
GRAPHENE:  
SYNTHESIS, CHARACTERIZATION AND APPLICATIONS 

 
A. Huczko,1 M. Kurcz,1 A. Dąbrowska,1 M. Drozdowski,1 M. Fronczak,1 M. Bystrzejewski,1 

D. P. Subedi,2 B. P. Kafle,2 B. K. Kafle,2 P. Lamichhane 2 
Faculty of Chemistry, University of Warsaw, Warsaw, Poland 1 

School of Science, Kathmandu University, Dhulikhel, Kavre, Nepal 2 

ahuczko@chem.uw.edu.pl 

Abstract: Graphene (GR), a single-atom-thick sheet of hexagonally arrayed sp2-bonded carbon atoms, is close to become the next 
disruptive technology, replacing some of the currently used materials and leading to new markets. The contribution will focus on the 
production, characteristics, and current and prospective applications of this new carbon nanomaterial. Combustion synthesis (CS) is 
proposed as a novel approach to produce GR-related nanomaterial. 
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1. Introduction 
The statement regarding the carbon atom for science and 

technology of the Nobel laureate R. Smalley was quite interesting 
and now it has become a reality: “Carbon has this genius of making 
a chemically stable, two-dimensional, one-atom-thick membrane in 
a three-dimensional world. And that, I believe, is going to be very 
important in the future of chemistry and technology in general." 
Now it seems as though carbon is poised to become the marvelous 
element of the Nano age1. Graphene has emerged as the most 
attractive and the ground-breaking material for scientific 
community because of its exceptional properties and enormous 
applications, which range from polymer science to quantum 
mechanics2. One may regard GR as not only a single material but a 
whole family (from flakes and sheets up to functionalized layers 
and even quantum dots). Its versatility, together with outstanding 
mechanical, thermal, electric, and chemical properties enables 
diverse applications already implemented in the market and more 
numerous to appear in the future3. GR is already broadly used in 
nanocomposite materials and enhances the performance of sport 
equipment (bikes, helmets, skis, tennis rockets, racing yachts – to 
list just a few)4. It has been famous because of flexible electronics 
and the chance for further devices miniaturization as well as for the 
efficient energy storage5. Moreover, it is the base for the 
development of spintronic and valleytronics. Although GR is 
ubiquitous in terms of smart materials for different disciplines, that 
is its medical usefulness that may be a real breakthrough6. The 
various research is concentrated on GR biocompatibility, its use in 
implants, drug delivery and personalized therapy. This is a part of 
more sensitive sensors7 or brain electrodes. From the ecotoxicology 
point of view, GR is probably less questionable than carbon 
nanotubes and offers much more possibilities in theragnostics8.  

The market of graphene applications is essentially driven by the 
progress in its production with properties for the specific 
application. Since the first isolation of GR by the Scotch tape 
method9, there have been many efforts to develop facile protocols 
for the bulk synthesis of graphene10 those including chemical and 
thermal exfoliation, chemical synthesis, CVD and SiC high-
temperature low-pressure treatment, etc. However, scalable GR 
synthesis is still a bottleneck in the path of its practical mass 
applications.  

The ‘bottom-up’ approach to grow GR-related material involves 
in the first stage the atomization of carbon-containing precursors via 
the high-energy or catalytic activation. We present here the 
magnesium-driven self-propagating high-temperature synthesis 
(SHS, also the combustion synthesis, CS) which is an efficient, fast 
and autothermal technique for manufacturing novel nanomaterials 
on a ‘bottom-up’ platform, this due to high temperatures and high 
pressure gradients resulting in fast quench conditions far from 
thermodynamic equilibrium11,12.  

We have showed elsewhere13 that silicon carbide nanowires can 
be efficiently produced via SHS route from the mixture of simple 
Si/Teflon® reactants. Recently we have also obtained a few-layered 
graphene through an efficient one-pot combustion of green 
compositions containing carbon-bearing reactants14,15.Here we aim 
at the SHS formation of novel nanocarbons like graphene using the 
magnesium-driven reduction of simple oxidants as the continuation 
and expansion of our former research15,16. 

2. Experimental 
All combustions were performed in the high-pressure reactor 

(Fig. 1) following the protocol outlined elsewhere10,13,15.  

 
The experimental set-up and approach is simple: the fast, 

initially solid-phase reaction between a strong reducer and a strong 
oxidant results in an exothermic process leading to the formation of 
novel “exotic” compounds (via atomization of intermediate 
reactants).This due to high temperature and pressure gradients, and 
fast quenching. The green composition was loaded into the quartz 
crucible and placed in the reactor, which was then filled with Arand 
the pressure was adjusted to the value as pre-planned. The reaction 
was started by resistive heating of the crucible content with the 
igniter (carbon tape). The combustion was usually terminated 
within a fraction of second. The solid products were collected for 
further characterization. We present below the results of XRD 
measurements (phase composition) of selected products and the 
results of SEM observations (material morphology) of both raw and 
purified products. 

