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ABSTRACT
Graphene films were fabricated over synthesized MCM-41 nanocatalyst by chemical vapor 
deposition method, and the reaction was carried in atmospheric pressure at 750˚C. Acetylene 
gas used as a carbon precursor and the synthesis reaction took place in hydrogen atmosphere. 
Mesoporous MCM-41 was synthesized at room temperature, using wet chemical method. The 
synthesized metal free catalyst was characterized by XRD and N2 adsorption isotherms. The 
catalytically synthesized graphene layers were characterized by Raman spectroscopy, scanning 
electron microscopy (SEM), and transmission electron microscopy (TEM). The results indicat-
ed that the favorable effect of MCM-41 with high BET surface area (908.76 m2/g) as an active 
metal free nanocatalyst for fabricating graphene layers with high level of purity and homoge-
neity. Because of simplicity, easy purification, and high yield of graphene synthesis  offered by 
this method, it is possible to use it in larger scales.
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INTRODUCTION
Among different polymorphs of carbon, 

graphene with fascinating properties, such as 
high surface area (2630 m2/g) [1], fast charged 
carrier mobility (~200000 cm2V−1s−1), high 
thermal conductivity (~5000 W/mK) [2], and 
strong Young’s modulus (~1TPa) [3], has become 
an interesting target for a considerable number 
of scientific research [4-6]. Between the different 
techniques of graphene synthesis, CVD is the most 
attractive method, because it  has some  advantages 
like simple process and the ability of producing 

good quality graphene sheets [7], and Transition 
metals are main catalysts which used extensively in 
this process [8]. Shu Ye et al synthesize large area 
graphene sheets over a Cu foil by chemical vapor 
deposition method in the atmospheric pressure [9].

In another work, Adeniyi Olugbenga Osikoya 
et al., used acetylene (C2H2) as carbon precursor in 
argon (Ar) and nitrogen (N2) atmosphere at 850˚C 
for deposition of  graphene sheets  on 1.00 mm 
thick copper sheet [10]. Campos-Delgado et al. 
have reported synthesize of graphene films by CVD 
from alcohol precursors at atmospheric pressure 
condition and a highly diluted mixture of Ar–H2. 
Their results indicated that the production of mono- 
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and highly decoupled bi-layer graphene films using 
a simple method [11]. Yakun Chen et al, used 
Nano Cu  powder and  polymethylmethacrylate 
(PMMA) as catalyst and carbon source respectively 
to fabricate three-dimensional graphene network  
through chemical vapor deposition method [12].

In another study, Patrick Zeller et al, synthesized 
graphene in an ultra high vacuum(UHV) 
chamber at 750˚C on single crystalline Ni films 
on Si wafers by CVD technique under  ethylene 
pressures between 1.3×10−8 and 6.7×10−8 bar for 2 
h [13]. Yunzhou Xue, have used CVD method  to 
fabrication of few-layer  graphene sheets on iron 
catalyst from methane and hydrogen mixture [14].

In another investigation, Murata et al, have 
reported the growth of monolayer graphene 
on Palladium catalyst [15]. Arjun Dahal et al. 
demonstrated the growth of bilayer graphene on 
Ni (111)  thin-film substrate above 650˚C [16]. In 
addition, Li Yinying  et al, introduced monolayer 
graphene synthesis process with Pt foils [17].

Abdul Razak et al. have investigated a new 
CVD method by introducing direct current during 
thermal CVD. They have concluded that the 
additional current in thermal CVD will lead to 
better control of multilayer graphene growth for 
interconnect applications [18].

In particular, CVD method has been used widely 
to synthesize graphene on various substrates, such 
as Cobalt, Nickel, Platinum, Palladium, Rubidium, 
Cupper, Iron, SiO2, and SiC. Dependency of these 
methods to surface properties of substrates and 
involving difficult experimental procedures, and 
advanced instrumentation were limited their 
application for large scale applications [19-21]. 
Also, the low graphene synthesis yield (i.e., 50 mg 
of graphene sheet/500 mg of catalyst) of current 
CVD processes is another barrier to large-scale 
production of graphene [22].

Mesoporous molecular sieves are one of the 
interested catalyst supports for different chemical 
reactions specially carbon nanomaterial synthesis. 
This attention is due to their special properties, 
such as large surface area, pore size distribution, 
pore volume, and easy surface fictionalization. In 
many investigations, pure siliceous MCM-41 was 
used as catalyst support for transition metals. The 
metal-containi ng MCM-41 such as Co-MCM-41, 
Ni-MCM-41, Fe-Co-MCM-41 used as catalytic 
template for the synthesis of CNTs and graphene 
[23-26].

In this work, metal-free catalyst and cost-

efficient methods were used to grow high quality 
graphene sheets. These layers were directly 
synthesized over MCM-41 as nanocatalyst, using 
CVD method at atmospheric pressure and relatively 
low temperature for the first time. The synthesized 
graphenes have been characterized by Raman 
spectroscopy, SEM and TEM analysis, confirming 
the formation of graphene layers over MCM-41 
template. Fabrication of graphene layers with 
high level of purity and homogeneity without 
using any metallic compounds was offered 
in this investigation. Because of simplicity, 
easy purification, and high yield of graphene 
synthesis offered by this method, it is possible 
to use it in larger scales.

