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Abstract It has been reported that the production of defect
free graphene is possible by the application of a kitchen
mixer. Yet, we note that the natural-surfactant role in the
exfoliation mechanism by a kitchen mixer has rarely been
discussed. To investigate the possibility of graphene
exfoliation in a bio-surfactant medium, we have produced
graphene from the co-mixing of graphite and gum Arabic.
Through the modelling of bulky graphite as a single
composite disc, we have shown that the exfoliation of
graphite crystal may be possible through rotational motion
of graphite surface. In this paper, we also have developed
two simple metric systems that were designed from the
application of UV spectroscopy for in situ measurement of
graphene sheet size after exfoliation step.
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Introduction

Ever since graphene first isolation from pyrolytic graphite
in 2004 [1], the interest of research society on this material
is continuously growing. The advancing development of
graphene research field is majorly assisted by the interest of
society towards unique properties possesses by graphene.
Due to the strong mechanistic properties of graphene, it has
high potential for application as filler in polymer composite
[2, 3]. High transparency of graphene meanwhile is suit-
able for manufacturing of transparent conductor [4]. In the
membrane technology, super permeability of graphene to
water is useful as material for desalination of sea water [5].
Excellent electrical conductivity of graphene meanwhile
links graphene to advanced electronic applications such as
conductive ink [6] and 2D wire [7].

For introduction of graphene towards industrial appli-
cation, selection of synthesis route is extremely important.
Bottom-up approach such as chemical vapour disposition
[8] or epitaxial growth [9] is useful for preparation of high
quality grade of graphene. However, the resulting yield
from both methods is low and not economical for large
scaled production of graphene. To reduce the preparation
cost of graphene, a kitchen mixer can be used as exfoliating
tool for graphite to graphene [10-14]. This method prin-
cipally belongs to liquid-phase exfoliation class, which also
includes vortex fluidic exfoliation [15, 16] and high-pres-
sure driven exfoliation [17-19]. Application of kitchen
mixer allows a facile preparation of graphene and the
quality of produced graphene is even comparable with the
quality of graphene prepared from the lab homogeniser
[10]. Moreover, the application of toxic solvent [12] as
exfoliating medium in this method can be easily replaced
with water-based surfactant [11] or edible protein [13] for
bio-friendly and sustainability process.
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In this work, we are interested to investigate the theo-
retical explanation behind possible exfoliation of graphene
in gum Arabic solution by the mixing action of a kitchen
mixer [20]. In addition, we want to know the exact com-
ponent in gum Arabic that may be responsible for stabili-
sation of graphene against reaggregation in water. Finally,
we used UV spectroscopy and TEM to design a metric that
may be suitable for rapid characterisation of functional
graphene sheet size after exfoliation step. We do believe
that our study will assist in the understanding of graphene
exfoliation process for mass synthesis of graphene in the
future work.

Experimental
Materials

Industrial graphite flakes and gum Arabic were purchased
from Sigma-Aldrich (Malaysia) and were used as received.
Kitchen mixer of Philips brand with nominal power of
800 W was obtained from a local retail.

Preparation and characterisations of graphene

We performed the exfoliation of graphene by a co-mixing
of graphite (1 mg/ml) and gum Arabic (1 mg/ml) in a
mixing volume of 400 ml. After centrifugation (Heraeus
Pico Micro) at 1500 rpm (RCF: 330) for 45 min, we
washed the resulting supernatant through multiple filtration
steps with ultrapure water (Millipore) before the freeze-
drying stage. For observation of sheet size change after the
increase of exfoliation time, we extracted 1 ml of aliquots
from the original volume after every paused interval (1, 3,
5 and 7 h). Absorption coefficient of resulting graphene
meanwhile was computed from the redispersion of dried
graphene at varied mass (0.03, 0.06, 0.09, 0.12, 0.15 mg/
ml) and was followed by the absorbance measurement of
graphene solution at 660 nm for each mass by UV spec-
troscopy (Shidmazu). TEM imaging and size measurement
of graphene sheets were conducted on TEM Libra (Zeiss),
while Raman measurement was performed on graphite and
graphene using Witec Alpha 300R (532 nm). The func-
tionalization study of prepared graphene was possible
through the applications of XPS (Ultra Kratos) and IR
(Perkin Elmer) on the dried graphene. The stability of
exfoliated graphene in water was studied through redis-
persion of 3 mg of graphene mass into 10 ml of ultrapure
water by bath sonication (Branson). Absorbance monitor-
ing of graphene suspension was conducted in every 24 h
for 6 days using UV spectroscopy. For comparison pur-
pose, stability of graphene supernatant after washing stage
was also observed from absorbance value within similar
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time duration. Contact angle measurement meanwhile was
determined from the change of droplet size on suspended
graphite and graphene using goniometer.

