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Abstract: Carbon nanostructured films were synthesized by chemical vapor deposition (CVD) on 

H18 stainless steel (AISI 440C) sheets with an H2/CH4/N2 gas mixture at various substrate tempera-

tures. During the synthesis, the iron and chromium oxide layer was formed between the steel and 

carbonaceous layer. The carbon films exhibited wall-like and spherical morphologies and struc-

tures, as characterized by scanning electron microscopy and Raman spectroscopy. It was found that 

the synthesis temperature affects the microsphere density and, therefore, also in the electrochemical 

behavior. The electrochemical behavior of nanostructured carbon coatings strongly depends on the 

CVD deposition conditions. The best corrosion resistance (Rp = 11.8 MΩ·cm2, Icorr = 4.4 nA·cm−2) ex-

hibits a nanostructured carbon sample with a moderate amount of sp2-C-rich carbon microspheres 

CμSs synthesized at 700 °C. The corrosion resistance of the nanostructured carbon coating is better 

than raw stainless steel. 
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1. Introduction 

Nanostructured carbon coatings for steel electrodes, due to their remarkable charac-

teristics, such as high electrical conductivity, hydrophobicity, and chemical inertness, 

have found a place in many applications as proton-exchange membrane fuel cells [1], po-

rous current collectors for lithium-ion batteries [2], and as an effective support to grow 

carbon nanotubes [3–5], vertically-oriented graphene [6], carbon fibers [5] and micro-

sized carbon spheres [5]. However, the coating properties can vary widely due to the sub-

strate composition and synthesis conditions, for example, different qualities of the carbon 

layer can both support or worsen the substrate corrosion resistance. Diamond-like carbon 

coating, deposited after plasma nitriding, was found to enhance corrosion resistance [7], 

while carbon nanotubes and nanofibers, may accelerate intergranular corrosion, due to 

the chromium depletion of the near-surface steel region and chromium carbide precipita-

tion at grain boundaries [8]. 

Recently, different carbon nanostructures on steel have been reported. Yuan et al. 

characterized the carbon created on the wall of a microwave plasma chemical vapor dep-

osition (MPCVD) stainless steel substrate holder. The researchers found that high-quality 

1- or 2–3-layer graphene sheets (GS) were formed [9] by using a CH4/H2 gas mixture at 

the temperature of ∼500 °C and pressure of 30 Torr. Baddour et al. synthesized carbon 

nanotubes (CNTs) by thermal chemical vapor deposition (THCVD) directly on stainless 

steel (SS) substrates at 700 °C, using C2H2 and N2 as the gas precursor and carrier, respec-

tively [4], without the addition of external catalysts, since the iron in a commercial-grade 
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SS 304 acts as the catalyst itself. A double CNT layer was formed, nucleating in the island, 

characterized by a small diameter (5–20 nm, close to the substrate) widening to 40–70 nm 

and extending. Kurilich et al. synthesized CNTs on SS by microwave plasma enhanced 

chemical-vapor deposition (MPECVD), and they resolved the growth mechanism to the 

metal dusting process [3]. In another work, Lu et al. grew CNTs for corrosion resistance 

enhancement, finding that the corrosion current density of coated substrates can be de-

creased compared to the bare one [10]. Similarly, multi-walled carbon nanotubes 

(MWCNTs)were directly grown by CVD on as-received or pretreated 316 SS. N2, H2, and 

C2H4 were fed into the tube reactor preheated to a temperature of 760 °C. It was reported 

that the transition between CVD-grown nanotubes and nanofibers (CNFs) may occur due 

to the sample surface roughness [5]. Hashempour et al. [11] compared directly-grown 

CNTs on SS, focusing on the effect of the surface roughness. Since the diameters of CNTs 

are related to the catalyst particle size, larger nano-hills would favor the growth of thicker 

CNTs or, rather, CNFs. While CNFs can be considered a derivate form of CNTs, direct 

diamond growth on ferrous metals and those containing Ni or Co is challenging. The cat-

alytic activity of these metals results in the formation of amorphous carbon instead of di-

amond. For this reason, while the deposition of an interlayer constitutes a viable but com-

plex option to block the diffusion of metal catalyst particles toward the surface, direct 

deposition of diamond on steel can occur over a thick graphite interlayer, which results, 

however, in a worsening of the diamond film interface. Carbon diffusion into the steel 

also degrades the steel’s properties; for this reason, decreasing the deposition temperature 

may help at the expense of the growth rate and diamond quality. 

