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Persian waxing of graphite: towards green large-scale production 
of graphene 
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Large quantities of high-quality graphene has been produced 
through a green and up-scalable method based on the exfoliation 
and dispersion of graphene in a sugar-based wax, by mimicking the 
Scotch tape approach to enable the production of graphene paste 
with unprecedently high concentration of 30% in weight exhibiting 
ultrahigh stability. 

Since the first demonstration of the outstanding electronic 
properties of graphene in 2004,1 a large variety of methods 
have been proposed to produce or isolate high-quality 
graphene sheets by employing either bottom-up or top-down 
approaches.2 The use of bottom-up techniques, such as 
chemical vapour deposition (CVD)3-5 and epitaxial growth,6, 7 
makes it possible to generate high-quality sheets with small 
number of defects, which makes them good candidates for 
applications in (nano)electronics. However, these substrate-
based techniques suffer from the limited scale and expensive 
production. Conversely, the production of graphene by means 
of low-cost and up-scalable methods has been demonstrated by 
exploring top-down techniques, which are based on the 
mechanical cleavage of graphite using exfoliation methods. The 
most common technique involves an extensive oxidation 
process in which the graphite is transformed into graphene 
oxide (GO) followed by its exfoliation in aqueous media.8 
Importantly, the electrical conductivity of GO can be to a good 
extent restored and tuned through the reduction step resulting 
in rGO. Unfortunately, the processes based on the chemical 
approaches or thermal reduction, result in the formation of 
irreparable structural defects, which have a tremendous 
negative effects on the electronic properties.9 The other 
processes rely mainly on the mechanical exfoliation of graphite 
flakes or foils in liquid media such as ultrasound assisted 

exfoliation,10 electrochemical exfoliation,11 ball milling,12 or 
shear forces,13 to name a few. Those liquid-phase exfoliation 
(LPE) approaches are extremely appealing since they allow the 
production of highly-concentrated inks of graphene, which can 
be deposited on different substrates by means of printing or 
other methods.14, 15 However, they share a common drawback, 
which ultimately hampers the use of LPE graphene on the 
industrial scale: the majority of solvents employed for LPE, e.g. 
N-Methyl-2-Pyrrolidone (NMP), N,N-Dimethylformamide 
(DMF), possess a high boiling point and are thus extremely 
difficult to be removed after exfoliation. Furthermore, those 
solvents are both expansive and toxic and therefore not 
applicable for the industrial production.  
The electronic devices based on LPE processed sheets typically 
have an inferior performance to those made from 
micromechanical exfoliated (MME) or CVD-grown graphene. 
This fact is easy to understand because MME or CVD-grown 
samples usually have a higher quality than LPE materials. In fact, 
MME of highly oriented pyrolytic graphite (HOPG) proposed by 
Geim and Novoselov remains the best top-down method to 
prepare high-quality graphene flakes.16 However, this method 
is extremely labor intensive and time consuming thus limited 
only to laboratory research.  
One recent attempt to upscale the graphite exfoliation 
mimicking the “Scotch tape” approach appeared particularly 
interesting, and relies on the use of the three-roll mill machine 
(TRM) with a polymeric adhesive made of polyvinyl chloride 
(PVC) dissolved in dioctyl phthalate (DOP),17 which plays a 
similar role to Scotch tape in the original MME. TRM is 
commonly employed at industrial scale for mixing, dispersing 
and homogenizing cosmetics, pharmaceuticals, paints, 
pigments and adhesives. The exfoliation process of graphite 
occurs in the PVC adhesive and enables production of single and 
few layers graphene flakes. Yet, the removal of the adhesive 
remains challenging and the PVC resin needs to be burned out, 
which negatively impacts on the quality of the exfoliated 
material.  
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We noticed that the MME process of HOPG with a Scotch tape 
is conceptually similar to the body hair removal realized through 
depilatory waxing. Therefore, adhesive waxes employed in 
cosmetics could replace the PVC-based adhesive for the 
exfoliation and dispersion of two-dimensional materials. 
Among the large variety of depilatory waxes commercially 
available, we focused our attention on sugar waxing (also 
known as Persian waxing), which is obtained by caramelization 
of saccharose in presence of an acidic catalyst, usually citric acid 
from lemon juice.18 Being constituted by natural water soluble 
and edible components, such wax can be extremely appealing 
as green alternative for organic molecules or polymers 
employed for the graphene exfoliation. Furthermore, we found 
that the wax prevents the aggregation of the exfoliated sheets 
due to its semi-solid nature by avoiding the diffusion of the 
material thus bypassing the concentration limitation typical for 
LPE, while the pure exfoliated material can be easily recovered 
by simply dissolving the wax in water without the use of toxic 
solvents or harsh conditions.19 

 
Scheme 1. Schematic illustration of the approach used to exfoliate graphite by a three-
roll mill. Inset picture: photograph of the final graphene/wax after the exfoliation (at T = 
ca 35°C). 

