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Mass preparation of high-quality graphene from 

glucose and ferric chloride 

Binbin Zhang, Jinliang Song*, Guanying Yang, Buxing Han* 

Graphene and its derivatives have great potential of applications.  Mass preparation of high-

quality graphene by simple methods using cheap feedstocks  is crucial for its wide 

applications. Glucose is abundant and renewable carbon resource and FeCl3 is a very cheap 

salt. Herein we proposed a new method to prepare graphene, which composed simply of 

dissolution of glucose and FeCl3 in water, vaporization of water, and calcination. It was 

found that graphene up to few layers could be prepared and their electrical conductivity was 

similar to that of the graphene sheets synthesized from chemical vapor deposition (CVD) 

method. Further study indicated that FeCl3 was the key to the generation of high-quality 

graphene because it acted as both template and catalyst for the formation of graphene.  

 

 

Introduction 

Graphene has attracted extensive attention since the fabrication 

of mono-layer graphene through mechanical exfoliation of 

graphite in 2004.1 Graphene and graphene-based materials have 

great potential of application in different fields such as physics, 

material science, and chemistry due to its outstanding 

electronic,1, 2 mechanical,3 optical,4 and thermal5 properties. 

 Different methods have been developed to generate 

graphene,6 and each of them has advantages and disadvantages. 

For example, single sheet of pristine graphene in small amounts 

was obtained by micromechanical exfoliation of graphite.1 Both 

mono-layer and multi-layer graphene have been produced by 

the chemical vapor deposition (CVD) of hydrocarbons on 

different substrates,7 substrate-free deposition8 or by epitaxial 

growth on SiC.9 Exfoliation of graphite in solvents is another 

method to fabricate graphene.10 A drawback of this method is 

its low yield efficiency and long sonication time,11 which is 

energy-intensive and usually leads to the destruction of 

graphene. Addition of intercalants in the solution can increase 

the concentration of graphene, but this introduces impurity. 

Oxidation-reduction method,12 which comprises oxidation of 

graphite to graphene oxide (GO) followed by chemical 

reduction to generate reduced GO (rGO), can achieve mass 

production of graphene material with low cost, but the resultant 

graphene sheets contain high levels of defects and oxygen 

content. Graphene sheets can also be prepared by pyrolysis or 

calcination methods using different carbon sources.13 In 

addition, graphene materials can be synthesized by 

solvothermal method.12a, 14 In general, mechanical exfoliation 

and CVD methods can produce high-quality graphene, but it is 

very difficult for mass preparation using these approaches. 

Oxidation-reduction, pyrolysis, calcination, and solvothermal 

methods can be used to prepare larger amount of graphene 

materials, but it is very difficult to fabricate high-quality 

products using these methods. 

 Development of simple methods to prepare high-quality 

graphene sheets in large scale is highly desirable, but is 

challenging. In this work, we report the successful mass 

preparation of high-quality graphene sheets simply by 

carbonization and calcination of glucose and FeCl3 mixture. It 

was demonstrated that FeCl3 was essential to obtain the high-

quality of graphene material. This novel and simple method for 

mass preparation of graphene sheets with relative high-quality 

benefits large-scale applications of graphene in different fields. 

Results and discussion 

 

Fig. 1. Schematic diagram for the synthesis of graphene sheets 

through carbonization and calcination of glucose and FeCl3 

mixture. 
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 The procedures to prepare the graphene sheets are 

illustrated schematically in Fig. 1. Glucose and FeCl3 were 

firstly dissolved in water to form a yellow aqueous solution. 

The solution was evaporated at 80 oC in air and carbonized 

glucose (S80) was formed. Then the S80 was calcined at 700 oC 

under Argon flow to generate graphene/iron composite (S700). 

The iron in the as-prepared S700 was removed by HCl aqueous 

solution, and the graphene sheets were obtained after washing 

with solvents and drying. 

 Raman spectroscopy is a commonly used technique for 

characterization of graphene materials.15 In the Raman 

spectrum of a typical graphene material, D-band (~1350 cm-1), 

G-band (~1570 cm-1) and 2D-band (~2675 cm-1) are the three 

main characteristic bands. The G-band gives the evidence for 

the existence of sp2-hybridized carbon atoms, and the D-band 

demonstrates defects such as disorder, edges and boundaries of 

the graphene. The 2D-band provides information of the number 

of layers of the graphene material. The relative intensities of the 

G-band (IG), D-band (ID), and 2D-band (I2D) provide evidence 

for studying the characteristics of graphene materials. Graphene 

materials with high quality have low ID/IG ratio and high I2D/IG 

ratio. 