In this study, the surface of AISI440C stainless steel sheets was modified by chemical 

vapor deposition (CVD), forming a nanostructured carbon coating on the top. During the 

synthesis, the iron and chromium oxide layer was formed between the steel and carbona-

ceous layer. The effect of deposition temperature, which affects both the morphology, 

structure, and thereby on the electrochemical behavior of the carbon film-modified steel 

was investigated. 

2. Materials and Methods 

2.1. Sample Preparation 

For the initial study on the effect of substrate roughness, stainless steel (AISI440C) 

squares of dimensions 20 mm × 20 mm × 0.5 mm were used as the substrates. Prior to the 

CVD process, the substrates were roughened by sandblasting and sonicated for 10 min in 

acetone, followed by isopropanol, and dried in nitrogen. Then, the samples were soni-

cated in a water-based nanodiamond slurry for 15 min and transferred to a CVD reactor. 

To investigate the temperature effect, the same procedure was adopted on cold-rolled 

steel samples with dimensions of 20 mm × 20 mm × 2 mm. The gas mixing ratio into CVD 

reactor was constant and equal to 100:8.3:1 (H2:CH4:N2). The process duration of the car-

bon nanostructured coating (CNC) was equal to 5 h, microwave power set to 1300 W, and 

the substrate holder temperature was 500 °C (CNC-500 °C), 600°C (CNC-600 °C), and 

700°C (CNC-700 °C). Further details on the process parameters can be found in our earlier 

work [12]. 

2.2. Sample Characterization 

Scanning electron microscopy (Phenom XL using a 15 kV beam accelerating voltage, 

working in high vacuum mode, Thermo Fisher Scientific, Waltham, MA, USA) was used 

to observe the sample morphology and to study the elemental composition by energy dis-

persive X-ray analysis (EDX, Thermo Fisher Scientific). Image elaboration and processing 

were performed using the Gwyddion software (version 2.55). Graphical and statistical 

elaboration was performed in R and using the ggpubr package (version 0.1, 7.). The Ra-

man spectra were acquired using a Raman microscope (InVia, Renishaw, New Mills, UK). 

Spectra were recorded over the range 200–3500 cm−1 with an integration time of 5 s (10 

D
o

w
nl

o
ad

ed
 f

ro
m

 m
o

st
w

ie
d

zy
.p

l

http://mostwiedzy.pl


Coatings 2021, 11, 1403 3 of 11 
 

 

averages) using an argon-ion laser emitting at 514.5 nm (50× objective, grating 1800 l mm−1) 

and operating at 5% of its total power of 50 mW. 

The electrochemical evaluation was carried out using a VMP-300 potenti-ostat-gal-

vanostat (BioLogic, Seyssinet-Pariset, France) in the EC-lab software (version V11.41). The 

studies were conducted in a three-electrode cell: Ag|AgCl served as the reference elec-

trode (RE), a platinum wire as the counter electrode (CE), and the deposited nanostruc-

tured carbon was used as the working electrode (WE). The geometric area of the WE elec-

trode was ca. 0.2 cm2. The electrochemical properties of the nanostructured carbon coating 

were investigated using electrochemical impedance spectroscopy (EIS), and linear polar-

ization (LP) techniques. EIS measurements were taken in the frequency range of 0.01 to 

50,000 Hz (signal amplitude 10 mV; 6 points per frequency decade). Spectra were recorded 

at the rest potential ER. The EIS results were fitted using the ZSimpWin software (version 

V3.21). LP studies were performed in the polarization range between ± 0.25 V vs. ER (scan 

rate = 1 mV·s−1). The LP results were fitted using TafelFit (EC-lab, version V11.41). 

3. Results 

3.1. Surface Morphology 

3.1.1. Effect of the Stainless Steel Surface Roughness 

Figure 1 shows the scanning electron microscopy (SEM) micrographs of bare as-re-

ceived SS (a), after roughening by sandblasting (b), and after CVD growth in the as-re-

ceived and sandblasted (c,d) states. According to Figure 1a,c nucleation occurs slower and 

within the boundary grains for the as-received SS. In contrast, for the roughed surface 

(Figure 1b,d), the growth occurs faster and more homogenously, making protruding 

grains barely distinguishable. 

 

Figure 1. SEM micrographs of the bare SS surface (a) as received, (b) after surface roughening and 

(c,d) after CVD growth. 
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3.1.2. Effect of the CVD Process Duration 

The growing process starts with the formation of amorphous carbon islands on the 

toughened edges of stainless steel (Figure 2a), which increase in extension (Figure 2b), 

covering the entire surface (Figure 2c). Moreover, after 30 min, part of the amorphous 

carbon vanishes, while carbon microspheres (CμSs) appear, with diameters of a few mi-

crometers. 