The Persian wax was prepared by caramelization of saccharose 
in presence of catalytic amount of citric acid followed by the 
addition of glycerol (see Electronic Supplementary Information 
(ESI) for details). We found the addition of glycerol to be 
necessary in order to prevent the wax solidification during the 
exfoliation process most likely caused by water evaporation. 
Moreover, the addition of glycerol makes it possible to adjust 
the fluidity of the wax.  
The TRM exfoliation protocol consists of spreading a thin film of 
Persian wax between the feed and the center rolls of the three-
roll mill in order to render them adhesive (see ESI and Scheme 
1). The excess of wax was removed from the apron roll which is 
moved as far as possible from the center roll and cleaned with 
distilled water and ethanol. Then a piece of graphite foil (10 x 1 
cm) was placed on the feed roll while keeping the apron roll 
apart. In this way the exfoliation process is continuous and takes 
place between the feed and center roll. Such TRM approach is 
also commonly referred to as “batch mode”. The TRM 
exfoliation time was fixed to 1 hour, after which both feed and 
center rolls were fully covered by exfoliated material. 
Noteworthy, after 1 hour of the exfoliation the rolls were found 
to lose their adhesive properties, therefore the exfoliation could 
not be carried out for extended periods of time. Finally, the 

exfoliated material sticking to the rolls was collected by i) 
adding fresh Persian wax to the feed rolls, ii) moving the apron 
roll closer to the centre roll, and iii) scraping the homogeneous 
black waxy paste transferred on the apron roll with the spatula.  
Remarkably, the resulting paste was found to be stable for more 
than one year since the semi-solid nature of the wax prevents 
diffusion and aggregation of the exfoliated flakes. The addition 
of water to the paste leads to an instantaneous 
aggregation/precipitation of the exfoliated material which can 
be recovered by centrifugation.   
The successful exfoliation of graphite in Persian wax was 
confirmed by the means of microscopy and spectroscopic 
analyses including atomic force microscopy (AFM) high- 
resolution transmission electron microscopy (HR-TEM) (Figure 
1), as well as X-ray photoelectron (XPS) and Raman 
spectroscopy (XPS) and optical imaging (Figure S1). 

 
Figure 1. Morphological characterization of exfoliated graphene. a) AFM of the exfoliated 
graphene flakes; b) representative height profiles of the flakes indicated in (a) by dashed 
lines; c) HR-TEM images of two overlapped and folded single-layer graphene sheets. d) 
selected area electron diffraction pattern of the corresponding area; e) comparative 
statistical analysis of the number of layers (L) per sheet determined both by AFM and 
HR-TEM; d) distribution of flakes lateral sizes as measured by AFM and expressed as 
Dmax, i.e. the maximum length of the flake. 