 

Fig. 2. Characterization of the materials. (a) Raman spectra of the samples prepared by calcination of the S80 at different temperatures 

(FeGMR=1:10). (b) Raman spectra of the materials prepared using the feedstocks with different FeGMRs by calcination of S80 at 700 oC. (c) 

I2D/IG and ID/IG values of the materials prepared using the feedstocks with different FeGMRs by calcination of S80 at 700 oC. (d) XRD 

patterns of the graphite materials prepared using the feedstocks with different FeGMRs by calcination of S80 at 700 oC. The lamellar repeat 

period of the graphite material prepared using the feedstock with 1:1 FeGMR was 0.340 Ǻ as calculated from the patterns. (e) TEM image of 

the material prepared without FeCl3 by calcination of S80 at 700 oC and the corresponding SAED pattern (inset). (f) The magnified TEM 

image of the edge of the plate in e. (g) TEM image of the material prepared using the feedstock with 1:1 FeGMR and the corresponding 

SAED pattern (inset), and the image illustrates the rolling and folded structure in some areas. (h) The TEM image of the edges of the 

graphene sheets in g, showing the bilayer and tri-layer structures. (i) SEM image of the material prepared without FeCl3by calcination of S80 

at 700 oC. (j) SEM image of the material prepared using the feedstock with 1: 1 FeGMR by calcination of S80 at 700 oC. (k) XPS spectra of 

the graphite material prepared using the feedstock with 1:1 FeGMR by calcination of S80 at 700 oC. (l) XPS spectra of the material prepared 
using the feedstock without FeCl3 by calcination of S80 at 700 oC. 
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 The Raman spectra (532 nm Laser excitation) of the 

samples prepared by calcination of the S80 with FeCl3 to 

glucose mass ratio (FeGMR) 1:10 at different temperatures are 

given in Fig. 2a. The results indicated that the graphene 

obtained at 700 oC had the highest quality. The Raman spectra 

of the materials prepared using the feedstocks with different 

FeGMRs are presented in Fig. 2b, and Fig. 2c illustrates the 

dependence of the I2D/IG and ID/IG ratios on the FeGMR. FeCl3 

affected the I2D/IG and ID/IG ratios significantly. When neat 

glucose was used without FeCl3, the D-band is strong, while the 

2D band is very weak, indicating that amorphous carbon 

structure is dominant,13c i.e, the quality of the graphite material 

was very poor in the absence of FeCl3. Fig. 2c shows that the 

ID/IG value decreased with increasing FeCl3 content at 

beginning, and reached a minimum as the FeGMR was 1:1. At 

this FeGMR, the ID/IG value of the graphene sheets was 0.35, 

which is much smaller than that of a typical rGO (usually >1).16 

This indicated that the graphene flakes of high-quality could be 

prepared using the method proposed in this work. The defects 

may predominantly locate at the edges of the graphene flakes.17 

This conclusion is also supported by the fact that the electrical 

conductivity of the sample determined in this work was 768 

S/m, which is similar to that of the graphene with an average 

number of three layers prepared by CVD method.18 With 

increasing FeCl3 content in the feedstock, the I2D/IG value 

increased dramatically at the beginning, then increased slowly, 

and reached maximum at 1:1 FeGMR, demonstrating that the 

graphene prepared at this condition had least layers. The I2D/IG 

was 0.68, suggesting the character of graphene sheets with 

about 3 layers.15a The above results indicate that the graphene 

prepared at 1:1 FeGMR by calcination of S80 at 700 oC had 

highest quality, and the graphene yield was 40 % calculated 

based on the added carbon in the glucose. 

X-ray diffraction (XRD) patterns (Fig. 2d) further revealed 

the crucial role of FeCl3 in the conversion of glucose to high-

quality graphene. The pattern of the material prepared without 

FeCl3 demonstrated a broad peak at about 2θ=24 degree 

corresponding to amorphous carbon,19 and the peak at about 

2θ=26 degree corresponding to (002) plane of graphite 

carbon19,20 was not observable. With increasing the content of 

FeCl3 in the feedstock, the intensity of the peak of the 

amorphous carbon decreased and that of the graphite carbon 

increased. At the 1:1 FeGMR, the peak of amorphous carbon 

disappeared and only the strong peak at about 2θ=26 degree 

was observed. The results indicate that the graphene sheets 

prepared at this condition had highest quality, and the 

conclusion was consistent with that derived from Raman 

spectroscopy study. 

Representative transmission electron microscopy (TEM) 

images of the typical materials are shown in Figs. 2e-2h. Figs. 

2e and 2f are the images of the material prepared using glucose 

without FeCl3. The material had thick plate morphology, and 

the corresponding selected area electron diffraction (SAED) 

pattern (inset) revealed the character of amorphous carbon (Fig. 