 

Figure 2. CμSs growth mechanism. Deposition time: (a) 5 min, (b) 15 min and (c) 30 min. 

3.1.3. Effect of the Temperature During CVD 

The substrate holder temperature in the CVD chamber was varied, and the effect was 

investigated. In Figure 3, SEM micrographs are shown. As can be seen with decreasing 

synthesis temperature, there is an increase in the superficial density of the CuSs grown on 

nanostructured carbon which tends to accumulate into larger clusters. The phenomena 

can be seen most of all for CNC-500 °C samples. 

 

Figure 3. Effect of the temperature used during CVD process: (a,e) SS as provided, at (b,f) 500 °C, 

(c,g) 600 °C, (d,h) 700 °C. 
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Figure 4 reports the Raman spectra of the samples after CVD growth at different tem-

peratures. The characteristic peak of the G band is located at 1581 ± 1 cm−1 and indicates 

the presence of crystalline hexagonal graphite (i.e., sp2-C). The characteristic peak of the D 

band is located at ~1356 cm−1 and arises due to a disorder-induced phonon mode, indicat-

ing the presence of disorders in the carbon nanostructures. The D and D’ peaks require a 

defect for their activation in the double resonance Raman scattering. The 2D peak is 

strongly dispersive with excitation energy and is activated by triple resonance Raman 

scattering, as well as for the 2D’ peak, which is the second-order of the intra-valley D′ peak 

[13]. In order to compare quantitatively the different peak features, results of the peak 

fitting procedure are reported in Table 1. 

Table 1. Results of the Raman spectra fitting. 

Band D G D’ 2D D+D’ – – 

Temp xc FWHM xc FWHM xc FWHM xc FWHM xc FWHM ID/IG ID/ID’ 

500 1354.2 40.4 1582.8 32.0 1620.3 20.0 2706.3 58.9 2944.6 70.9 1.18 5.8 

600 1356.1 27.8 1581.3 16.6 1622.9 6.7 2708.6 42.0 2968.0 34.9 0.43 4.0 

700 1353.0 30.0 1580.8 17.9 1622.0 9.3 2710.8 46.4 2948.7 60.0 0.47 4.5 

CμS 1335.2 158.4 1578.8 62.0 1620.0 27.3 2708.2 227.4 2903.0 248.6 1.46 4.8 

 

The I (D)/I (G) ratio is almost halved for the high-temperature deposition, in compar-

ison to the CNC-500 °C sample. Interestingly, the latter is comparable to the CμS one; this 

is probably due to the high density of microspheres. The decrease in the I (D)/I (G) ratio 

with the growing temperature suggests the ordering of the graphitic structure [14,15]. 

Moreover, the similar I (D)/I (D’) ratio for all of the samples is equal to 4.6 ± 0.6, which 

suggests that the presence of edge defect is predominant. The decrease in the D’ intensity 

and the full width at half maximum (FWHM) of the G peak, with the increasing deposition 

temperature, is consistent with our previous study [16]. The 2D peak shape is comparable 

between the different samples (as also reported by the similar FWHM), while its area de-

creases with increasing temperature. Similarly, the intensities of the D + D’ peak for the 

samples grown at higher temperatures are lower than the CNC-500 °C sample. 

 

Figure 4. Raman spectra of the carbon coating layer after CVD at 500, 600, and 700 °C. 
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EDX analysis of the sample cross-sections revealed the presence of C, Fe, Cr, Ni, and 

O at variable percentages across the substrate depth. The raw steel sample has a compo-

sition of Fe (~46 at.%), O (~22 at.%), Ni (~17 at.%), Cr (~13 at.%), C (~1 at.%) and Si (~1 

at.%). From Figure 5, it is possible to observe that, after the CVD process, the upper part 

of the steel substrate (with a thickness of ~200 μm) is enriched with C (up to ~85 at.%), 

followed by a layer rich in Fe and Cr oxides. The bottom of the sample, which has not 

been exposed to the plasma, but only to the thermal treatment, exhibits an interface rich 

in Fe and Cr. 

 

 

Figure 5. EDX of sample cross-sections deposited at (a) 500 °C and (b) 700 °C. 

During the CVD process, two processes occur simultaneously: the formation of irreg-

ular, highly porous, carbon-rich microstructure, and the nucleation of carbon spheres with 

a diameter of a few micrometers (Figure 6a). Both spectra show typical features of gra-

phitic films characterized by the presence of G, D, D’, 2D,D + D”,D + D’ peaks; however, 

the CμSs also exhibits a shoulder peak at ≈ 1120 cm−1, which can be attributed to the D” 

band. The CμSs Raman spectra present increased FWHM, pointing to an increased content 

of sp2-hybridized carbon compared to the underlying C-layer. 