Statistical study performed on 300 flakes revealed a distribution 
of thicknesses measured by AFM cantered at ~2.6 nm. In 
general, AFM enables estimation of the number of layers (N) by 
measuring the height of the deposited flakes from 
topographical profiles and dividing it by the graphite interlayer 
distance. However, when dealing with solution processed 
samples, folding and overlapping of exfoliated graphene flakes 
is quite common. Moreover, the estimation of the height of a 
SLG via AFM depends on different factors including the type of 
the substrate, experimental conditions such as relative 
humidity, presence of adsorbed solvent or surfactants, as well 
as tip surface effects.20 Therefore, AFM generally measures an 
apparent heights rather than the real height values of the 
exfoliated flakes. In particular, previous works showed the 
apparent thickness of single-layer graphene (SLG) on SiO2 can 
be estimated as 0.9 nm.21 Here, the AFM analysis revealed the 
dominance of bi- and tri-layer thick flakes (see red histogram in 
Figure 1c). Statistical analysis of the flake dimensions was 
performed by measuring the longest axis of the selected flakes 
(Dmax), which defines the length of the flake and can be 
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considered as the flake lateral dimension.22 This statistical 
studies revealed that Dmax ranges from few hundreds of 
nanometres to a few micrometres (Figure 1d). Because of 
aforementioned limitations of determination of N with AFM, 
the analysis needs to be accompanied by complementary 
techniques, e.g. HR-TEM, UV-vis and Raman. 
HR-TEM allows to directly count the number of layers at the 
edges of folded flakes. Differently from the AFM data, HR-TEM 
revealed the presence of ca. 20% of SLG monolayers and a 
broad distribution of thicker layers (Figure 1c). Such discrepancy 
in SLG content between AFM and TEM results originates in the 
intrinsic nature of the measurements. In particular, the 
overlapped monolayers, like those visualized by HR-TEM (Figure 
1b) are being measured as bi-layers with AFM. The presence of 
SLG was furthermore confirmed by selected area electron 
diffraction (SAED) measurements realized on several not 
overlapped sheets. (Figure 1b, inset) The HR-TEM micrographs 
shows the high crystallinity of the as obtained graphene flakes, 
no significant structural defects were observed on the graphene 
surface.  
Noteworthy, no post-exfoliation purification or selection of the 
exfoliated flakes is necessary for this processes, e.g. repeated 
centrifugation steps or sedimentation were not employed 
before the analysis. This is an unambiguous evidence of the 
extraordinary exfoliation efficiency of our novel approach.  
Both Raman spectroscopy and XPS (Figure 2) provide 
unambiguous evidence for the high-quality exfoliated material. 
Raman spectroscopy is a technique widely employed to 
evaluate the quality of graphene material due to the eventual 
presence of a D peak, which appears in the presence of 
structural defects.23 In the present case, the intensity of the D 
peak relative to the G peak slightly increases after exfoliation 
(ID/IG of starting material = 0.10 and ID/IG of graphene = 0.16) 
indicating a low content of defects introduced during the 
exfoliation process (Figure 2a). Moreover, XPS measurements 
revealed a low content of oxygen (2.6 %) and prove that sugar 
can be completely removed with water by resulting in pristine 
graphene flakes, as highlighted by comparing high-resolution 
C1s spectra of exfoliated flakes and the starting graphitic 
material (Figures 2b and S3). 

 
Figure 2. Representative a) Raman spectra and b) XPS spectra of as received graphite foil 
and of graphene exfoliated in Persian wax . 

Interestingly, the analysis of the Raman 2D peak’s shape at ~ 
2700 cm-1, and in particular the ratio between 2D1 and 2D2 
components, can be used to qualitatively discriminate between 
unexfoliated and exfoliated material.24 In our case, we found 

that I2D1 > I2D2 (Fig. S4) confirming the presence of few-layer 
graphene sheets. Although, Raman spectra of graphene 
exfoliated in liquid media are generally only qualitatively 
interpreted, recently, a new metric has been developed25 and 
tailored for LPE graphene allowing to estimate the exact 
average number of layers from the ratio I2D/IG. Applying this 
metric to our system, we found a I2D/IG corresponding to 4-5 
layers as average of six analysed points of the exfoliated sample, 
which agrees with AFM findings. 

Since one among the major limitations of LPE is that only 
low-concentration dispersions (<1 mg/mL)26 can be obtained, 
we tested the capacity of our Persian wax to disperse graphene 
at high concentration. Towards this end, we increased the 
fluidity of the wax by doubling the amount of glycerol to make 
it processable by thee three roll mill and we directly mixed it 
with graphite flakes up to 30% in weight. Then we fed the 
mixture of wax and graphite flakes into the TRM. To make the 
exfoliation process comparable to some extent to the protocol 
described above we kept similar parameters of applied force, 
speed and duration. The exfoliated material was continuously 
removed and fed again on the feed roll for 1 hour. The 
exfoliated material obtained in this fashion is very similar to the 
one obtained through “batch mode”. The AFM statistics made 
on over hundreds of flakes showed that the average lateral size 
is reduced to 85 nm and the distribution of the heights is 
centered at 4.5 nm with a mean value of 8.10 nm. From the HR-
TEM statistics we could measure a broad distribution of 
thickness, with a high number of three layers and a 2 % of 
monolayers (Fig. S2). The quality of the material is similar to the 
one obtained in batch mode, as observed either by XPS (Fig. 
S3c). The obtained black paste was found again to be stable up 
to 1 year without showing any trace of 
agglomeration/precipitation of the exfoliated materials at room 
temperature with an exceptional concentration dispersion of 
300 mg/mL. 
In conclusion we have investigated the use of Persian wax to 
exfoliate graphite by employing three-roll mill. We have found 
that this green process allows the complete exfoliation of a 
graphite foil into SLG and FLG, with the great advantage of 
avoiding time-consuming post-production processes. 
Furthermore, the sugar resin can stabilize the dispersion up to 
30% in weight for more than 1 year, while can be easily and 
completely removed, as needed, by simply dissolving it into 
water. The preparation of the wax is simple, up scalable and 
involves green and edible components. Hence, we believe that 
this preliminary study opens the way to a new top-down 
approach for the preparation of high quality 2D materials on a 
large scale. 
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