Results and discussion
Initial characterisation of graphene
Validation of graphene

We notice that the presence of highest UV peak for the
spectra of washed and unwashed gum Arabic-graphene
(Gga) in Fig. 1ais at 269 nm. Interestingly, this is a strong
indicator for graphene presence and as evidence for suc-
cessful exfoliation of multilayer by a kitchen mixer [21].
To rule out the effect of gum Arabic presence on the
absorbance of graphene, we note that the highest UV peak
for gum Arabic is below 200 nm and definitely is not in the
range of wavelength for graphene. We also performed a
calculation from the Lambert-Beers law (A = «Cl) for
determination of the absorption coefficient () value for
Gga at 660 nm of spectroscopy wavelength.

As shown in Fig. 1b, the obtained value for o is
1210 mg~' m~" ml and this value is definitely in the range
with the previous reported « for surfactant-based graphene
[22]. However, we note that the determined value of o in
this research work is very far from the proposed theoretical
« value of 4237 mg~' m~' ml for pristine monolayer
graphene [23]. As suggested by theory, the deviation of o
may possibly caused by the preparation method, the pres-
ence of functional group on graphene sheet and mean
thickness of multilayer graphene [24].

Morphological study of graphene

For visual conformation of graphene presence in the
resulting black opaque supernatant, we used transmission
electron microscopy (TEM) for imaging of graphene in the
drop casted sample. As shown by the example TEM image
of graphene in Fig. 2a (t,x: 7 h), the appearance of semi-
transparent sheets is proving the possibility of graphene
preparation by a kitchen mixer and gum Arabic/water
solution. Moreover, the absence of wrinkles graphene
sheets is also suggesting that this method does not intro-
duce any defect on the basal structural of graphene despite
long processing duration of mixing [10, 11, 21]. The mean
length, <> for resulting graphene from 1, 3, 5 and 7 h
meanwhile, was measured from TEM by the edge—edge
evaluation of 100 visible graphene sheets and included in
Fig. 8. For comparison purpose, we have also studied the
length distribution of graphene by atomic force microscopy
(AFM). It was found that the size of small graphene in
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200-300 nm domain was more frequently measured by
AFM than TEM in our work. As suggested by the previous
report [11], the lack of small graphene count by TEM is
normally caused by wide polydispersity of the sample as
well as the high transparency of graphene at lower layers
number. As only visible graphene sheets were considered
for objective measurement of length by TEM, small size
graphene that usually is almost invisible in the micrograph
was not included in the counting process. As for the mean
thickness, <N> of the produced graphene, the thickness of
graphene was evaluated from 20 sheets with thickness
value from five layers to twenty-nine layers of sheets (see
Fig. 2b).

Defect evaluation of graphene

We conducted Raman spectroscopy measurement on the
Gga film for investigation of defect after mixing. A
rectangle shape film with dimension of 2 cm x 2 cm
was cut from the vacuum-filtered film. As shown from
the example of Raman spectrum for graphene in Fig. 3,
the presence of intense G band (1578 cm™ 1Y), defect-
associated D band (1347 cm™') and 2D band
(2684 cm™ ') on the Raman spectrum of Gga can be
used to verify the presence of graphene on the vacuum-
filtered membrane [10]. A significant Raman shift of G,
D and 2D bands for the graphene from 1576, 1344 and
2701 cm™' demonstrates the change of graphene struc-
ture after exfoliation from bulk graphite. The presence
of D band in the graphene spectrum indicates a for-
mation of defect in the graphene structure. We note that
the mean intensity ratio of D and G bands (/p/Ig) for the
graphene is 0.42 and the value actually is not far off
from the mean Ip/lg of graphite (0.048). This observa-
tion shows that the defects presence in our exfoliated

