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Abstract
Graphene was grown on molybdenum (Mo) foil by a chemical vapor deposition method at 
different growth temperatures (1000°C, 1100°C, and 1200°C). The properties of graphene 
were investigated by X-ray diffraction (XRD), X-ray photoelectron spectroscopy, and Ra-
man spectroscopy. The results showed that the quality of the deposited graphene layer was 
affected by the growth temperature. XRD results showed the presence of a carbide phase on 
the Mo surface; the presence of carbide was more intense at 1200°C. Additionally, a higher 
I2D/IG ratio (0.418) was observed at 1200°C, which implies that there are fewer graphene lay-
ers at this temperature. The lowest ID/IG ratio (0.908) for the graphene layers was obtained 
at 1200°C, suggesting that graphene had fewer defects at this temperature. The size of the 
graphene domains was also calculated. We found that by increasing the growth temperature, 
the graphene domain size also increased.
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1. Introduction

Graphene consists of a 2D hexagonal network of carbon atoms with a honeycomb 
structure. This material has attracted the interest of many scientists due to its desir-
able characteristics, including its excellent chemical inertness, atomic smoothness, 
high mechanical stability, high carrier mobility, current capabilities, and thermal 
conductivity [1-4]. A variety of methods have been used to prepare graphene, such 
as mechanical exfoliation of graphite, epitaxial growth on SiC, reduction of gra-
phene oxide, unzipping of carbon nanotubes (CNTs), and chemical vapor deposition 
(CVD). Among these methods, CVD has emerged as the most commonly used ap-
proach for single and few-layer graphene syntheses on metal substrates. This method 
is particularly appealing because it is the most scalable and inexpensive deposition 
technique [5,6]. Graphene has been deposited via CVD on different transition metals 
(e.g., Pt [7], Pd [8], Re [9], Ni [10], Cu [3], Ru [11], Ir [12], Co [13], Rh [14], and 
W [15]), but very few groups have investigated the role of molybdenum (Mo) as a 
catalyst for graphene synthesis, despite that early studies showed that Mo may act 
as an effective catalyst for CNTs [16]. Also, using CVD, iron-Mo can act as a very 
efficient catalyst for the synthesis of single-walled and multi-walled CNTs [17]. 
However, the use of Mo as a catalyst for the production of graphene is still a new 
challenge. Wu et al. [18] reported the synthesis of large-area graphene on Mo foils 
by using CVD. They reported that the cooling rate can be used to control the number 
of graphene layers. Grachova et al. [19] reported the CVD of graphene onto sput-
tered thin-films of Mo. Hsieh et al. [20] studied the effects of the addition of Mo on 
the growth rate of graphene on Cu. They found that Mo affected the graphene quality 
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2.2. Characterization

The crystal structures of the samples were investigated us-
ing X-ray diffraction (XRD) (D8 Advance; Bruker, Cu Kα1 [λ = 
1.5406 Å]). X-ray photoelectron spectroscopy (XPS) measure-
ments were performed using a K-Alpha System spectrometer 
(Thermo Electron, Waltham, MA, USA) equipped with an Al Kα 
monochromatic X-ray source (1486.7 eV) and a micro-focused 
monochromator. The qualities of the obtained graphene on Mo 
foils were investigated using Raman spectroscopy (RFS 100/S, 
Bruker; λ = 532 nm)

3. Results and Discussion

3.1. X-ray diffraction

Fig. 1 shows the XRD results of the Mo foils before any pro-
cessing (bare sample) and also after graphene deposition at dif-
ferent temperatures. For bare samples, three peaks were located 
at 40.5°, 58.6°, and 73.7°. These correspond to the 110, 200, and 
211 crystalline planes of Mo (JPCDS 89-5023), respectively. 
The diagram also shows the polycrystalline structure on the Mo 
foils.

