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Abstract: In the past two decades, graphene has been one of
the most studied materials due to its exceptional properties.
The scalable route to cost-effective manufacture defect-free
graphene has continued to remain a technical challenge.
Intrinsically defect-free graphene changes its properties
dramatically, and it is a challenging task to control the
defects in graphene production using scaled-down subtrac-
tive manufacturing techniques. In this work, the exfolia-
tion of graphite was investigated as a sustainable low-cost
graphene manufacturing technique. The study made use
of a simple domestic appliance e.g., a kitchen blender to
churn graphene in wet conditions by mixing with N-Methyl-
2-pyrrolidone (NMP). It was found that the centrifugal force-
induced turbulent flow caused by the rotating blades exfo-
liates graphite flakes to form graphene. The technique is
endowed with a high yield of defect-free graphene (0.3 g/h)
and was deemed suitable to remove 10% fluoride content
from the water and color absorption from fizzy drinks.
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1 Introduction

Graphene, a 21% Century ‘wonder’ material is being used
for a wide range of engineering applications such as self-
healing, sensors, drug delivery, water filtration and many
other newly emerging areas [1-3]. Graphene as being a one-
atom-thick layer of carbon has changed the technological
landscape of materials development by combining with
other materials [4—7]. This has consequently led to evolving
methods for graphene manufacturing. The scientific com-
munity has discovered many methods for graphene prepa-
ration, such as mechanical exfoliation, chemical exfolia-
tion and deposition techniques such as the chemical vapour
deposition. A common goal thus far with respect to these
developments has been to focus on achieving defect-free
graphene for its use in novel applications such as sensing,
catalysis, nanocomposites [8—13]. The ambition to achieve
high-yield from these methods has not been fulfilled as yet
and a robust and cost-effective method to prepare graphene
with high yield has continued to remain a challenge. The
mechanical exfoliation of graphite to prepare graphene on
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a large scale is a widely studied method. However, control-
ling the synthesis induced defects in the graphene or ob-
taining defect-free graphene via this technique has contin-

ued to be a challenge. Normally, the synthesis of graphene
consists of two distinct strategies. The first one involves
transforming any carbonaceous material containing layers

of graphene by physical or chemical exfoliation methods.

This may include exfoliation of graphite [14], unzipping
of carbon nanotube [15], boiling of graphite with a strong
oxidizing agent followed by its reduction [16, 17], etc.

The other strategy involves the growth of graphene
from some carbonaceous precursors. This can be realized

by solvothermal reaction [18], arc discharge [19] and chem-

ical vapour deposition [20]. However, besides being expen-
sive, none of these methods can be used for large scale
production of graphene. Producing graphene using liquid-
phase exfoliation is reported to provide large-scale, cheap,
and defect-free graphene [14]. In addition, graphene is pro-
duced from graphite using microfluidizers [21]. Compared
to the oxidation exfoliation of graphite, the liquid phase
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exfoliation method proves to be both cheaper and produce
better quality graphene as has been observed by the Raman
spectroscopy. The oxidation exfoliation method can pro-
duce large quantities of graphene containing basal plane
defects [16]. However, the solution exfoliation method ex-
hibits high production rates with low or extremely low de-
fect concentration [14].

This work was motivated by the intellectual curiosity
to study the most cost-effective method for scalable produc-
tion of graphene using the solution exfoliation technique
and thereby establishing the superiority of this method in
comparison to the previously reported methods [22, 23].

2 Methodology

The study made use of a domestic kitchen blender, Bajaj
GX7 (Bajaj Ltd, India). It comes fitted with a motor of 500 W
which can rotate upto 18000 rpm. The impeller is equipped
with six blades with a radius of 30 mm (see Figure 1). Two

(@)

Figure 1: Schematics of graphite exfoliation to graphene in NMP, (a) a scheme of cutting and shear graphene sheet by sharp blade, (b)
schematics of the jar, (c) optical image of kitchen blender, (d) grinder blade, (e) graphite flakes (f) NMP (g) prepared graphene in NMP, (h)

TEM micrograph of graphene (i) Raman spectrum of graphene.
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blades are angled above the horizontal; two are angled
below the horizontal, while the remaining two are almost
flat. The radius of the liquidizing jar was 58 mm (at the
bottom), which gradually increases at the top.