I/, 0.42
Graphene

1 /1 :0.048
D G
Graph\ite
1

Intensity (a.u)

graphene is not similar to the defects level in reduced
graphene with Ip/Ig of 1 [25]. Furthermore, the low Ip/
I for collected graphene can also be used as indicator
that exfoliation during mixing action did not induce any
significant defects on the graphene flakes as been sug-
gested from previous TEM imaging study. We notice
that for graphite the existing defect is not major and did
not influence the resulting defects in exfoliated gra-
phene. From the derived equation in the previous work
by groups of Coleman [26], we also performed an
estimation of mean length for resulting few-layers gra-
phene using the obtained Raman data. Taken the value
of FWHM for G-band as 21.66 cm™', we estimate that
the mean length of produced graphene in this work was
529.1 nm with 20% of deviation.

Shear functionalization of graphene

We conducted X-ray photon spectroscopy (XPS) on the
vacuum-filtered graphene film for the characterisation of
graphene structure after exfoliation. Table 1 shows the
composition difference between graphite and exfoliated
graphene after the mixing. As shown in Fig. 4a, only
oxygen (532.5¢eV), silicon (103.5eV) and carbon
(284.5 eV) are present in the survey spectrum of initial
graphite sample. After exfoliation, however, additional
change, such as low nitrogen presence (400.5 eV) and
increase of oxygen intensity, is observed for XPS analysed
Gga (see Fig. 4b). These chemical transformations of
exfoliated graphene were possibly caused by the adsorption
of gum Arabic on the graphene sheets [22]. Based on the
calculated carbon to oxygen (C/O) ratio, we note that C/O
value of Gga is above the reported C/O for graphene oxide
(2.1-2.6) but is actually far from the published C/O for
reduced graphene oxide (7.1-10.3) [27]. High oxygen
content in Ggp is indicating that large quantity of gum
Arabic is required for stabilisation of graphene sheets
against reaggregation to graphite in a liquid. To address
this assumption, we investigated the chemical change of
graphene from the presented carbon 1s (Cls) core of gra-
phite and Cl1s core of graphene in Fig. 4c, d. In the original
graphite, C=C sp* (284.5 eV) and C—C sp° (285.3 eV) are

Table 1 Concentrations of atoms for Gga and graphite from XPS
study

1000
-1
Raman number (cm )

Fig. 3 Raman spectra for graphite and graphene

ﬁ @ Springer

Atomic composition in (%) C/O ratio
Sample C (0] Si 2p N
T l T [ T l T
1500 2000 2500 3000 Gga 69.97 23.63 4.23 2.17 2.96-3
Graphite 92.37 5.87 1.75 - 15.74-16

The C/O ratio was used to show the change of molecular structure for
graphene after exfoliation by mixer
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the only major groups that form the chemical structure of
graphite. After exfoliation, the formations of, C-N, C-O-C
and C=0 groups besides the original C=C and C—C in the
composition of exfoliated graphene are matched with the
additional presence of three peaks at, 285, 286.5 and
288 eV [22]. This particular observation confirms that
oxygen groups are majorly responsible for stability of
graphene against reaggregation in gum Arabic solution.
Figure 4e shows the measured spectra of graphite, gum
Arabic and Gga from Infrared Spectroscopy (IR). The
stretching vibrations at 1638 cm™' correspond to C=0O
bonds in graphite and graphene. The broadening peak at
3460 cm™' for Gga and 3468 cm™' for graphite mean-
while is originating from the presence of hydrogen bonded
OH groups in both samples. The absorption band at

T T LI LI T T N
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3430
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2931 cm™' in IR spectrum of gum Arabic suggests the
strong presence of sugar galactose, arabinose and rhamnose
(Arabinogalactan) in the material [28]. Weak symmetric
stretching at the band 1424 cm ™' is mainly due to the C=0
of glucuronic acid while the absorption band at 1076 cm ™"
highlights the plausible presence of alkene C—H bonds for
existing polysaccharides in gum Arabic. We note that the
disappearance of IR band at 1076 cm™' in graphene
spectrum may be due to the breaking of polysaccharide
bonds during shear functionalization of gum Arabic with
graphene. The loss of FTIR peak at 1424 and 2931 em™!
for graphene meanwhile is attributed to the adsorption
mechanism of gum Arabic on graphene that is involving
carbohydrate and sugar groups. Stronger peaks for gra-
phene at 3460 and 1638 cm ™' though indicate the increase
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of oxygen content in graphene structure after exfoliation by
a kitchen mixer.

