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| A hybrid material reduced graphene oxide based organic nanocomposite was synthesized from graphite by modified Hummers method,

transfer processes.
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INTRODUCTION

Cerium, a most abundant rare earth element, needs to be
studied more to better understand the properties of lanthanides
[1-4]. It has been extensively used in industry and science
because of its availability [5,6] and recently the potential in
many various applications such as chlorophyll formation, anti-
bacterial activity and osteoclast genesis was discovered [7-9].
Cerium ion has improved adhesion, luminescence properties
and decay kinetics, which increases its attraction towards various
fields of research to explore its potential applications [10,11].
Various compounds of cerium play a vital part in human physi-
ology [12]. Its usage as micro fertilizer in the agricultural
industry has spiked a lot of interest [13,14]. On the other hand,
cerium is documented to have several harmful effects on human
skin depending on its contact and frequency [15]. It is known
to have negative effects on an aquatic ecosystem on account
of being detrimental to cells [16]. Hence, detection and quanti-
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fication of cerium ion in aqueous media is a important factor.
Even though an effective methodology to sense reactive lanth-
anide and rare earth metal such as cerium is already present, it
still lacks ease and efficiency.

Among the chemical sensors, metal oxide nanomaterials
have recently been in high demand because of their desirable
properties such as high sensitivity, small size, cost and power
efficient [17,18]. Recently, in this field graphene quantum dots
(GQDs) have been synthesized and utilized by Salehnia et al.
[19] to detect cerium ions in aqueous solution. This synthe-
tization process was used to obtain a hybrid graphene oxide
resorcinol composite to detect Ce* ion in aqueous solution
[20]. Recently, few reports on the sensing of cerium ion has
been reported through various mechanisms such as fluore-
scence “on-off” change, aggregation-induced emission (AIE),
ratiometric sensing, efc. [21-25]. Graphene has been exploited
in many fields of research due to its excellent properties such
as electrical conductivity [26-29], optical activity [30,31] and
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mechanical strength [32,33]. The photo luminescent property
possesses is a novel area of study for future applications.
Reduced graphene oxide (rGO) is known to be water dispers-
ible and still having possible realistic properties to ideal graphene
when compared to the other materials in the graphene family
[34]. The oxygen-comprised functional groups and the few
oxidized sp’ sites contribute to fluorescence, allowing for tun-
able emission wavelength based on the sp” plane [35]. Over
time, various types of sensors have been fabricated using grap-
hene for monitoring the environment and health. In this work,
we intend to prepare an advanced fluorescent chemosensor
based on a reduced graphene oxide resorcinol (rGO-R) nano-
composite with a high performance in sensing cerium ions in
aqueous solution. The sensing behaviour of the material shows
that it may be used to fabricate sensing devices to be better than
current colorimetric sensors while being cost effective, fast and
reversible.

EXPERIMENTAL

The precursors, graphite and resorcinol were procured from
Aldrich and all other chemicals and commonly available solvents
were purchased from Merck. To detect absorption spectra, a
Shimadzu UV-240 spectrophotometer was used. FT-IR studies
were recorded on Shimadzu Prestige-20 IR Spectrometer.
Scanning electron microscope (SEM) studies were carried out
on JEOL model JSM-6390 and SHIMADZU model XRD-6000
was used to perform X-ray diffraction (XRD). Fluorescence
measurements were taken on a Jasco FP-8200 spectrofluoro-
meter equipped with quartz cuvettes of 1 cm path length. All
absorption and emission spectra were recorded at 25 + 1 °C.
Stock solutions for analysis were prepared at the concentration

of 2 x 10° M for all the metal ions immediately before the
experiments. The solutions of metal ions were prepared from
nitrate salts of Na*, K*, AI**, Cu*, Cd**, La**, Pb**, Zn**, Co*,
Ni**, Ca*, Mn*, Cr*, Ba*, Ce*, Mg”, Fe*, Fe*, Hg*" and
Ag'.