The investigation began by dispersing the as-received
graphite powder (-100 mesh, 99.9995%) in N-Methyl-2-
pyrrolidone (NMP) with an initial concentration of 40 g/L
in a kitchen blender. 12 g of graphite powder was taken and
mixed with 300 ml NMP solution in a 1.5 L jar. The graphite
dispersion was treated at different time intervals using a 1
min ON-OFF cycle to avoid over-heating the blender.

Graphene was isolated from the NMP dispersion using
four different methods:

(i) Centrifugation (CG): After blending, the graphene-
NMP solution was centrifuged twice at 7000 rpm for
15 min. Following centrifugation, the top 80% of the
supernatant was collected and vacuum filtered. Pow-
der deposited on top of the filter paper was collected
and dried in vacuum at 70°C for 12 hours.
Sedimentation (SG): The blended graphene-NMP so-
lution was placed in a beaker and kept for 12 hours for
the heavier graphite particles to settle down. Float-
ing graphene was collected using filter paper and
repeatedly washed with water to remove NMP. The
water-graphene mixture was dried in vacuum oven
at 70°C for 12 hours.

Freeze Drying (FDG): After blending, the graphene-
NMP solution was kept for further 12 hours. Water-
graphene mixture was made, as stated above. Sub-
sequently, graphene was obtained in powder form
after freeze-drying.

Leftover graphene (LG): After the blending process,
some carbon particles were found stuck onto the wall
of the mixing jar (Figure S1). Filling it with water
caused graphene to float, and gradually unexfoliated
graphite particles settled down. The jar was kept for
12 hours, and after that, floated graphene was col-
lected using a filter paper and washed with water.
This water-graphene mixture was vacuum dried at
70°C for 12 hours.

(i)

(iii)

(iv)

For all of the above collection methods, the mixture was
mixed homogeneously, and then a portion of the graphene-
NMP solution was treated using the above methods. The
samples were characterized using Raman spectroscopy (Ac-
ton SpectraPro SP-2500, Princeton Instruments, Japan), UV-
Vis spectroscopy (Evolution™ 260 Bio, ThermoFisher Scien-
tific, India), X-ray diffraction (PANalytical), X-ray photoelec-
tron spectroscopy (PHI 5000 Versa Prob II FEI Inc.), Scan-
ning electron microscope (Carl Zeiss EVO 50) and Transmis-
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sion electron microscope (FEI TECNAI UT-20 operated at
200 kV).

While the powder samples were directly used for SEM
characterization, ultra-pure methanol dispersed graphene
was deposited over 400 mesh size formvar/carbon-coated
Cu TEM grid and dried overnight for the TEM analysis. Fur-
ther, the fluoride content absorption test was carried out
using a batch experiment in 250 ml Tarson wide-mouthed
bottles containing 120 ml of fluoride solution or ground-
water. A fixed amount of 0.48 g of SG was added in each
batch (solid/solution = 4 g/L). Three batches of each flu-
oride solution and groundwater were made to check the
consistency of the observations. All six batches were kept
on a rotatory shaker at 110 rpm for seven days. The volume
of 3-5 ml was collected from the batch at specific time inter-
vals over seven days (12 points) and filtered through 0.2 pm
disposable syringe filters and collected in a 50 ml Tarson
centrifuge tube. Fluoride concentration in the samples was
analyzed using Orion 290A F probe.

3 Results and Discussion

3.1 Structural characterization

The graphene samples were structurally characterized us-
ing X-Ray diffraction (XRD), scanning electron microscopy
(SEM) and transmission electron microscopy (TEM). The
XRD patterns of CG (centrifuged graphene), LG (Leftover
graphene) and FDG (Freeze Drying graphene) samples are
shown in Figure 2(a).