Magnesium was used as reducer while the carbon-bearing 
oxalates were the oxidants. The following equations present the 
sought chemical transformation in the systems under investigation, 
leading to elemental carbon formation 

9 Mg + 2 FeC2O4∙2H2O → 4 C + 9 MgO + Fe2O3 + 2 H2 (1) 

5 Mg + (NH4)2C2O4∙H2O → 2 C + 5 MgO + 2 NH3 + 2 H2 (2) 

 
Fig. 1 Experimental set-up (high-pressure stainless-steel reactor). 
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The highly exothermic reduction of carbon-bearing oxalates 
with magnesium firstly results in atomization of  all reactants. This 
is followed, on the quench stage, by the formation of solid 
magnesium/iron oxide while the remaining carbon vapors from the 
solid carbon. To isolate the sought elemental carbon, the raw 
products were  leached with 3M HCl (removal of MgO/Fe2O3 and 
unreacted Mg).We have showed earlier15,16 that the simple (Mg and 
Ca) oxalates can oxidize magnesium with the formation of novel 
graphene-related carbon in solid products. Here we explore the use 
of  (i) iron and (ii) ammonium oxalate as the oxidants. In the first 
case the formed elemental iron (as the intermediate reactant) can 
catalyze the carbon condensation towards the growth of carbon 
nanotubes while in the latter one the abundant formation of gaseous 
reactants can influence/modify the morphology of the condensing 
carbon elemental. 

3. Results and discussion 
We present here the preliminary results of combustions 

regarding the Mg/FeC2O4∙2H2O and Mg/(NH4)2C2O4∙H2O solid-
phasegreen compositions. For such systems the molar ratio of 
reactants and the starting combustion pressure(in Ar) were the 
operational variables (Table 1).  

The exothermal combustion is accompanied by the strong 
emission of heat and light. The latter one can be a useful source of 
information about the nature of the reaction. Thus, we have 
developed the Light Signal Diagnostics (LSD) protocol which 
enabled the on-line measurement of the reaction duration and 
characteristics17. Table 2 presents few examples of such results for 
the selected combustions which confirm the short reaction duration 
(well below 1 sec) and its susceptibility to even the apparently 
minor changes in initial process conditions. One may also observe 
the complex time signal trajectory with its oscillations and local 
combustion wave maxima. The light characteristic is reproducible 
within the same operational conditions.   

3.1. System Mg/FeC2O4∙2H2O 

Fig. 2 shows the results of XRD analysis of the starting green 
Mg/FeC2O4∙2H2O composition and selected raw and purified 
products. 

The phase composition shows that MgO is the the main 
component of the raw products (along with some un-reacted oxalate 
and Mg, and iron oxide, as expected) thus confirming the sought 
deep transformation of reactants according to the equation (1). 
After the purification, the carbon peak dominates strongly in the 
spectrum of products, as expected. Surprisingly, there are still some 

Table 2: The characteristics of the combustion synthesis for the 
selected green mixtures following the Light Signal Diagnostics 
Green 

mixture of 
reactants 

CS atmosphere 
and pressure, 

MPa 

CS duration, 
sec 

CS charateristics 

Mg/GO Ar; 1,0 0.308 single maximum 
after fast 
initiation 

NaN3 
/C2.78F2 

Ar; 1,0 0.192 double 
oscillations 

NaN3 
/C2.78F2 

CO2; 1,0 0.115 single maximum 

 

Table 1: Operational parameters of all runs (including both FeC2O4∙2H2O and (NH4)2C2O4∙H2O oxidants) 
Run 

# 
Composition of starting 

reactants 
Molar ratio of 

reactants 
Starting 

pressure, MPa 
Peak 

pressure, MPa 
Mass of starting 

reactants, g 
Mass of raw 
products, g 

Mass of purified 
products, g 

A 

Mg: FeC2O4∙2H2O 

4.5:2 0.1 1.1 5.01 3.18 not determined 
B 9:2 (stoich.) 0.1 1.2 4.84 3.70 not determined 
C 18:2 0.1 1.5 5.59 5.17 0.32 
D 27:2 0.1 1.2 5.04 4.55 not determined 
E 9:2 (stoich.) 1.0 4.2 5.03 3.95 not determined 
F 27:2 1.0 4.3 4.88 4.55 0.20 
G Mg: (NH4)2C2O4∙H2O 5:1 (stoich.) 1.1 6.4 9.84 7.99 0.59 
H 5:1 (stoich.) 1.3 7.6 11.35 9.29 0.69 

 

 

 
Fig. 2 XRD analysis of the strating Mg/FeC2O4∙2H2O composition, 

run B (1) and raw products: run C (2) and run F (4), and purified 
products: run C (3) and run F (5). 
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MgO and un-reacted Mg in the purified product thus pointing to 
their partial carbon encapsulation during the quench stage. The 
effect of encapsulation seems to be more pronounced at lower 
pressure.  

