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Graphene oxide (GO) was prepared by modified Hummer’s method, and chemically converted graphene (CCG) was prepared by
further reduction of the aqueous GO colloid. The effect of pH on particle size, particle charge, and light absorption of the aqueous
colloids of GO and CCG was studied with titration against HCI or NaOH, to find the ideal characteristics for a stable dispersion.
The GO colloid was stable in the pH range of 4-11, whereas the CCG colloid gained stability at a relatively narrower pH range
of 7-10. Poor stability of the colloids was observed for both GO and CCG colloids at both extremes of the pH scale. Both of the
colloids exhibited average size of ~1 micron in the low pH range, whereas for higher pH the size ranged between 300 and 500 nm.
The UV-Vis spectra showed absorption peak at 230 nm for GO colloids that shifted to 260 nm for the CCG colloid. Such shift can

be ascribed to restoring of electronic conjugation of the C=C bonds in CCG.

1. Introduction

Graphene is a flat 2D layer of carbon atoms packed in a hon-
eycomb lattice and is the basal building block in all graphitic
materials [1]. Its different synthesis routes and the possession
of unique mechanical, thermal, and electrical properties
make it a material of great interest [2-7]. In spite of the viable
structure-property relationship, large volume production of
graphene is still a challenge. Graphene oxide syntheses via
chemical methods using acids and oxidants are the most
widely followed procedures, which can be further reduced to
produce graphene [8-10]. Graphene oxide (GO) can be best
described as a single layer planar hexagonal array of carbon
atoms to which functional groups, including carboxylic
acid, hydroxyl, epoxy, and carbonyl groups, are attached.
According to the Lerf-Klinowski model, the carbonyl and
carboxylic groups remain attached to the edges of the sheet,
while the hydroxyl and epoxy groups are found on the basal
plane [11]. These groups render the GO sheets hydrophilic
due to the H-bonding present between the carboxylic and
hydroxyl groups. This property opens up many opportunities

for chemical reactions and schemes, including self-assembly
and thin films processing, to exploit the beneficial properties
of graphene oxide. On the contrary, graphene sheets that are
devoid of any O-containing functional groups are insoluble
in water, thus posing a challenge for the exploitation of
graphene in aqueous processing methods. Several methods,
including functionalization [12-14], in situ reduction [15, 16],
or polymeric reduction [17] of GO sheets in aqueous medium,
can be used to obtain graphene based colloids. Therefore, to
afford graphene based nanostructures, the foremost task is to
develop aqueous dispersions of graphene sheets by chemical
reduction of GO sheets, generally termed as chemically
converted graphene (CCQG).

The behaviour of graphene oxide colloids is influenced
by various parameters, including pH, particle size, and zeta
potential. An understanding of these parameters and their
influence on the stability of the colloids is key to exploiting
aqueous synthesis routes for the fabrication of graphene
based hybrids and composites. In this work we report the
change in zeta potential, light absorption, and equivalent
particle size of graphene oxide and chemically converted



graphene colloids over a range of pH. Both CCG and
GO sheets are negatively charged colloidal particles carry-
ing varying concentration of functional groups. Oxygen-
containing functional groups present on the graphene oxide
sheets make GO highly hydrophilic. On the other hand,
CCG, or partially reduced colloid of graphene oxide, uses
the remnant oxygen-containing groups for displaying the
stability of mildly oxidised graphene oxide sheets. As the
colloid is titrated with NaOH/HCI, the ensuing change in
the pH of the colloid leads to agglomeration of the graphene
based colloidal particles. With very few reports elucidating
the individual behaviour of CCG or GO colloids over size,
stability, or conjugation studies [18, 19], a comparative study
of both of the colloids on the said parameters has not been
reported. In the current work, the effect of pH on the zeta
potential, optical absorption, and equivalent particle size of
graphene oxide and chemically converted graphene colloids
is reported.