MATERIALS AND SYNTHESIS
Synthesis and purification of MCM-41

In the first step, 70 g of Na2SiO3·9H2O purchased 
from Merck, was dissolved in 450 ml g of distilled 
water. Then, 1.4763 L C3H7NO (Merck) and 
54.66 g of a surfactant, N-cetyl-N,N,N-trimethyl 
ammonium bromide (CTAB) (Merck), were 
dissolved in 400 ml of distilled water while stirring 
for around 15 minutes. The second step , the 
solution of CTAB and C3H7NO was then added to 
the clear solution of silicate, at room temperature 
(25˚C). The reaction mixture was maintained 
at 25˚C for 3 h, then 400 ml of 70% ethanol and 
10 ml of 37% HCl were added to the sample and 
stirred slightly for 30 minutes. At the pH close to 
11.0, the yield of MCM41 formation according to Si 
balance was 71.9%. The surfactants were removed 
by calcinations at 570˚C for 8 h [27, 28]. 

Synthesis and purification of graphene
Chemical vapor deposition method was carried 

out in a quartz tube with 45mm diameter and 1 m 
length, which was placed in a horizontal furnace. 
The prepared MCM-41 was used as nanocatalyst 
for synthesis of graphene. At first, 1 g of the catalyst 
was placed on a quartz boat inside the quartz tube 
and was purged in nitrogen gas with 300 ml/min 
flow rate for 30 min and then hydrogen stream 
with 300 ml/min flow rate to prepare suitable 
atmosphere for CVD reaction inside the reactor. 
After that, the reaction was started by acetylene 
as the carbon source with 30 ml/min flow rate 
and hydrogen as the carrier gas with 300 ml/min 
flow rate. The CVD reaction was continued in 
atmospheric pressure for 30 min at 750˚C, and the 
final product, including the black deposited carbon 
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materials and catalyst were weighted and purified. 
The percentage of deposited carbon materials on 
the MCM-41 catalyst were calculated by the Eq.1 
and the result is presented in the Table1. 

Carbon deposition yield (%) 

100)( ×
−

=
Cat

CatT

M
MM                                   Eq.1 

  

Where MCat is the weight of the catalyst before 
graphene synthesis and MT is the weight of final 
products.

In order to obtain purified carbon materials, 
the catalyst phase (MCM-41) was removed by 
treating the solid mixture with 47% HF at ambient 
temperature for 10 minutes. In order to eliminate 
carbonaceous impurities, filtered carbon materials 
were placed in a furnace at 400˚C for 2 hours. One 
of the advantages of graphene synthesis over this 
metal free nanocataylst is that the easier purification 
method in comparison to using metallic catalysts. 
In this method, there is no need to further acid 
treating (with HCl or HNO3) to remove metal 
particles. The graphene layers deposition yield 
related to the mass of deposited carbons was 
calculated from the Eq.2.

Graphene deposition yield (%)

100)( ×
−

=
CatT

G

MM
M                                   Eq.2 

  

Where MG is the weight of graphene layers 
after purification. In addition the yield of the 
purified graphene layers synthesis depends on 
the mass of MCM-41 catalyst was calculated by 
the Eq.3.

Graphene synthesis yield (%)

 100)( ×=
Cat

G

M
M

                                                 
Eq.3

    

Characterization methods of materials 
Philips PW1848 diffractometer using nickel-

filtered Cu Kα radiation (λ=0.154 nm) was used 
to obtain the X-ray diffraction (XRD) pattern of 
the synthesized MCM-41 with 2θ range of 0–10° 
in the steps of 0.02°. Micromeritics ASAP-2010 
porosimeter was used to measure the surface 
area, pore volume and pore size distribution 
via nitrogen adsorption at 77 K. Pore size 
distribution (PSD) of the calcined MCM-
41was obtained from adsorption isotherms 
using Brunauer Emmett Teller  (BET) equation. 
Raman spectra were recorded with a Renishaw 
Ramanscope in the backscattering configuration 
using 514.5 nm laser wavelengths. In order to 
verify the desired structure of the synthesized 
graphene, Scanning Electron Microscopy (SEM) 
and Transmission Electron Microscopy (TEM) 
images were taken using Camscan MV2300 
(operating voltage of 15 kV) and JEOL 1200 
EXІІ microscopes (operating voltage of 100 k), 
respectively.

Table1. Deposition carbon and graphene yields on MCM-41

Catalyst MCat (g) MT (g) MG (g) Carbon Deposition 
yield

Graphene deposi-
tion yield 

Graphene synthesis 
yield 

MCM-41 1.00 1.87 0.31 87% 36% 31%

Table 2. BET surface area, average pore size diameter and pore volume of synthesized MCM-41

Catalyst BET Surface Area (m2/g) Average Pore Diameter (nm) BET pore volume (cm3/g)

MCM-41 908.76 2.88 0.77
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Fig.1. XRD pattern of MCM-41.