Yield and stability of exfoliated graphene in water

To study the yield concentration of produced graphene by
gum Arabic-assisted exfoliation, we varied the mass of
gum Arabic (1-5 g) and graphite (2.5 and 5.0 g) in 400 ml
of volume. The kitchen mixer was operated at 15 min for
each individual set of experiment. As shown in Fig. 5a, the
mass of initial graphite is important to secure higher con-
centration yield of graphene. While the maximum yield of
graphene for 2.5 g of graphite was only achieved at 3.0 g
of gum Arabic, the increase of initial graphite to 5.0 g of
graphite would improve the yield concentration even after
incorporation 5.0 g of gum Arabic. For further investiga-
tion of this phenomenon, we replotted the data into a new
graph with the concentration ratio of graphite to gum
Arabic (Ci;g/Cga) taken as x-axis. It was found from
Fig. 5b that the optimum production of graphene was only
possible at the specific value of ratio (Cig/Cga = 1). As
reported previously [11], this ratio is influential for efficient
production of graphene by a kitchen mixer and must be
considered prior of any exfoliation stage. In our case, the
increase of graphite mass must be always accompanied by
the similar mass increase of gum Arabic. The yield effi-
ciency (%) for our method meanwhile was computed from
the highest yield concentration data obtained in this study

(~17 pg/ml). We found that our yield value (0.136%) is
comparable with the reported yield of graphene (0.1%)
from shear exfoliation by homogenizer [10] and a kitchen
mixer [11].

To evaluate the stability of produced graphene in water,
we have to perform triple measurements of absorbance for
each supernatant and dispersion of freeze-dried graphene at
every 24 h for 6 days (see Fig. 5¢). From the unchanged
values of absorbance for supernatant throughout the mea-
surement, it is suggested that the resulting graphene after
exfoliation and centrifugation stage is very stable in water.
However, we found that the redispersion of graphene into
water would result in rapid sedimentation of sheets as been
indicated from the continuous drop of absorbance within
6 days. We note, however, that our finding is consistent
with the published result on the sedimentation study of
polysaccharide-graphene after redispersion in water [29].

Mechanism in exfoliation of graphene by a kitchen
mixer

Reduction of surface tension by gum Arabic

During the exfoliation of graphite to graphene, the presence
of gum Arabic is required to promote the reduction of
water surface tension. This is critical as it allows the sur-
face tension of water to match the surface tension of gra-
phene. By adjusting the surface tension value between gum

Fig. 5 a Effect of gum Arabic (a) 18 (b) 18 :
mass on the yield concentration ] - = ] -
of graphene b Determination of ~ 16 = !
optimum ratio between graphite %) 1 5.0g Graphite g 154
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Arabic/water solution and graphite surface, the wetting
capability of graphite is gradually increased from the
adsorption of gum Arabic on graphene sheets [22]. As
suggested by the data of graphene from XPS and IR, the
adsorptions of chemical components from gum Arabic are
mainly responsible for shear exfoliation and stabilisation of
graphene in water. To confirm that the wetting of graphite
is still the main mechanism for graphene exfoliation in a
kitchen mixer, we have conducted contact angle measure-
ments for both graphite and graphene. As shown in Fig. 6a,
the contact angle of graphite (90°) is larger than that of
graphene (75°) and is consistent with the previous reported
work on sonication of graphene [22]. This is expected as it
is known that graphite is originally hydrophobic in nature
and the wetting mechanism is independent of selected
preparation method. As suggested by previous work [30],
the presence of surfactant in the chemical structure of

(a)

Graphene

Hydrophobic
(b)

Hydrophilic

Chemical
cleavage
@ Exfoliation

Fig. 6 a Contact angle measurement of water droplet on graphite and
graphene film surface. The change of contact angle for graphene
indicates the increase of wetting behaviour after adsorption of gum
Arabic, b we describe exfoliation mechanism of graphite in gum
Arabic in three stages

=

Mixing

graphene through n to m mechanism can reduce the
hydrophobicity of graphite and resulting in the exfoliation
to graphene (see Fig. 6b).