Synthesis of reduced graphene oxide resorcinol nano-
composite (rGO-R): The graphene oxide (GO) was prepared
by a modified Hummers method [36]. It was converted to reduced
graphene oxide (rGO) by using the sodium borohydride as a
reducing agent [37]. Graphene oxide (GO, 0.3 g) was dispersed
in 100 mL of deionized water and sonicated until particulate
matter could not be observed. Then, sodium borohydride (0.4 g)
was added and the mixture was heated in an oil bath at 100 °C
for 24 h. The rGO sample was obtained by repeated centrifu-
gation with deionized water. Further, resorcinol doped was
done in 1:1 ratio [38]. First 500 mg of rGO was dissolved in
100 mL distilled water and sonicated for 0.5 h to make a clear
solution. Resorcinol (500 mg) was dissolved in distilled water
and sonicated for 0.5 h separately to make a clear solution.
After that these two solutions were mixed, transferred to 250
mL round-bottomed flask and kept under reflux (80 °C) for 24
h as a hydrothermal process. The resultant solution was filtered
and kept in hot air oven at 60 °C for an additional 24 h. Then,
the water was fully evaporated and dried to obtain the desired
reduced graphene oxide resorcinol nanocomposite (rGO-R).

RESULTS AND DISCUSSION

Reduced graphene oxide resorcinol nanocomposite (rGO-R)
was prepared by a two step protocol as shown in Scheme-I.
Firstly, the graphene oxide was converted to reduced graphene
oxide (rGO). Secondly, the rGO and resorcinol were mixed
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Graphite

v e

N

. 3
rGO + Resorcinol + Ce™"
Scheme-I: Synthesis of rGO-R nanocomposite and sensing of cerium ions
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Fig. 1. SEM images: (a) resorcinol (b) reduced graphene oxide (c) reduced graphene oxide-resorcinol (rGO-R) nanocomposite

under hydrothermal conditions to obtain the desired reduced
graphene oxide resorcinol nanocomposite (rGO-R).

SEM studies: Fig. 1 explains the various observed
morphological features in the images. The SEM images show
the surface morphology of resorcinol as flakes and reduced
graphene oxide (rGO) as sheets. However, in the case of rGO-
R, it is clearly observed that the resorcinol flakes are densely
adsorbed on the surface of the reduced graphene oxide sheets,
which proves that the resorcinol flakes are adsorbed without
causing any topological changes with the graphene sheets.

FTIR studies: The FTIR spectra show peaks at 1810 cm™
as stretching vibrations for C=0 (Fig. 2) in the case of rGO.
The peaks for C-OH and C-O stretching vibrations exhibit at
1560 and 1126 cm™, respectively and seem to remain intact,
which is caused by remaining carboxyl groups even after
chemical reduction [39]. A very broad peak at 3215 cm™ is
attributed to the O-H moiety and sharp peaks at 1617 cm’
signifies the C=C bonding in resorcinol. Nevertheless, for rtGO-R
nanocomposite the peak is observed at 1607 cm™, a shift from
1617 cm™ may be due to the hydrogen bonding between the
—OH of resorcinol and remaining —C=0 of the rGO. Therefore,
the FT-IR spectra revealed that the resorcinol molecules were
substantially adsorbed on the surface of the rGO sheets forming
the rGO-R nanocomposite.
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Fig. 2. FTIR spectra of resorcinol, reduced graphene oxide and reduced
graphene oxide-resorcinol (rGO-R) nanocomposite

UV-visible studies: The interaction between resorcinol
and rGO was examined by absorbance spectra as shown in
Fig. 3. The absorption peak of free resorcinol has high intensity
and broad in nature. However, the rGO-R UV spectra shows
slightly broadened peak with low intensity on comparison with
resorcinol and no notable shift in the peaks were also observed.
This is suggestive of the mt-T interactions between the rGO and
resorcinol.
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Fig. 3. UV spectra of resorcinol, reduced graphene oxide and reduced
graphene oxide-resorcinol (rGO-R) nanocomposite

XRD studies: In Fig. 4, the XRD pattern of rGO exhibits
a strong peak at 20 = 25°, which correlates to the reduction of
oxygen functionalities and the distance between the graphene
layers. As can be seen, the diffraction peak at 20 = 43° indicates
the short-range order of stacked graphene layers. The same
diffraction peaks can be observed in the case of the tGO-R
nano composites along with additional broad peaks of resor-
cinol around 20 = 18°. This shows that the resorcinol scaffold
is non-covalently adsorbed on the surface of rGO to form the
rGO-R nanocomposites.