2e). Fig. 2f is the enlarged image of the edge of the plate in Fig. 

2e. Graphene-layered structure could not be observed, which 

confirmed its amorphous structure of the material prepared 

without using FeCl3. Figs. 2g and 2h are the images of the 

materials prepared using the feedstock with 1:1 FeGMR. Fig. 

2g demonstrates the graphene sheets, and some areas had rolled 

and folded structures because the films were very thin. The 

SAED pattern (inset) in Fig. 2g indicates that the graphene 

sheets were crystalline. Fig. 2h shows the fine structure at the 

edges of the graphene. The as-synthesized graphene sheets 

were composed mainly of graphene sheets up to few layers. 

This agrees with the conclusion obtained from Raman 

spectroscopy study. 

The scanning electron microscopy (SEM) images of some 

typical materials are given in Figs. 2i and 2j. The material 

fabricated without FeCl3 (FeGMR=0:1) had bulk morphology 

(Fig. 2i). The graphene material prepared with 1:1 FeGMR 

showed sheet morphology (Fig. 2j). X-ray photoelectron 

spectroscopy (XPS) was applied to study the samples prepared 

by calcination of the S80 with and without FeCl3 at 700 oC, and 

the results are presented in Figs. 2k and 2l. The intensity ratio 

between sp2-hybridized C=C bond at 284.8 eV21 and sp3-

hydridized C-C bond at 285.7 eV22 for the graphene sheets 

prepared with the feedstock of 1:1 FeGMR is 5.8 (Fig. 2k), 

while the ratio is only 2.8 (Fig. 2l) for the sample fabricated 

without FeCl3. In addition, the sample fabricated without FeCl3 

contains considerable amounts of C-O and O-C=O bonds (Fig. 

2l), which correspond to binding energies of 286.6 eV and 

289.2 eV, respectively.22 

As discussed above, FeCl3 played a key role in the 

preparation of the high-quality graphene sheets. We carried out 

more experiments using the feedstock with 1:1 FeGMR to 

explain this phenomenon. XRD study (Fig. 3a) indicated that 

the iron salt in the S80 (Fig. 1) existed in the form of 

FeCl2(H2O)2 crystals. The Fe contents of the S80 determined by 

XPS and ICP studies were 15.4 wt% and 39.0 wt%, 

respectively. This indicated uneven distribution of Fe in the S80 

because XPS reflects the composition at the surface, while ICP 

technique gives the overall composition. SEM study indicated 

that the S80 had a layered structure (Fig. 3b). It can be deduced 

that FeCl2(H2O)2 layers and carbonized glucose layers existed 

alternatively in the S80, and the outer layers were the 

carbonized glucose. ICP analysis indicated that the S80 

contained 40 wt% C, 52.6 wt% O, and 7.4 wt% H on the iron 

salt-free basis. XRD study (Fig. 4a) demonstrated that the Fe2+ 

in the S80 was reduced to Fe0 during the calcination at 700 oC 

under Argon flow to form the S700. This argument was further 

supported by the fact that the S700 could be attracted by a 

magnet (Figs. 4b and 4c), and that H2 gas was generated during 

washing the S700 with HCl aqueous solution. SEM study 

showed that the S700 also had layered structure (Fig. 4d). Iron 

contents of the S700 determined by XPS and ICP techniques 

were 1.0 wt% and 41.1 wt%, respectively. This also suggests 

that the graphene layers and Fe0 layers existed alternatively in 

the S700, and the outer layers were graphene. The existence of 

the Fe0 sheets in the S700 was further confirmed by the fact that 

the iron residue remained sheet morphology after removing the 

carbon in the air at 600 oC for 1 hour (Fig. 4e). In addition, ICP 

analysis indicated that the graphene contained 98.5 wt% C, 1.5 

wt% H, and O was not negligible, illustrating that most of the H 
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and O atoms in the S80 were removed during the calcination of 

the S80 at 700 oC. 

 

Fig. 3. Characterization of the S80 prepared using the feedstock with 
1:1 FeGMR. (a) Standard XRD pattern of FeCl2(H2O)2 (bottom) and 
the XRD pattern of the S80 (top). (b) The SEM image of the S80. 

 

Fig. 4. Characterization of the S700 prepared by calcination of the 
S80 at 700 oC using the feedstock with 1:1 FeGMR. (a) XRD pattern 
of the S700. (b) and (c) Photos of the sample attracted by a magnet  
and after removing the magnet. (d) The SEM image of the S700. (e) 
The SEM image of the S700 after removing the carbon at 600 oC in 
air for 1 hour. 