From the 2nd scenario model proposed in the Paton’s
work [10], the reduction of water surface tension during
exfoliation event can be investigated by the following
expression:

_(Ba- VE)

= 1
Ymin P]L ( )

where 7., is the minimum local shear rate required for

exfoliation of graphene, \/Esg and ,/Eg; are the gra-
phene and water surface energy, respectively, n is the
dynamic viscosity of water whilst L is the corresponding
length of exfoliated graphene at minimum shear rate. We
note that the pre-determined value of maximum local shear
rate in our exfoliation of graphene is 2.7 x 10* s™', which
was calculated by practically considering the 60% loss of
motor power to surrounding [31]. This maximum shear rate
surprisingly is relatively similar to the proposed value of
Ymin [10]. Therefore, we assume that it is safe to replace the
value of L with the estimated L of 585.1 nm from our
previous exfoliation stage. By taking the value of Egg as
71 mJ/m* [10], n as 89 x 107*Pas and 7}, as
1 x 10* s7!, the actual surface energy of the water during
exfoliation (Esy) was computed as Egy = 70.99783 mJ/
m’.

The surface tension of liquid, I', therefore can be
expressed in terms of surface energy as [32]:

I'=Esy —T-Ssy, (2)

where T is the temperature in Kelvin, whilst Sgp is the
surface entropy for the liquid. As surface entropy of water
is 0.07 mJ/m’K, the required surface tension of water at
room temperature is known as I' = 49.9978 mJ/m*. We
note that this obtained value is actually below the surface
tension of pure water at ambient (72.8 mJ/m?) and is in
range with the reported surface tension of NMP [10] and
gum Arabic at 3 wt% of concentrations (55 mJ/mz) [33].
Based on this observation, we suggest that the surface
tension of water must be within this value prior the sliding
of graphite layer. We found, however, that due to the
dynamic change of water surface tension after surfactant
addition, Eq. (2) is only applicable for determination of
surface tension for solvent [34].

In principle, the adsorption of gum Arabic on graphene
can be described by n—r stacking mechanism of surfactant
on the interlayer graphite [30]. We suggest that the protein
components of gum Arabic in arabinogalactan-protein
(AGP) and glycoprotein (GP) are chemically attached on
the graphite surface as the efficiency of solid-liquid
interfaces is increased due to the amphiphilic nature of
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AGP and GP components. Polar component of AGP and
GP (polysaccharide) meanwhile attach themselves with
water molecules in the medium [35]. Colloidal suspension
of graphene provides the stability of gum Arabic-graphene
after adsorption of gum Arabic on the surface. The
assumption of protein as the responsible molecules for
exfoliation of graphene is validated from the presented data
in previous XPS and IR results. The addition of C=0O and
C-N in the sample after exfoliation stage indicates the
adsorption of protein on the graphene surface.

Exfoliation model of graphite

Using Paton’s model, which actually was developed for
exfoliation mechanism of graphene in a solvent, we assume
that the exfoliation of graphene is initiated after the
adsorption of surfactant on the graphite sheets by wetting
mechanism. This is of course plausible as we know that the
exfoliation of graphene in surfactant medium is triggered
after the adsorption of gum Arabic [22] or pyrenecar-
boxylic acid [30] on the graphite surface. With water as
exfoliating medium, the adsorption of gum Arabic on
graphite surface is only possible once the surface tension of
water is reduced to match to that of graphite. It is predicted
that the graphite hydrophobicity will gradually decrease
towards hydrophilicity after the increase of gum Arabic
presence on the graphite sheets. This increased
hydrophilicity will further improve the wetting behaviour
of graphite in water. The interfacial bonding energy
between surfactant layer on the graphite and liquid
becomes stronger than the interfacial bonding between
graphite sheets by van der Waals forces. The exfoliation of
graphite finally is initiated through sliding mechanism of
top layer graphite from the driving forces by shear energy
of a kitchen mixer.