Fluorescence studies

Metal selectivity spectrum of rGO-R nanocomposite:
The synthesized chemosensor, rGO-R was utilized for the
detection of biologically and environmentally important metal
ions. Accordingly, rGO-R nanocomposite stock solution (2 x
10 M) was prepared in partial aqueous media under the physio-
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Fig. 4. XRD spectra of resorcinol, reduced graphene oxide and reduced
graphene oxide-resorcinol (rGO-R) nanocomposite

logical pH and it was diluted to the required concentration.
All the metals ions were prepared in 2 x 107 M in aqueous
medium. The final solution of the rGO-R nanocomposite and
metal ions was excited at 273 nm and the spectra were recorded.
The interaction of synthesized rGO-R with metal cations was
studied by fluorescent spectroscopy. The rGO-R receptor
solution (THF-H-O, 1:1 v/v, HEPES 50 mM, pH = 7.4) in the
presence of various metal ions (100 equiv. of each, excited at
273 nm) gave a significant fluorescence enhancement with an
emission maximum at 306 nm during the addition of Ce* to
the solution. Interestingly, this also led to a noteworthy red
shift of the fluorescence intensity to 351 nm from 306 nm,
while it only produced indistinctive changes for other poten-
tially competing metal ions in the metal selectivity fluorescence
spectra (Fig. 5) [40].

5000
3+
4000 f
2
2 Pb*, Ag’, Cu®, Li*, Cd®, La*,
- 24 2+ 2+ 2+ 2+ 3+
< Mg™, Zn"", Ba™", Hg™, Fe™", Fe
8 A® N, Cr™, ca®, Mn®, Na',
g K', Co™, Sf*, "', Rec.
@ 2000
o
=
w
0
283 300 400 500

Wavelength (nm)

Fig. 5. Fluorescence changes of rGO-R nanocomposite (THF-H,O, 1:1 v/v,
HEPES 50 mM, pH = 7.4) in the presence of various metal ions
(100 equiv. of each, excited at 273 nm)

Interference of Ce* with other metal ions: The inter-
ferences by various other metal ions during the detection of

cerium ions were examined through competitive complexation
experiments [41]. The fluorescence change was recorded by
the treatment of 100 equiv. of Ce* ions in the presence of
equiv. of other interfering metal ions. From Fig. 6, it is clear
that there are no prominent fluorescence changes in the receptor
rGO-R nanocomposite solution (THF-H,O, 1;1 v/v, HEPES =
50 mM, pH = 7.4) in the presence of various metal ions (100
equal of each, excited at 273 nm, emission at 283 nm) during
the detection of cerium ions. These results suggest that receptor
rGO-R can be used for the selective detection of Ce™ ion in
real sample analysis.
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Fig. 6. Fluorescence changes of receptor rtGO-R (THF-H,O, 1:1 v/v, HEPES
50 mM, pH = 7.4) in the presence of various metal ions (100 equiv.
of each, excited at 273 nm)

Fluorescence changes with various equivalent Ce**: In
Fig. 7, the fluorescence intensity of receptor rGO-R (THF-
H,0, 1:1 v/v, HEPES 50 mM, pH=7.4) along with the addition
of different amounts of Ce* (0-100 equivalent excited at 273
nm) was recorded. It is clearly seen that during the addition of
Ce* (0-100 equivalent), the fluorescent intensity gradually
increases and gets saturated during the addition of 100
equivalents along with a remarkable bathochromic peak shift.
The results suggested that the fluorescence changes being
observed are directly proportional. This notable red shift may
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Fig. 7. Fluorescence titration of rGO-R (THF-H:O, 1;1 v/v, HEPES = 50

mM, pH = 7.4) solution upon the addition of various equivalent of
Ce™ (0-100 equiv.) (hex = 273 nm, e = 283 nm)
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possibly be due to the blocking of the lone pair of electrons
from the oxygen atoms which are responsible for the photo-
induced electron transfer (PET) quenching. Hence, there takes
place the intramolecular charge transfer (ICT) between the
reduced graphene oxide and resorcinol scaffolds [42].