In Fig. 1, graphs 1, 2, and 3 show the XRD patterns of the Mo 
foils after deposition at different growth temperatures. The presence 
of Mo2C (carbide phase) peaks at 39.59° (101) and 52.31° (102) 
and the disappearance of Mo (110) indicate the presence of carbon 
atoms on the structure of the Mo foils as well as the precipitation of 
carbon onto the Mo surface [24]. The formation of carbide on the 
surface of Mo foils serves as an obstacle for the diffusion of more 
carbon onto the Mo surface; therefore, the deposited graphene is 
more uniform [18]. By comparing the XRD patterns of samples, it 
can be seen that the Mo2C peaks of sample 3 (at 1200°C) have an 
increased intensity compared to the other samples. This is attributed 
to the solubility of carbon in the metal increasing as the temperature 
increases [25]. Therefore, at higher growth temperatures, more car-
bon precipitates on the metal surface (sample 3). Consequently, the 
graphene layer on this sample is of superior quality compared to the 
other samples [24].

and increased the growth rate of graphene. As a catalyst, 
the high melting point, low thermal expansion, and surface 
smoothness of Mo help to create excellent conditions for 
the synthesis of high-quality graphene [19]. In the CVD 
method, the formation of graphene islands on the metal 
catalyst surface is the first step of the growth process. The 
formation of graphene islands is affected by a variety of 
factors, including the processing temperature, carbon af-
finity of the catalyst, carbon source, etc. The growth tem-
perature has a direct effect on the formation and quality 
of the graphene and depends on the melting point of the 
metal catalyst. Vlassiouk et al. [21] investigated the ef-
fect of the growth temperature on the quality of graphene 
layers deposited by CVD on Cu foil. They reported that, 
in order to synthesize large single crystal graphene, the 
temperature should be near the melting point of Cu. Li et 
al. [22] reported the CVD of graphene on Cu foils at low 
temperatures by using hydrocarbon sources at a growth 
temperature as low as 400°C. Numerous studies have been 
carried out with Cu and Ni, showing that the best tem-
perature for the deposition of graphene is 1000°C [23]. 
However, for Mo, finding the optimum temperature for the 
synthesis of high-quality graphene is still a challenge. In 
previous works that have used Mo foil, this temperature 
(1000°C) has typically been used [18,19].

In this research, graphene layers are synthesized on Mo foils 
by the CVD method. The quality and the number of layers are 
controlled by changing the growth temperature. To find the best 
growth temperature, samples were grown at 1000°C, 1100°C, 
and 1200°C.

2. Experimental

2.1. Materials and preparation

Reaction gases of hydrogen (H2, 99.999%), argon (Ar, 
99.999%), and methane (CH4, with 99.995% purity) were pur-
chased from A-Rang Gas Korea (Gwangmyeong, Korea). A 
0.25-mm-thick annealed uncoated 99.95% pure Mo foil was 
purchased from Alfa Aesar (Ward Hill, MA, USA). Automated 
thermal CVD equipment from Scientific Engineers (Seoul, Ko-
rea) was utilized to deposit graphene on the Mo foil.

Graphene was grown by the CVD of CH4 on Mo foils (1 × 
1 cm2). First, Mo foils were immersed in 1 M acetic acid at 
room temperature for 10 min. This was followed by immer-
sion in acetone (10 min) and ethanol (10 min). The Mo foils 
were then put into a quartz tube furnace and exposed to H2/
Ar (200 and 500 sccm, respectively) at room pressure while 
the temperature was increased to the growth temperature. The 
quartz tube was held at the growth temperature (sample 1 at 
1000°C, sample 2 at 1100°C, and sample 3 at 1200°C) for 
10 min to remove any oxide layer on the Mo. The samples 
were then exposed to a CH4/H2/Ar gas mixture (100, 200, and 
500 sccm, respectively) for 5 min, and then the furnace was 
cooled to room temperature (40°C/min cooling rate). The gas 
mixture used during the cooling process was the same as that 
used during the heating step. Fig. 1. X-ray diffraction patterns of the molybdenum (Mo) foils before 

growth and after graphene deposition at different temperatures.
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and C=O) was caused by either the presence of oxygen 
atoms in the quartz tube furnace or by the absorption of 
oxygen by graphene after the samples were removed from 
the furnace [25]. 

As can be seen in Fig. 2, when the temperature is increased, 
the C=C peak (around 284.4 eV) becomes larger and the 
peaks related to the oxygen functional groups (C-O, C=OH, 
and O-C=O) decrease or vanish completely. For nucleation 
of graphene on the metal catalyst surface, nucleation sites 
of the carbon must first form on the metal surface. This is 
followed by graphene growth. By increasing the temperature 
and limiting the lifetime of carbon at higher temperatures, 
some of these nucleation sites are destroyed. Therefore, due 
to the smaller number of sites, the graphene layer has fewer 
defects and better quality.