In this work, however, we would like to discuss the role
of rotational motion in the exfoliation mechanism of gra-
phite by a kitchen mixer [12]. We note that the rotational
motion aside translational may be applied on the graphite
sheets during the pumping cycle of liquids in the mixing
vessel. By considering the presence of t and 7, the
mechanism schematic for exfoliation of graphite is graph-
ically presented in Fig. 7.

To develop this simple model, we assume the geometry
of graphite as a composition of multiple circular discs and
each single disk is fixed at one end by the van der Waals
(vdw) forces from the adjacent disc. Considering that the
resulting shear flow of the fluid (moving parallel to each
other but at different speed) is applied on the free end of
graphite surface, the disk composite will be subjected to
torsional forces due to the resultant rotational forces (7 and
T’) on each end surfaces (scenario a). We note that the
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cross-sectional plane of the discs will remain undistorted
due to geometry of the composition [36]. However, as the
top graphite crystal is only linked by weak vdw forces on
one end, the resulting shearing stress (7,,,x) on the graphite
vertical will be used to slip the graphite further until it
completes delamination stage (scenario b and c). Since
T = FL/2 and F,,;, can be linked to the minimum local
shear rate (yn,in) of Newtonian fluid by [10]:

Fuin = ’wmiana (3)
the minimum required forces to initiate the exfoliation
stage of graphene from the known values of y.,;,, L and 5
can be practically computed. In our case, the resultant Ty,
is 6.586 x 107" Nm, which is extremely small value for
rotational forces required on the graphite. The magnitude
of shearing stress (7) for exfoliation of individual graphite
crystal then is calculated from the given T,,;, by the fol-
lowing equation [36]:
TL

ﬂ ’ (4)
where J = 0.57 (L/2)* is the polar moment of inertia for a
solid disk and is established as 7.68 x 107%" m. The
applied shearing stress for slipping of graphite from its
original plane is, therefore, known as 22.6 Pa. This value
of 7 is certainly not adequate to overcome the computed
interlayer strength of graphite in dry state which is evalu-
ated at 0.14 GPa [37]. This is where the critical role of
wetting on graphite sheets is highlighted as the interlayer
strength of graphite will be reduced greatly due to the low
friction level of graphite in wet state [38]. Assuming that
our graphite system remains elastic, we can determine the
angle of twist produced during the slippage (scenario a)
through the application of presented equation [36]:

T =

0= (5)

where G is known as the reported modulus of rigidity for
graphene (280 GPa) [39] and t is the thickness of single
graphite crystal (0.335 nm) [2]. The resultant 0 is
1.026 x 10 '° radians and this value is indicating that the
plane of graphite crystal will rotate about 5.88° from its
original axis in nano-domain to initiate a delamination
stage. It is apparent that our proposed model could be used
to describe the role of rotational motion during graphite
delamination by a kitchen mixer. In spite of this possibility,
we admit that the application of disc geometry to represent
a single layer of graphite crystal in our proposed model
might not be highly accurate. Moreover, we choose to
neglect the possible rupture effect of shear flow on graphite
crystal, which ultimately may be responsible for frag-
mentation mechanism of the sheets during exfoliation.
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Fig. 7 Exfoliation schematic shows the role of rotation (7) and shear (7) for exfoliation of graphite crystal

In situ measurement of graphene size by UV
spectroscopy

Previous works on the sonication [40] and shear mixing of
graphene [12, 13] have shown the effect of mixing on the
size reduction of sheet. Even multiple empirical functions
were developed in one work to demonstrate the possibility
of UV and Raman for prediction of sheet size and thickness
[26]. In their extensive work, we note, however, that the
application of UV spectroscopy was used only to estimate
the layer number but not the lateral size of graphene. Thus,
we would like to propose a simple metric system for
evaluation of graphite sheet size from measurement by UV
spectroscopy in this paper.

To establish our metric, we note that the sheets size of
graphene in our work is strongly dependent on the exfoli-
ation time as shown in Fig. 8a—c. The fragmentation effect
of shearing forces on graphene sheets is shown from the
increase of graphene number in 300400 nm range after
exfoliation time of 7 h. In our work, we choose not to use
centrifugation speed (w) for size of selection of our gra-
phene as <> and (N) of graphene are affected by w value
[41]. Instead we used variation of exfoliation time and
constant o to initiate the size change of graphene as only
<L> is strongly dependent on time and not <N> of gra-
phene sheets [12].