Time and pH effect: The fluorescence intensity changes
for rGO-R and rGO-R+Ce*" in THF-H,O solution (1:1 v/v) at
different pH values (Aex = 273 nm) are shown in Fig. 8. The
fluorescence intensity is not quite stable for the receptor between
the pH range of 3 to 11, constant quenching and enhancements
are noted. This may be probably due to the protonation and
deprotanation of the free rGO-R receptor [43]. However, the
fluorescence intensity of rGO-R+Ce* complex is relatively
stable at a pH range 7 to 9 with enhanced fluorescence intensity.
Hence, the physiological pH of 7.4 was chosen for all the
experiments.
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Fig. 8. pH effect of rGO-R and rGO-R + Ce* in THF-H,O solution (1:1
v/v, HEPES 50 mM, pH = 7.4) (excited at 273 nm)

Furthermore, for any chemosensor the effective time is
more important for practical applications. Therefore, changes
in fluorescence intensities of tGO-R to Ce™ (THF-H,O, 1;1 v/v,
HEPES 50 mM, pH =7.4) against time was examined. As shown
in Fig. 9 the fluorescence intensity of the receptor increases
with a red shift and reaches the maximum level of saturation
within 2 min. It remains steady for further 10 min upon the
addition of Ce** ions to chemosensor rGO-R. This indicates
that the chemosensor rGO-R selectively detects Ce™ ion in a
short span of time [44].

Reversibility of receptor + Ce*: The analysis for the
reversibility of the binding between the chemosensor rGO-R
and Ce™ in the presence of EDTA in THF-H,O solution (1:1
v/v, HEPES 50 mM, pH = 7.4, excited at 273 nm) was conducted
with utmost precision. From Fig. 10, the disappearance of the
fluorescence signals of rGO-R and Ce** can be seen on addition
of EDTA. This highlights the chelation process between Ce™
with EDTA, which on successful repetition proves to be rever-
sible and completes within 2 min. The reciprocation showed
that it can utilize present probe more than 8 cycles for the
sensing of Ce™" ion [45].
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Fig. 9. Effective time response of receptor rGO-R + Ce** in THF-H,O
solution (1:1 v/v, HEPES 50 mM, pH = 7.4) (excited at 273 nm)
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Fig. 10. Reversibility of receptor rGO-R + Ce** in the presence of EDTA in
THF-H,O solution (1:1 v/v, HEPES 50 mM, pH = 7.4, excited at
273 nm)

Conclusion

In this work, synthesized reduced graphene oxide was
incorporated with organic scaffold, resorcinol (rGO-R). The
novel chemosensor rGO-R was characterized by analytical,
spectroscopic and microscopic techniques which included IR,
SEM, UV-vis, fluorescence and XRD. The interactions between
the chemosensor rGO-R and the metal ions were studied in
detail. The newly prepared chemosensor rGO-R had very good
selectivity for cerium ions, even among interference of other
competing metal ions, showed promising reusable fluore-
scence activity over time, even in varying pH conditions. The
selectivity of cerium ions by the receptor rGO-R takes place
due to the arrest of photoinduced electron transfer process
(PET) which facilitates the intramolecular charge transfer (ICT)
process which eventually led to a bathochromic shift. Therefore,
the above studies pave a path for future applications of rGO
as akey player in the development of fluorescent chemosensors
festooned with organic fluorophores. Further works on the
construction of rGO-organic hybrids are also underway.
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