RESULT AND DISCUSSION 
Characterization of synthesized MCM-41 catalyst

Figure 1 illustrates the XRD pattern of 
calcined MCM-41, exhibiting an intense peak 
of (100) reflection in the range of 1.8˚<2θ<2.8˚, 
and two low intense peaks due to (110) and 
(200) reflections in the range of 3.8˚<2θ<4.8˚. 
These reflections indicate the formation of well 
ordered materials with hexagonal structure. 
In addition, the presence of the related peaks 
for MCM-41 after calcination indicates the 
considerable thermal stability of the synthesized 
MCM-41 [29, 30].

The BET surface area, average pore size 
diameter and pore volume of the catalyst are 
presented in Table 2. Figures 2 and 3 respectively 
represent the PSD and N2 adsorption–desorption 
isotherms of the synthesized MCM-41. The 
observed peak at a pore diameter of 25.2 A 
(Figure 2) reveal a pore volume of almost 0.77 
cm3/g. In addition, the BET surface area of the 
calcined catalyst was about 908.76 m2/g. 

The N2 adsorption–desorption graph 
(Figure.3) can be divided into different 
zones: p/p0 of ≈0.3, p/p0 <0.3 and p/p0> 0.4. A 
sharp inflection step at p/p0 of ≈0.3 depicts 
the capillary condensation within uniform 
mesopores. The related isotherms to p/
p0< 0.3 show the monolayer adsorption of 
N2 on the pore walls, while those with p/
p0> 0.4 illustrate the multilayer adsorption 
on the external surface of the particles. 
The mentioned isotherms indicate type IV 
character, which is considered as a usual 
shape for mesoporous MCM-41 [31-33].

Fig. 2. Pore size distribution of MCM-41.

Fig. 3. N2 adsorption–desorption isotherms of MCM-41.

Characterization of synthesized graphene
In order to study the presence and structural 

characterization of the synthesized graphene, 
Raman spectroscopy was used as a nondestructive 
technique. As it can be observed from figure 4, 
the Raman spectra of the grown graphene over 
MCM-41 catalyst illustrates three peaks at 1353 
cm-1, 1583 cm-1, and 2714 cm-1, respectively related 
to D, G, and 2D peaks. The D band peak (1353 
cm-1) depicts the available structural defects in 
the analyzed sample [34].  Where, the G-band 
observed at 1500 cm-1 corresponds to the Raman 
allowed phonon E2g (vibration) mode at the zone 
centre common to sp2 carbon materials [35]. The 
integrated intensity ratio (ID/IG ≈ 0.3) of the D peak 
along with the considerable G peak illustrates the 
graphitization of the synthesized graphene with 
good quality [36].     

According to the work done by Subrahmanyam 
et al., the I2D/IG intensity ratio is related to the 
number of graphene layers [37]. A broader 2D peak 
along with a more pronounced G peak illustrates an 
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increase in the number of layers of the synthesized 
graphene. Generally, there are three different borders 
defined for I2D/IG value, i.e. I2D/IG >2 for monolayer 
graphene, 1<I2D/IG< 2 for bilayer graphene, and I2D/
IG< 1 for trilayer graphene [38]. In this regard, the 0.6 
value for I2D/IG (resulting from figure 4) indicates a 
trilayer structure for the synthesized graphene. 

Fig. 4. Raman spectroscopy of purified graphene layers.

Figure 5 shows the pore size distribution of 
synthesized graphene layers. The final structure 
of the synthesized graphene sheets were evaluated 
using SEM images (figure 6). The SEM image clearly 
indicates the continuous graphene layers synthesized 
over MCM-41 nano-catalytic template with a number 
of wrinkles. In addition, the detailed morphology 
of the graphene layers was further studied using 
TEM image (figure 7). The TEM images indicate the 
absence of amorphous and microcrystalline carbon 
along with the high level of purity and homogeneity 
of the graphene layers. The SEM and TEM results 
confirm the positive influence of pure MCM-41 as an 
active catalyst for graphene fabrication. 

Fig. 5. Pore size distribution of graphene.

Fig. 6. SEM image of the graphene layers over MCM-41 catalyst.

Fig. 7. TEM images of the synthesized graphene.

CONCLUSION
Graphene layers were successfully synthesized 
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through a metal free catalyst and cost-efficient 
atmospheric CVD method directly over MCM-41 
nanocatalyst. The reaction temperature was fixed 
at 750˚C and acetylene was used as the carbon 
source. Fabrication of well ordered MCM-41 with 
hexagonal structure was confirmed by XRD and N2 
adsorption isotherms. The results of N2 adsorption 
isotherms also revealed a pore volume and BET 
surface area of about 0.77 cm3/g and 908.76 
m2/g. t, respectively. The successful synthesie 
of catalytically produced graphene layers was 
confirmed by Raman spectroscopy, SEM, and TEM 
techniques. Moreover, the high yield of graphene 
synthesis over MCM-41 along with the suitable 
integrated intensity ratio (ID/IG=0.3) indicate 
the high activity of the synthesized catalyst and 
considerable capability of the proposed technique 
for graphene fabrication. 
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