 

Figure 6. (a) SEM micrograph and EDX mapping of the C and Fe elemental composition. (b) Raman 

spectra of the two different C-rich regions identified in the SEM image. 
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The CμSs density increases with the decreasing CVD synthesis temperature. At 500 

°C, the substrate appears almost entirely covered by the CμSs, which stack together. At 

higher temperatures, smaller clusters are present; however, it is still possible to distin-

guish them separately. For these reasons, it is difficult to estimate the particle density of 

the 500 °C samples, but it is still possible to find a hundredfold increase compared to the 

sample obtained at the highest temperature (Figure 7a). Similarly, no significant differ-

ence in the diameters of the CμSs was found for the samples grown at a temperature equal 

to or greater than 600 °C (Figure 7b). A few hypotheses have been postulated to explain 

the growth mechanism of such spheres. Ni and Fe are known catalysts for CVD growth 

of carbon nanotubes or other carbon nanostructures [17], and it is possible to observe a 

few such filamentous structures (Figure 7c, in orange). However, the formation of cata-

lysts chunks, which cannot catalyze CNTs growth, may lead to further coating by amor-

phous carbon [18] (Figure 7c, in yellow). Then, the amorphous carbon grows preferably 

in clusters, increasing in size until carbon spheres are formed. Increasing temperature en-

hances carbon diffusion through the upper layer of the steel substrate (Figure 7c, in pur-

ple); for this reason, the formation of amorphous carbon, thus carbon microsphere, is in-

hibited. 

 

Figure 7. Carbon microsphere (a) density, (b) average diameter for the different temperatures, (c) 

colored SEM image. 

3.2. Electrochemical Characterization 

The surface resistance of the nanostructured carbon was investigated in synthetic do-

mestic wastewater (detailed composition can be found elsewhere [19]) using the EIS and 

LP techniques. The results are shown in Figure 8a–b. In order to better understand the 

electrochemical characteristics of the test samples, an electrical equivalent circuit (EEC) 

was used to analyze the EIS results. In the EEC, R1 corresponds to the solution resistance, 

R2 is coating resistance, C2 is the coating capacitance, R3 is the charge transfer resistance, 

and CPE3 is the constant phase element. CPE3 is defined as ZCPE3 = [Q3(jω)n3]−1, where Q3 is 

a proportional factor, ω reflects the angular frequency, j is the imaginary number, and n3 

corresponds to the constant rate element parameter describing, inter alia, the homogeneity 

of the layer and non-uniform distribution of the current. The presented electrical equiva-

lent circuit is represented by two time constants {R2, C2} and {R3, Q3}, respectively. The first 

time constant (τ2) may refer to the carbon layer, while the second time constant (τ3) may 

be related to the charge transfer process at the electrode interphase. The values of esti-

mated electrical elements are gathered in Table 2. 
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Figure 8. (a) Nyquist representation of electrochemical impedance spectra, and (b) linear polariza-

tion curves recorded on chosen nanostructured carbon electrodes immersed in synthetic domestic 

wastewater. 

Table 2. Selected parameters calculated on the basis of the EEC. 

Parameter SS CNC-500 °C CNC-600 °C CNC-700 °C 

C2/μF·cm−2  5.9 7.8 8.2 3.9 

R2/Ω·cm2 926 1216 1314 2117 

Q3/Ω−1·cm−2 sn 2.7 × 10−5 1.1 × 10−4 2.5 × 10−5 6.3 × 10−6 

n3 0.84 0.79 0.87 0.89 

R3/Ω·cm2 3.61 × 106 3.33 × 105 1.50 × 106 1.18 × 107 

The polarization resistance (Rp) is inversely proportional to the corrosion rate and is 

a sum of the coating resistance and charge transfer resistance [19,20]. The value of Rp in-

crease with the growing CVD synthesis temperature. For the coating obtained at t = 700 

°C, the polarization resistance is higher than the value achieved for the raw steel (3.61 

MΩ·cm2) and it is equal to 11.8 MΩ·cm2. Furthermore, with the increasing temperature of 

the sample preparation, an increase in the parameter n can be observed, which indicates 

an increase in the level of surface electric homogeneity of the carbon layers. 