On the basis of the results above we propose the pathway 

and mechanism for the formation of the graphene sheets, which 

is discussed in combination with Fig. 1. An aqueous solution is 

formed after the dissolution of glucose and FeCl3 in water. A 

sandwich-like composite (S80) with the carbonized glucose 

layers and FeCl2(H2O)2 layers is formed during the vaporization 

of water in the aqueous solution of glucoses and FeCl3 in the air. 

The Fe2+ in the S80 is reduced to Fe0 during the calcination at 

700 oC under protection of Argon. It is well known that Fe0 is a 

commonly used catalyst in the preparation of carbon nanotubes 

from carbon materials.23 Similarly, the in-situ formed Fe0 sheets 

serve both as the template and the catalyst for the formation of 

graphene sheets. Therefore, high quality graphene sheets are 

formed, and can be obtained after removing the iron by 

washing with HCl aqueous solution. 

Conclusion 

In summary, high-quality graphene sheets can be synthesized 

by a simple route that is composed of dissolution of glucose 

and FeCl3 in water, vaporization of water in the air, and 

calcination at higher temperature. The FeCl3 plays key role for 

the generation of the high-quality graphene because it acts as 

both template and catalyst for the formation of graphene. 

Graphene sheets up to few layers can be prepared easily by this 

method and their electrical conductivity is similar to that of the 

graphene sheets synthesized from CVD method. The simple, 

greener, and cheaper protocol opens a new way for mass 

preparation of high-quality graphene flakes. 

Experimental 

Chemicals 

Anhydrous glucose (A. R. grade) and anhydrous FeCl3 (A. R. 

grade) were purchased from Alfa Aesar China Co., Ltd. The Ar 

(99.99%) was provided by Beijing Analytical Instrument 

Company. Double distilled water was used in all of the 

experiments. 

Preparation of graphene materials 

In a typical experiment, 3 g glucose and desired amount of 

FeCl3 were dissolved in 5 mL water in a porcelain boat. The 

yellow colored solution was vaporized at 80 oC in air in an oven 

for 24 hours, and black solid (S80) was obtained. The S80 was 

calcined in a quartz tube furnace at suitable temperature for 6 

hours with an Argon flow of 20 mL/min. Then, the furnace was 

cooled down to room temperature under protection of Argon 

flow. After that, the sample was placed in a beaker containing 

50 mL hydrochloric acid (36 wt%) with magnetic stirring for 6 

hours to remove the iron. The solid sample was washed in 

succession with 2100 mL water and 50 mL acetone under 

vacuum filtration over a PTFE membrane with pore size of 0.22 

μm. Finally, the sample was dried at 70 oC in a vacuum oven 

for 1 hour to obtain the final material.   

Characterization 

The scanning electron microscopy (SEM) measurements were 

performed on a Hitachi S-4800 Scanning Electron Microscope 

operated at 15 kV. The samples were spray-coated with a thin 

layer of platinum before observation. The transmission electron 

microscopy (TEM) images and selected area electron 

diffraction (SAED) patterns were obtained on TEM JeoL-

2100F with an accelerating voltage of 200 kV. The sample was 

dispersed in acetone with the aid of sonication and dropped on 

an amorphous carbon film supported on copper grid for TEM 

analysis. Powder XRD patterns were recorded on Rigaku 

D/max-2500 X-ray diffractometer using Cu-Kα radiation 

(λ=0.15406 nm) at a scanning rate of 8 degree per minute. The 

tube voltage was 40 kV and the current was 200 mA. The 

Raman spectra were recorded on a LabRAM ARAMIS Raman 

Microscope with an Nd/YAG laser (532 nm) at room 
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temperature. Scans were taken on an extended range (100-4000 

cm-1) and the exposure time was 50 s. The material was 

sonicated in acetone and dropped on to a silicon wafer with a 

thickness of 300 nm silicon oxide layer. The sample was 

viewed using a green laser apparatus under a magnification of 

×50. The X-ray photoelectron spectroscopy (XPS) data were 

obtained with a Thermo ESCALab250 xi electron spectrometer 

from Thermo Scientific using 300 W Al-Kα radiation. The base 

pressure was about 1.68×10-9 mbar. The binding energies were 

referenced to the C1s line at 284.8 eV from adventitious carbon. 

The contents of elements in the samples were determined by 

ICP-AES (VISTAMPX). 

Conductivity measurement 

The product was milled and subsequently pressurized (10 MPa) 

to prepare the square pellet with 90 μm in thickness (d). The 

sheet resistance (R) of the powder sample was measured by 

Keithley 2000 Multimeter (Keithley Instruments Inc, USA) 

using a four point configuration method. The conductivity was 

calculated from the equation of σ = 1/(R×d). 
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