2. Experimental Details

Flake graphite (98%), sulphuric acid (98%), hydrochloric
acid (37%), hydrogen peroxide (30 wt%), potassium perman-
ganate, hydrazine monohydrate (98 wt% in water), ammonia
(35%), and sodium hydroxide were obtained from com-
mercial sources and used without any further purifica-
tion. Graphene oxide was prepared by modified Hummer’s
method as described by Chen et al. [20]. Graphite powder
(2g) was poured into concentrated H,SO, (46 mL) at 0°C
and stirred for about 30 min. Thereafter, KMnO, (6 g) was
added gradually while stirring the batch for about 30 minutes.
Continuous cooling was ensured so that the temperature of
the mixture does not exceed 20°C. The reaction between
H,SO, and KMnO, leads to the formation of metal and
sulphate ions that help in exfoliating the graphite layers [21].
The mixture was then heated up to 35°C and was kept for
more than 30 min. Deionized water (92mL) was gradually
added. After 60 min of further stirring, the reaction was
terminated by the addition of a large amount of deionized
water and 30% H,O, solution (5mL). This caused violent
effervescence and an increase in temperature (up to 100°C),
after which the color of the suspension changed to bright
yellow. The suspension was then washed with 1:10 HCI
solution (5L) in order to remove metal ions by filter paper
and funnel. The paste collected from the filter paper is dried
at 60°C until it became agglomerated. This agglomerate was
dispersed into deionized water in static state for 2-3h and
slightly stirred by a glass rod. The suspension was washed
with more deionized water several times until the pH reached
a value of 7. The collected paste was ultrasonicated for about
1h for better dispersion in water. The obtained brown GO
hydrosol was then centrifuged at 4000 rpm for 30 min in
order to remove any unexfoliated GO. Scanning electron
microscopy of a drop of the colloid (after drying) exhibited
crumpled graphene oxide sheets.

Chemically converted graphene (CCG) was prepared as
per the process described by Li et al. [22]. In short, 5mg
graphene oxide powder was dispersed in 100 mL of distilled
water by ultrasonication until a yellowish-brown colloid was
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obtained. The GO colloid was then transferred to a 250 mL
round bottom flask and stirred for a few minutes. Subse-
quently, few drops of ammonia solution (35%) were added to
increase the pH up to 8 allowing stability of the sheets. 5 uL
hydrazine hydrate (0.1 M) solution was added to the above
solution and refluxed at 98°C for 1 hour in a water bath.
The process afforded a black colloidal dispersion, hereafter
called CCG colloid. The GO colloid and the CCG colloid were
filtered and dried separately for additional characterizations.

The as-synthesized GO powder (0.2mg/mL) was sus-
pended in distilled water by bath sonication for 30 minutes,
affording the formation of a uniformly dispersed yellowish-
brown colloid. The stable colloid had pH of around 6.7
indicating that the GO sheets bore strong -OH bond affinity
with the water molecules. At this stage, it can be assumed
that the GO colloid was devoid of any metallic impurity
or salt. The colloid was then divided into two halves. One
half of the GO colloid was titrated with 0.1 M HCI solution
to progressively decrease the pH from 6.7 to 1. The second
half was titrated with 0.1 M NaOH solution to increase the
pH from 6.7 to 13. Every integral change in the pH of GO
colloid was recorded by a pH meter (Mettler Toledo) and
collected in 5mL vials. GO colloids with pH ranging from
1 to 12 were obtained for further characterization. Similar
procedures were followed to obtain CCG colloids with pH
from 1 to 12. To ensure a better dispersion, the samples were
sonicated for 15 minutes before each characterization.

Size and morphology of the GO powders were measured
by scanning electron microscopy (JEOL XL 30). Surface
charge of the colloidal dispersion (GO and CCG) was
measured by zeta potential meter (Zetasizer, Malvern, UK)
between the pH ranges of 2-12, and the average particle
size of the colloidal particles was measured by dynamic
light scattering technique. UV-Vis absorption spectra were
recorded by a spectrometer (Lambda 45, Perkin Elmer)
within the wavelength range of 200-900 nm.

3. Results and Discussion

X-ray diffraction (XRD) of the graphite precursors, GO,
and CCG was carried out over the range of 5 to 50° of
2@ with a scan rate of 2°min~" (cf. Figurel). The XRD
pattern of graphite exhibited the characteristic peak at 26°
corresponding to (200) reflections. The XRD pattern for
GO showed a peak at ~11°, corresponding to an expanded
interlayer distance of 7.6 A. This is due to the intercalation
of acidic functional groups in between the graphitic layers
that causes an increase in the interplanar distance. In such
a case, the (200) graphite peak shifts to lower 2@ region
in the vicinity of 10°. However, if the graphene layers are
fully expanded and exfoliated to single layers, such a peak
may not be observed for graphene oxide. In addition, the
CCG powders (after filtration and drying) do not seem to
restack, which is evident by the absence of peaks for CCG
in the X-ray diffractogram (Figure1). Single drops of the
as-prepared GO colloid and CCG colloid (at pH ~7) were
cast on metallic stubs, and scanning electron microscopy was
performed. Figure 2(a) shows a representative image of the
GO sheets. Similarly, the morphology of CCG is shown in
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FIGURE 1: X-ray diffraction patterns of graphite, graphene oxide, and
chemically converted graphene.

