8b , the retention of total capacity at 2.0C is 42%.
ooking at the discharge curves, it can be seen that the majority of the
apacity is largely in the sloping region ( > 0.1 V), with minimal plateau
apacity ( Fig. 8d , < 0.1 V). It has been proposed that the sloping region
cle of the gravimetric charge discharge curves, (b) rate performance at different 
nt densities, (d) the contributions of sloping at plateau capacities at different 

urves at different cycles. 
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epresents Na + ions are adsorbed on the defect/edge sites before partial
lling of the micropores, whereas in the plateau region Na + ions are

ntercalated in the graphitic layers. 
To improve the capacity further, the carbon/graphitic structure of

he carbon film needs to be modified to allow Na + intercalation. For the
ycling performance at 0.1C ( Fig. 8e ), the capacity decreased from 150.2
Ah g − 1 to 134.6 mAh g − 1 over 180 cycles (89% retention). There was

ome instability with the cycling, indicating the possible degradation of
he carbon or the SEI layer. Overall, the performance of this carbon was
ower than the best performing hard carbons in the literature ( > 280 mAh
 

− 1 ) [78] , however it should be stated that the carbon film was tested as
 free-standing electrode without the addition of binders or conductive
gents. Thus, the capacities reported are calculated on the full electrode
ass, not just the active mass as is reported by some studies in litera-

ure. As a free-standing electrode, the performance is promising if the
tructure can be tuned towards increasing the intercalation of Na + ions.

. Conclusions 

This study aims to introduce a novel type of carbon film that is syn-
hesized using the microwave-driven methane pyrolysis process. The
nalysis of the carbon film was conducted using various techniques,
ncluding SEM, FIB-HRTEM, XPS, XRD, and c-AFM, to reveal its sur-
ace texture, internal structure, composition, and conductivity. SEM
maging results indicate that the carbon film has a smooth surface
nd a brittle nature. The internal structure of the film was investi-
ated through FIB-HRTEM imaging in both cross-sectional and planar
irections. The cross-sectional images revealed a semi-graphitic struc-
ure, while the planar images showed mostly amorphous characteris-
ics. Cross-sectional HRTEM images revealed the presence of specific
urved stacked graphitic layers connected by amorphous carbon, sug-
esting that these discrete nanosized graphitic layers may have formed
nd merged during the pyrolysis process, resulting in a uniform carbon
lm. 

XPS analysis of the film surface reveals that 78% of the carbon atoms
re sp2 hybridized, suggesting that the carbon film’s surface has a semi-
raphitic structure. The analysis also reveals that the film composition
s over 97% carbon. Further examination using XRD shows the presence
f microcrystalline carbon fragments within the film. 

The production of PAHs in the gas phase during the pyrolysis process
s found to potentially play a role in the formation of carbon films. To
nvestigate the contribution of PAHs in forming carbon films, a mixture
f three PAHs (A3R5, fluoranthene, and pyrene) were sealed in a quartz
ial and heated to 1000 ◦C. This resulted in the deposition of a carbon
lm on the inner surface of the quartz. The similarity between the I D /I G 
atio of the carbon film formed during the methane pyrolysis process
nd that of the carbon film on the sealed quartz vial may suggest the
ignificance of PAHs in the formation of the carbon film. 

Conductive atomic force microscopy (c-AFM) measurements indicate
hat the carbon film has high metallic conductivity, comparable to that
f gold and silver. Due to the carbon film’s semi-graphitic structure and
igh conductivity, it shows great potential as a conductive agent in bat-
eries. In this study, the carbon film was tested in Na-ion batteries, and
he electrochemical measurements suggest that its performance is lower
han the best performing hard carbons reported in the literature ( > 280
Ah g-1), but it can potentially be improved by fine-tuning the produc-

ion process to modify the structure of the carbon film, as a free-standing
lectrode, allowing for Na + intercalation. 
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