The XRD patterns confirmed that all types of sam-
ples (LG, FDG, CG) collected from the blender were struc-
turally similar in their chemical arrangement. The strongest
peak in all the samples corresponds to the (002) peak of
graphene. (LG); (FDG); Sedimentation (SG); Centrifuga-
tion (CG) Backscattered SEM micrographs of graphite and
graphene are shown in Figure 2(b-c), respectively. The TEM
bright field image revealed the formation of graphene as
shown in Figure 2(d). A clear morphological difference can
be observed between graphite and graphene flakes. By com-
paring the flake sizes of both materials, it can be observed
that the size of the graphene (SG) layer is extremely small.

The size of graphite flakes measured using SEM was in
the range of 70-80 pm. Graphite flakes were successfully
sheared during liquid-phase exfoliation. A bright field TEM
micrograph revealed that the graphene sheets were ran-
domly compacted and stacked; showing uniform laminar
morphology such as crumbled silk veil waves. It is evident
that the graphene sheets folded and got attached to the grid
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Figure 2: (a) X-ray diffraction pattern of CG, LG and FDG (b) SEM images of the graphite flakes before blending and (c) after blending for 10
minutes, (d) TEM bright-field image of graphene produced after 10 minutes of blending, (e) corresponding SAD pattern; (f) Intensity profile
of diffraction spot across line 2 (g) line 1, intensity profile drawn on the image (e).

only at one side [24]. The selected area diffraction pattern
(SADP) corresponding to Figure 2(d) is shown in Figure 2(e).
It showed inner and outer hexagons revealing two strong
sets of peaks corresponding to tilted planes of graphene.
It is well known that the reciprocal space of a single layer
crystal consists of a set of rods, arranged as a 2D recipro-
cal lattice. The measured intensity profile along the 1-1 and
22 (i.e., two rods of the reciprocal space) are shown in Fig-
ures 2(f-g). The intensity profile in Figure 2(g) corresponds
to single-layer graphene, while Figure 2(f) corresponds to
the bi-layer graphene formed during liquid-phase exfolia-
tion of graphite. These distinct points confirmed the crys-
talline nature of the graphene sheets [24].

Further, XPS measurements were performed on the
freeze-dried graphene samples to confirm the graphene
quality. C1s and O1s core level spectra of graphene are
shown in Figure 3(a-b). A sharp peak at 284.5 eV corre-
sponds to the sp? hybridized carbon, while the peaks at
285.05 eV, 285.8 eV, and 286.75 eV correspond to C-H bonds,
C-N bonds, and C=0 bonds, respectively [14]. The pres-
ence of O=C bonds in O1s spectra further confirms that
these peaks were mainly due to the residual NMP [24]. How-
ever, the low intensity of these peaks reveals that NMP was
present in very little quantity [25, 26].

3.2 Materials characterisation

The samples obtained in this work was characterized us-
ing Raman spectroscopy. Figure 3(c-e) shows the Raman
spectrum of CG. The spectrum reveals the presence of G
(graphite), D (defect) and 2D bands as being the signature
of graphene. The quality of graphene can be decided by the
intensity ratio of D and G peaks, known as. The ratio was
always found in the range of 0.03-0.13, which is lower than
the values reported earlier [14].

There were two main types of defects observed in
graphene: basal plane defects and edge defects. Basal plane
defects generally cause broadening of the G band which
was not observed here. However, the weakening D peak sig-
nified the presence of edge defects. Moreover, the 2D peak
provides a fingerprint signature of graphene [23]. Further-
more, a higher ratio (in the range 0.3-0.6) suggests a better
quality of graphene (in terms of the number of layers) as
reported earlier [23]. Thus, a lower ratio and a higher ratio
indicate the good quality of graphene. Figures 3(d-e) com-
paring the ratio and ratio for graphenes obtained different
blending time after 60 minutes and 70 minutes of blend-
ing, respectively highlights the comparative performance.
It can be inferred that the centrifuged graphene (CG) and
freeze-dried graphene (FDG) were of superior quality as
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Figure 3: XPS spectra of (a) C1s and (b) O1s of the freeze dried graphene (c) a typical Raman spectrum of CG (centrifuged graphene) after 10
minutes of blending, (d) 1,/Ig and I,,4/I ratios obtained from the Raman spectra of FDG, CG, LG and SG blended for 60 minute and (e) 70
minutes (CG-centrifuged graphene; FDG-freeze-dried graphene; LG-leftover graphene; SG-sedimentation graphene).