From the resulting UV spectra, the gradual increase of
intensity for m—n* peak (268 nm) is indicating the strong of
graphene presence after time variation in the supernatant.

We notice that there is no shift of n—n* peaks, which could
be linked to the constant <N> of graphene sheets in the
supernatant [26]. Normalisation of UV spectrum at n—m*
peak, however, reveals the difference in absorbance value
from the shoulder (min) and peak point (max) location is
parallel with the size increase of graphene sheets. We
estimate that the difference between /peac and Agnouider 1
(—30 nm) for easier determination of maximum and min-
imum absorbance of graphene. With this knowledge, the
<> data were plotted as a function of the absorbance
ratio between minimum and maximum of n—n* peak
(AbSmin/Absax). Fitting of the data resulting in the metric
of <> is:

(6)

Ab min 136
<L>:1030.1< 5 ) .

Absax

While this developed metric may be useful for estima-
tion of sheet size after exfoliation stage, we note however
that the value of Abs,,;,/Abs,.x must not exceed 0.76. We
evaluate the practicality of the proposed metric from the
comparison of <L> after 1 h exfoliation time, resulting in
<L> of 761 nm from the metric and <L> of 943 nm from
the imaging by TEM for Abs,jn/Absyax = 0.8. This limi-
tation is possibly caused by the exponential change of
graphene size with exfoliation duration that is lower than
180 min [12].

Based on the produced TEM data, the minimum size of
our graphene is measured at 200 nm and we know that the
value of Abs,,;,/Abs.x is beyond the scope of our metric.

w @ Springer



240

J Nanostruct Chem (2017) 7:231-242

Fig. 8 a, b and ¢ show the (a) 30 (b) 20
change of graphene size after 180 min; <L> = 688 nm 300 min; <L>= 603 nm
the increase of exfoliation time, i
(d) The increase of n—n* peak is
indicating the improvement of 20 20
graphene concentration in -
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However, we would like to propose a modification of our  Conclusion

metric, which may be suitable for prediction of sheet size
smaller than 561 nm (Absy,in/AbSphax = 0.64) as:

Abs. > 1.36

<L > =561(1-(0.64— 7
( ADbSax )

From the presented metric, the possible smallest size of
graphene is computed as 255 nm, which is not far from the
smallest sheet size determined by our TEM imaging. We
do believe that the application of both metrics would be
useful for in situ measurement of sheet size in future
exfoliation stage, as these metrics allow user to evaluate
the resulting <> of produced graphene using only UV
spectroscopy. In spite of this advantage, we would rec-
ommend for further length investigation by TEM after each

prediction for validation and confirmation of proposed
<L> value.

w @ Springer

As conclusion, we have shown that it is possible to produce
gum Arabic-modified graphene from the co-mixing of
graphite and gum Arabic in a commercial kitchen mixer.
Through the application of XPS and IR, we have identified
the role of protein and polysaccharide role in the stabili-
sation of graphene in water. It is suggested that the
amphiphilic protein from AGP and GP groups of gum
Arabic is required for the bridging between polar
polysaccharide and hydrophobic graphene in water.
Through the reduction of surface tension, wetting of gra-
phite is initiated for exfoliation and stabilisation of gra-
phene against reaggregation. In addition, we have proposed
an exfoliation model that was designed by considering the
rotational motion of graphite during exfoliation to gra-
phene. The generated model used to describe the
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exfoliation of graphene sheet from graphite with the
magnitude of 7 and 0 was computed from the application of
basic continuum mechanics. To accommodate these simple
calculations, we must assume the geometry of our bulky
graphite as an attached circular disk. For in situ evaluation
of graphene sheet size after exfoliation stage, two simple
metrics were developed from the combined application of
UV spectroscopy and TEM imaging. However, we note
that although we could estimate the sheet size from the
application of both metrics, we could not be absolutely
certain that the computed <L> from the metric is the actual
one. Thus, we recommended the application of TEM and
AFM for validation of the result after the application of
these proposed metrics. In this way, while our metrics may
be useful as rapid measurement tool for <> of graphene
after exfoliation, the resulting data from TEM or AFM
could still be used as supporting data for later validation
step.
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