The SEM images of starting composition and the selected raw 
products are shown in Fig. 3. Micron-sized magnesium particles 
along with a much finer fraction of Fe oxalate are clearly 
distiguishable in the green composition. The morphology of the raw 
products (images 3-10) is quite different. They are dominated by 
cubic nanocrystallites of MgO along with the melted ball-like un-
reacted Mg particles. As expected, the latter ones dominate in the 
products resulting from the run with the excess of magnesium (run 
F). It is interested to note that the presence of 1-D nanostructures in 
the reaction products (images 7 and 8), too, which seem to be 
evidently formed following the V-L-S growth model. The study is 
under way to identify their nature but they can be carbon nanotubes, 
as expected for the high-temperature condensation of Fe/C-
containing gaseous reactants. Fig. 4 presents the SEM images of the 
selected purified products. The formation of a petal-like, graphene-
related layered carbon microstructures resulting from the 
condensatiion of the elemental carbon (from Fe oxalate 
decomposition) is evident. The removal of MgO and Mg produces 
the porous carbon structure with a ‘Swiss cheese-like’ morphology 
which evidently can possess interesting electrochemical and 
adsorption properties. Some cubic MgO microcrystallites can also 

 
Fig 3. SEM images of the starting Mg/FeC2O4∙2H2O composition, 

run B (images 1,2) and raw products: run B (images 3,4), run C (images 
5-8) and run F (images 9,10). 

 
Fig 4. SEM images of the purified products: run C (images 1,2) and 

run F (images 3-6) 

 

 
Fig 5. XRD analysis of the starting Mg/(NH4)2C2O4∙H2O composition, 
run G (1), raw product, run G (2) and purified product, run G (3) 
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be spotted in the purified product; their survival during the HCl 
leaching proves their carbon encapsulation (as indicated above in 
XRD spectra).  

Thus, the combustion transformation of Mg/FeC2O4∙2H2O 
composition clearly yields the layered elemental carbon along with 
cubic MgO/Fe2O3 nanocrystallites and some un-reacted Mg which 
can be efficiently leached out from the raw product leaving 
interesting carbon nanostructures in the purified product. 

3.2. System Mg/(NH4)2C2O4∙H2O 

Fig. 5 presents the XRD spectra of products from 
Mg/(NH4)2C2O4∙H2O combustion, for the  raw and purified 
material. 

As before, these results confirm the efficient combustion with 
the free carbon and MgO formed as the product of Mg oxidation. 
The purification stage efficiently enriches the final product in 
carbon but there still exists some MgO, probably carbon-
encapsulated. 

Fig. 6 shows the morphology (SEM images) of the raw and 
purified product (run G), along with image of the starting 
composition. 

The starting composition is composed of micron-sized Mg 
particles and fine powder of ammonium oxalate. The raw product 
has a heterogeneous morphology with MgO cubic nanocrystallites 
dominating, ball-like melted Mg particles and the soot. The purified 
product has a layered graphene-related and highly porous, as before, 
microstructure. Some un-leached Mg/MgO carbon encapsulates are 
also visible.  

Fine and layered nanostructure of the purified product is clearly 
demonstrated confirming very efficient de-oxygenation of the 
oxalate with magnesium. TEM and Raman spectroscopy 
observations (under way) should provide the more-in-depth profiles 
of the carbon of which the thickness of sheets is of crucial 
importance. 

4. Conclusions 
We show here that the combustion synthesis is a novel and fast 

route to efficiently produce interesting nanomaterials. Both 
FeC2O4∙2H2O and (NH4)2C2O4∙H2O oxalates were effectively 
reduced with elemental magnesium. 3-D graphene-related 
nanostructures (both petal-like and empty egg-shell) dominate the 
purified product. The interesting results of this exploratory research 
call for a more-in-depth optimization of sought processes. 
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Fig. 6. SEM images of the starting Mg/(NH4)2C2O4∙H2O composition, 

run G (images 1,2), raw product, run G (images 3,4) and purified 
product, run G (images 5-6) 
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