compared to LG and SG. During exfoliation of graphene,
bubble formation was observed to enhance the quality of
graphene and yield (detailed in supporting information).
Figure 4(a) showed typical UV-Vis spectra obtained from
CG graphene sample. It reveals an intense peak at 271 nm
corresponding to p®p” electronic transition of C=C bond
of graphene. Furthermore, the concentration of graphene
dispersion was also calculated from the UV-Vis spectra ac-
cording to Beer-Lambert law as shown in Figure 4(b). The
concentration of graphene was found to increase contin-
ually with time. Typically it was about 25.5 pg/ml after 10
minutes of exfoliation. The yield obtained during a sim-
ple trial was ~0.30 g/h and with further optimisation, the
method can certainly be improved further.

3.3 Fluoride ions/color absorption

The fluoride ions absorption was performed on fluorinated
water and synthetic groundwater. The fluorinated water
consisted of ultrapure water mixed with NaF stock solu-
tion to provide the appropriate fluoride in the solution. The
amount of fluoride was kept the same as in the synthetic
groundwater and was set at 7.98 ppm. The 798 ppm was cho-
sen because the contaminated groundwater has fluoride
present in this much concentration.

The primary purpose of using synthetic groundwater is
to study the adsorption of fluoride in the presence of com-
peting anions (Mg**, K*, Ca**, Na*, C17). The two solutions
were used to compare the fluoride uptake capacity of cen-
trifuged graphene (SG). Most of the studies to date have gen-
erally reported the behavior of adsorbents in the absence of
other competing ions present in the groundwater requiring
treatment. Figure 4(c) shows the change in fluoride con-
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Figure 4: (a) UV-Vis absorption spetra of CG for a different time duration of blending, (b) concentration of graphene produced calculated
using Beer-Lambert law, (c) Fluoride uptake on graphene in synthetic groundwater and fluoride solution (d) change in color of general fizzy
drink passing through normal filter and prepared graphene deposited filter.

centration (in ppm) with time (in hours). Initial fluoride
concentration in both fluoride and synthetic groundwa-
ter was 7.98 ppm. Initially, there is a slight increase in the
fluoride concentration, which is unexpected. The only ex-
planation for this observation could be the interference of
the probe due to other types of ions. After 10 minutes of an
initial increase, fluoride concentration continuously goes
down till 1 hour to 7.3 ppm in fluoride and synthetic ground-
water. However, the fluoride concentration again increases,
which might be due to the oversaturation of graphene. The
maximum decrease of fluoride was observed to be 7.3 ppm
or about ~10% decrease in fluoride concentration. Simi-

larly, a qualitative test was performed on fizzy drink, which
was passed through graphene deposited filter and normal
filter. An excellent color absorption ability of graphene was
observed while passing the drink through the graphene
deposited filter compared to a normal filter and this is also
shown in Figure 4(d).
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4 Conclusions

The present work reports a sustainable nanofabrica-
tion route for the large scale manufacture of defect-free
graphene based on the principle of mechanical exfoliation
by a simple kitchen blender. The method was seen to be
transformative for fabricating graphene for a wide range
of applications such as catalysis, sensing, nanocomposites
and functional decoration with different kinds of nanoparti-
cles. The propensity of exfoliation was observed to enhance
by the turbulent flow conditions in presence of a liquid sol-
vent in the blender. The graphene produced by this method
when assessed using Raman spectroscopy was observed
to have an I/, ratio below 0.1 and I,,/I¢ ratio less than
0.45 as well as a yield of 0.30 g/h. These values highlight
the superiority of the investigated method to manufacture
graphene over previously reported exfoliation methods. In-
creasing the duration of blending was observed to cause an
increase in the yield of graphene. Moreover, the centrifuged
separated graphene was observed to remove ~10% fluoride
ions from groundwater and was observed to be capable to
absorb colors from the solvent/fizzy drinks.
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