Linear polarization was also conducted in synthetic domestic wastewater. The corro-

sion potential and current density values are collected in Table 3. The highest corrosion 

potential, equal to −11.9 mV, was recorded for the sample synthesized at the highest tem-

perature 700 °C. The same sample is characterized by the lowest corrosion current of 4.4 

nA·cm−2. The raw steel shows a ten times higher corrosion current equal to 40.8 nA·cm−2, 

and the lowest Ecorr (−115.6 mV). 

Table 3. Results of linear polarization tests. 

Parameter SS CNC-500 °C CNC-700 °C 

Ecorr/mV −115.6 −104.6 −11.9 

Icorr/nA·cm−2 40.8 361.8 4.4 

βa/mV 151.0 1151.4 272.7 

βc/mV 39.2 79.50 83.4 
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4. Discussion 

The growth of carbon coating is enhanced by sandblasting the stainless-steel surface, 

while for the untreated sample, carbon nanostructures are formed between the stainless-

steel microstructure grains boundaries (Figure 1). The reason for the faster graphitic car-

bon growth eased by the roughened surface may arise from the locally enhanced plasma, 

which induces surface and interface defects, favoring an irregular nanostructure growth. 

The formation of CμSs is affected mainly by two factors: firstly, they preferably grow 

close to carbon-rich non-catalytic sites, which are easily covered by amorphous carbon, 

acting as a carbon buffering layer [21] and, secondly, high temperatures inhibit their for-

mation. Nevertheless, the reason behind their nucleation and growth is still debated. 

Ghaemi et al. attribute their formation to the Fe catalyst, characterized by a diameter of 

100–200 nm [22]. Iron does indeed have a catalytic behavior toward sp2-C formation, and 

carbon possesses high diffusivity toward this metal. Singhal et al. reported that Fe, as a 

catalyst, plays an essential role in forming carbon nanotubes. In contrast, CμSs are syn-

thesized directly by a mixture of xylene and benzene, at 900 °C, in the absence of a catalyst 

[23]. 

Similarly, Chen et al. pointed out the formation of CμSs with diameters between 500 

nm and 3 μm as a consequence of the high C2H2:H2 ratio (using an AISI 304 SS as the 

substrate) [2]. On the other hand, Shu et al. described that the formation of CμSs assem-

blies is due to the growth rate of the carbon layer, which exceeds the migration rate of 

metal atoms (from the substrate to the surface), which would otherwise catalyze the for-

mation of filament [1]. However, while in the study mentioned above, the increase in tem-

perature favors particle formation, in the present one, the increase in temperature ham-

pers the formation of the CμSs. At lower temperatures, the steel substrates work as a cat-

alyst, due to the limited carbon diffusion into the steel (Figure 3 + EDX cross-section), 

favoring the rapid development of micrometer-sized sp2-C-rich CμSs. Moreover, at the 

lowest temperature (500 °C), the sphere growth is so fast that they tend to agglomerate 

into bigger clusters. 

According to the EIS and LP results, the amount of the carbon microspheres strongly 

influence electrochemical performance. The carbon coating deposited at 500°C shows high 

surface electric heterogeneity (n3 = 0.79), which may be related to the agglomeration of the 

carbon microspheres. The CNC-500 °C sample also shows the highest corrosion current 

possibly resulting from the low adhesion of the agglomerated spheres. The carbon coat-

ings synthesized at higher temperatures are characterized by a smaller number of micro-

spheres. The surface of CNC-600 °C and CNC-700 °C exhibit higher surficial homogeneity. 

The CμSs are less agglomerated and thus probably they are better attached to the carbon 

matrix. As a result, the CNC-700 °C sample exhibits good corrosion resistance in synthetic 

domestic leachates. 

5. Conclusions 

In this study, nanostructured carbon coatings were deposited on AISI440C steel us-

ing chemical vapor deposition. During the synthesis process, two processes occur simul-

taneously: the formation of irregular, highly porous, carbon-rich microstructures and the 

nucleation of carbon spheres with a diameter of a few micrometers. During the synthesis 

between the steel and carbon coating, the iron and chromium oxide layer was created. 

The formation of carbon microspheres CμSs is affected mainly by two factors: firstly, 

they preferably grow close to carbon-rich non-catalytic sites, which are easily covered by 

amorphous carbon, acting as a carbon buffering layer and, secondly, high temperatures 

inhibit their formation. 

The electrochemical behavior of nanostructured carbon coatings strongly depends 

on the CVD deposition conditions. The best corrosion resistance (Rp = 11.8 MΩ·cm2, Icorr = 

4.4 nA cm−2) exhibits a nanostructured carbon sample with a moderate amount of sp2-C-

rich CμSs synthesized at 700 °C (the corrosion resistance is better than raw stainless steel). 
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