Figure 2(b). Subtle charging effects are seen from the SEM
images because the samples were not coated. Moreover, it
may be noted that we have taken the images (purposefully) at
20 kV, which is an exceedingly high voltage regime to image
carbon based materials. This high voltage and the sharp edges
of CCG exhibit subtle charging effects (chemically converted
graphene cannot have as high electrical conductivity as that
of pristine graphene; it may lie somewhere between that of
graphene oxide and graphene).

The zeta potential ({) is an important factor for charac-
terizing the stability of colloidal dispersions. It is a measure
of the negative charge around the double layer associated
with the colloidal particle as a consequence of the ionization
of different functional groups. Generally, particles with zeta
potential in the range —30mV to +30mV are considered
stable due to electrostatic repulsion [23]. Our measurements
show that zeta potential for the GO colloids is pH sensitive,
and effective dispersion of the colloids occurred within the
pH range of 4-12 (cf. Figure 3). Experimentally, we observed
that and the highest magnitude of { is obtained at pH 10
(—48.6 mV), although the pH range of 7-11 showed the highest
(negative) charge.

Dynamic light scattering (DLS) results for both GO and
CCG colloids showed similar trends with subtle differences.
It must be mentioned here that we do not attempt to
estimate the average particle size of GO and CCG. DLS is
a technique that is well suited for estimating the size of
spherical shaped particles. GO and CCG colloids, on the
contrary, are particulate systems that possess extremely large
ratios of length or breadth (few microns) to thickness (few
nanometers). Therefore, the DLS pattern of such a system
could provide a convoluted result, which is expected to be
close to the lateral dimensions of the GO and CCG platelets.
However, the objective here is to compare the relative change
in the platelet size as a function of pH. For the graphene
oxide sample at pH 7, the size distribution varied in the range
of 250 nm to 570 nm (cf. Figure 4). But, as the sample was
titrated with NaOH to a higher pH, the population lays in the
range of approximately 300 nm to 500 nm. The stability of the

GO colloid improves as NaOH acts as a hydrogenating agent
for graphene oxide [24]. Moreover, it has also been reported
that NaOH has an ability to successfully remove the oxygen
functionalities from the surface of graphene oxide to form
activated graphene sheets [25, 26]. These activated sheets
begin to stabilize themselves in the solution by reducing their
effective size. Thus, the change in color and stability of the
NaOH titrated samples could be due to the development of
small sized activated graphene sheets. GO colloids, on the
contrary, when titrated with HCl result in very large sheet size
and poor stability. This can be attributed to the increase in H
ions in the solution, which gradually increase the sheet size
and reduced stability.

These observations reiterate our findings from the zeta
potential measurements that GO colloids are more stable in
the 3-11 pH range. The thickness of the GO sheets is normally
expected to increase with decrease in pH due to increasing
protonation of acidic groups (C-OH, COOH) present on
the sheets. Protonation decreases the negative charge on the
sheets, thereby decreasing electrostatic repulsion between
them, eventually resulting in the agglomeration of the sheets
and reduced colloidal stability. However, we observe that, in
the pH range of 6-9, the particle size distribution remains
almost the same, and the distributions for colloids of pH
10 and 11 exhibit tails towards higher size. The reason for a
slightly higher size distribution in pH 10 and pH 11 could
be ascribed to the salting out effect of the NaOH additives.
The CCG colloids, on the other hand, display sheets size
in the range of 200 nm to 700 nm at pH 7 (cf. Figure 5).
On titrating them with NaOH, the CCG sheets in the pH
range from 7 to 10 stabilize uniformly and lie in the range of
200 nm to 400 nm. But, above pH 10, the sheets agglomerate
and their size sharply increases over 1 micron, with very few
sheets in the nanometric range (not included in Figure 5).
This dramatic shift is supported by Fan et al. [27], who
comment that the stability of the CCG sheets is attributed
to a strengthened electrostatic stabilization under alkaline
conditions, as the repulsion between the negatively charged
sheets should increase at higher pH values. Thus, as the
repulsion lies within their threshold limits, the CCG is stable,
and above a threshold limit the sheets begin to agglomerate
and destabilize themselves.