3.2. X-ray photoelectron spectroscopy 

XPS was used to characterize the chemical bonds of the 
samples. Fig. 2 exhibits the C1s XPS spectra for the ob-
tained samples. Fig. 2a shows the C1s spectrum of sample 
1; two peaks are observable, which can be decomposed into 
four Gaussian peaks that correspond to carbon atoms in dif-
ferent functional groups at 284.5 eV (graphitic sp2 carbon), 
286.3 eV (C-OH [hydroxyl]), 287.5 eV (C=O [carbonyl]), 
and 290.6 eV (O-C=O [carboxylate carbon]). Similarly, for 
sample 2, there were two peaks. These can be decomposed 
into three Gaussian peaks at 284.4 eV (graphitic sp2 carbon), 
286.4 eV (C-OH [hydroxyl]), and 288.3 eV (C=O [carbon-
yl]). Fig. 2c shows the C1s spectrum of sample 3. Only one 
peak was observed, which corresponds to two Gaussian peaks 
centered at 284.2 eV (graphitic sp2 carbon) and 286.2 eV (C-
OH [hydroxyl]). For all three samples, the strongest peak is 
observed around 284.6 eV, which indicates the good stability 
of the graphene coating [10,18,25]. 

The peak intensity of the sp2-hybridized C bonding for 
sample 3 is stronger than those of the other samples. Ad-
ditionally, the estimated percentages of sp2-hybridized C 
atoms were 55.5%, 66.5%, and 69.1% for samples 1, 2, and 
3, respectively (Table 1). This indicates that the obtained 
graphene coating of sample 3 has a high degree of graphi-
tization. The appearance of oxygen functional groups (C-O 

Fig. 2. C1s spectrum of graphene coated-molybdenum (Mo) foils: (a) sample 1, (b) sample 2, and (c) sample.3.

Table 1. List of various carbon bonds and their percentages

Sample C-C sp2 
(%) C-OH (%) C=O (%) O-C=O 

(%)

1 55.5 15.4 27.2 1.9

2 66.5 13.8 19.7 -

3 69.1 30.9 - -
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graphene layers [21]. Additionally, the I2D/IG ratio is inversely 
proportional to the number of layers. Fig. 4b shows that I2D/
IG decreases as the growth temperature increases. Therefore, 
it can be concluded that sample 3 (at 1200°C) has fewer gra-
phene layers as compared to the other samples.

By estimating the intensity ratio ID/IG, the graphene domain 
size can be calculated. This is done with the Tuinstra-Koenig 
relation [27]:

 (1)

where, λlaser is the excitation laser wavelength (λlaser = 532 nm) 
and Lα is the crystallite size of the samples. Lα is calculated 
for all three samples; Fig. 5 shows that this is proportional 
to the growth temperature. The intensity ratio ID/IG is related 
to the defects in the graphene layers. As mentioned earlier, 
the amount of defects decreases as the growth temperature 
increases; higher growth temperatures lead to fewer defects 
and larger domains.

4. Conclusions

In this work, graphene was grown on Mo foil by CVD 
method at different growth temperatures (1000°C, 1100°C, and 
1200°C). The deposited layers were investigated by XRD, XPS, 

3.3. Raman spectroscopy

Fig. 3 shows the Raman spectra of graphene synthesized at 
different growth temperatures. Graphene typically has three 
prominent peaks in the Raman shift: the D band (at about 
1350 cm–1; related to defects in graphene layers), G band (at 
about 1582 cm–1; related to the sp2 carbon network and the 
number of graphene layers, where the intensity of the peak 
increases with more layers), and 2D band (at about 2700 cm–

1; related to the overtone of the D band, where the number of 
layers influences the peak positions and intensity of the 2D 
band, which decreases with more layers) [26]. Fig. 3 shows 
that the D peak is present in all samples. As mentioned ear-
lier, the D band is related to defects in the graphene structure. 
Therefore, by calculating the intensity ratio between the D 
and G bands (ID/IG), the amount of defects can be calculated. 
Fig. 4a shows that ID/IG decreases with increasing growth 
temperature. Hence, at higher temperatures (1200°C) the gra-
phene layers have fewer defects than the other samples. This 
result validates the XPS results. From Fig. 3, it is evident that 
the growth temperature has an influence on the number of 

Fig. 3. Raman spectra of graphene grown at different growth tempera-
tures from 1000°C to 1200°C.

Fig. 4. Changes in (a) the ID/IG ratio and (b) the I2D/IG ratio as a function of growth temperature.

Fig. 5. Changes in Lα as a function of growth temperature.
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