Overall, the DLS spectra of GO and CCG colloids
exhibited size in the range of 200 nm to 1000 nm, with the
distribution tailing off at higher sizes for the pH range of 3-
10. The distributions for colloids of pH 1-2 and pH 10-11 were
completely different from the distributions in the pH range
of 3-9, the average being observed beyond 1 micron at the
pH extremes. This result closely matches with our common
observation of a highly agglomerated GO colloid that is not
transparent yellow but showed a muddy appearance.

UV spectroscopy was studied to observe the plasmon
transitions for the titrated GO and CCG colloids. Graphene
based colloids can exhibit interesting absorption patterns at
the wavelength regions of ~230 nm, ~260 nm, and ~300 nm,
corresponding to transitions involving 7, o, and n electrons
of different bond energies. The titrated GO colloids produced
a characteristic peak at ~230 nm which is attributed to the
m-n* plasmon of the C=C bonds. This peak is similar for
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FIGURE 2: Scanning electron micrographs of (a) graphene oxide and (b) chemically converted graphene.
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FIGURE 3: Zeta potential of GO and CCG colloids at different pH.

samples in the pH range of 2 to 11 (cf. Figure 6). However, at
pH 1 and pH 12, the absorption pattern appeared completely
different, roughly indicating a continual decay of absorption
with wavelength. At pH 1, this arises as a result of high amount
of sedimentation that takes place due to the aggregation
and low repulsion within the sheets. As for pH 12, the
sedimentation occurs due to the salting out of the excess
sodium ions. The UV-Vis spectra for the CCG colloids,
on the other hand, displayed the plasmon peak at 260 nm,
which is a considerable peak shift to a higher wavelength (cf.
Figure 7). This is due to the reduction of the C=O groups
and restoration of conjugation in the graphene sheets that
lowers the energy required, thus increasing the wavelength of
the 7-7* transitions. This also predicts that CCG possesses
substantially decreased oxygen content and higher sheet size
for which the value of A, shifts to a higher wavelength.
With the restoration of the conjugation in the hexagonal
carbon sheets, the material is more graphene-like and is
expected to show high thermal and electrical conductivity
(also evident from the absorbing black color of the colloid).

1400
2 1200
£ 1000

AInmm

T
Average size

=N

=

S

Intensity (a.u.)

0 200 400 600 800 1000 1200 1400 1600 1800 2000

Particle size (nm)

— pH3 —— pHS8
—— pH4 —— pHY
—— pH5 —— pH10
— pH6 — pHI1
—_ pH7 —_pHI12

FIGURE 4: Particle size distribution of GO colloids at different pH;
inset shows the average particle size.

For the GO colloids, we also observed a shoulder peak at
300nm (cf. Figure 6). Literature suggests that there exists
a bond excitation value at ~300 nm corresponding to the
n-7" transition of the C=0 chromophores for aldehyde and
ketone molecule [28]. However, this peak can shift slightly
due to the increased solvent polarity of graphene oxide as it is
titrated with NaOH/HCI. On the other hand, this peak almost
vanishes for the titrated CCG colloids indicating the absence
of the C=0 chromophores in the colloid.

4. Summary

Aqueous dispersions of graphene oxide were found to be
stable in the pH range of 4-12, with excellent dispersibility
in the range of 7-11, as evidenced by highly negative zeta
potential. The colloidal stability of chemically converted
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FIGURE 6: UV-Vis spectroscopy of GO colloids from acidic to basic
conditions.

graphene in aqueous media was also found to be similar
to that of graphene oxide colloids. UV-Vis spectroscopy of
the chemically converted graphene colloids indicated the
restoration of electronic conjugation in the graphene sheets.
These findings are useful in the fabrication of graphene based
composites and hybrids from aqueous processing methods.

UV absorption of chemically converted graphene
T T T T T T

Absorption (a.u.)

200 300 400 500 600 700 800 900

Wavelength (nm)
— pH1 —— pH7
— pH2 — pHS8
—— pH3 —— pHY
—— pH4 —— pHI10
—— pH5 — pH11
—— pH®6 —— pHI12

FIGURE 7: UV-Vis spectroscopy of CCG colloids from acidic to basic
conditions.
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