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Facile synthetic route to exfoliate high quality and
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their applications in SERS and CO, gas sensingt
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A combination of low-cost synthetic route and simplified exfoliation technique to develop high-quality
graphene-based sheets with very large lateral dimensions, which are viable to scale up, remains
a challenging problem. Herein, super-large graphene oxide (GO) sheets with lateral size up to 104 pm
with a surface area of 6831 um? have been developed based on a simple approach using mild heating
conditions, and subsequent deoxygenation yields reduced graphene oxide (rGO) sheets. With the
decrease in number of layers (<10, <5, bi-layer and mono-layer) in GO, the Raman intensity ratio, Ip/Ig
value increases systematically from 0.73 to 0.97. The efficacy of reducing oxygen-containing functional
groups from GO to rGO is confirmed from Fourier transform infrared spectroscopy, X-ray photoelectron
spectroscopy, UV-visible absorption spectroscopy, photoluminescence, and thermogravimetric analysis.
Current—voltage measurements revealed substantial improvement of current by three orders of
magnitude upon reduction of GO to rGO, which is consistent with the significant decrease in charge
transfer resistance in rGO, as revealed from the electrochemical impedance spectra. The large-area GO
and rGO sheets when applied in surface-enhanced Raman scattering (SERS) exhibited a large
enhancement factor of 10* and high detection capability down to a concentration of 10 nM for

Rhodamine B. Furthermore, the rGO incorporated hybrid rGO-SnO, demonstrated ~50% improvement
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Accepted 21st February 2021 in sensitivity for CO, gas sensing as compared to the commercial SnO, based gas sensor. The higher
sensitivity in the rGO case is ascribed to its high surface area, as revealed from the BET analysis.

DOI: 10.1039/d0ra10270a Therefore, the present simplified and economical approach of large-area graphene oxide could

rsc.li/rsc-advances potentially open up a new strategy for industrial-scale production in the future.
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1. Introduction

Following the discovery of graphene,' derivatives of graphene
are intensely appealing to numerous research domains owing to
their distinctive behaviors, such as tunable electrical conduc-
tivity,>® excellent mechanical properties,*® high corrosion
resistance,”™ extremely efficient electrocatalytic activity*>** and
so forth." These unique properties depend on the lateral
dimension and thickness of the synthesized graphene sheets.**
Besides, the limitation for mass production lies in the
complexities involved, related to the requirement of high-cost
equipment for bottom-up synthesis protocol, rigorous

“Centre for Nanotechnology, Indian Institute
Guwahati-781039, India. E-mail: giri@iitg.ac.in

of Technology Guwahati,

*Department of Electronics and Electrical Engineering, Indian Institute of Technology
Guwahati, Guwahati-781039, India

‘Department of Physics, Indian Institute of Technology Guwahati, Guwahati-781039,
India

T Electronic  supplementary
10.1039/d0ra10270a

information  (ESI) available. See DOL

9488 | RSC Adv, 2021, 11, 9488-9504

exothermic reactions, and also several steps associated with the
top-down synthesis method despite having the better potential
for scale-up for the latter process than the former synthesis
route. Furthermore, the need for extreme care during exfolia-
tion for the top-down synthesis protocol to obtain high quality
and large lateral size graphene-based sheets is of significant
concern to implement in wide-scale electronic applications, in
particular its sensing applications.

Exfoliation from chemically synthesized graphene oxide is
cost-effective and most of the functional properties can be
tailored from the degree of oxidation-reduction processes.
Several top-down exfoliation techniques have been reported
emphasizing on the lateral size of graphene sheets, their func-
tional property, practicality to scale up and their viable appli-
cations. There are also reports on electrochemical
exfoliation,***2° ultrasonic exfoliation,>>'2° microwave-assisted
exfoliation,**> and a few studies on shear-mechanical exfolia-
tion,**** hydrothermal* and thermal techniques,*® and
freezing-thawing based® exfoliation, etc. Table 1 collates
various exfoliation techniques for graphene-based sheets,

© 2021 The Author(s). Published by the Royal Society of Chemistry
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Table 1 Summary of techniques used for exfoliation of graphene-based sheets and their features”
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Exfoliation method Nature of solvent Lateral size Applications Reference
Electrochemical DMF 30 pm Flexible electronics 15
Electrochemical Aqueous salt 20 pm Flexible electronics 16
Electrochemical Water 1-5 um SERS 17
Electrochemical Aq. salt 44 pm Flexible supercapacitor 2
Electrochemical Water 740 nm Flexible electronics 3
Electrochemical NMP 10-30 pm Supercapacitor electrodes 18
Electrochemical PC 50 um — 19
Electrochemical Aq. AS >30 pm — 20
Ultrasonic Imidazole 10 pm Supercapacitor 22
Ultrasonic Pyridine <1 pm Mechanical 8
Ultrasonic Water >30 pm Highly conductive film 38
Ultrasonic Aq. salt Up to 30 um Thin film devices 24
Ultrasonic Aq. PTCA 10-12 pm Conductive wire 25
Ultrasonic Aq. salt 5-10 pm Electrochemical sensors 5
Ultrasonic Aq. salt Tens of microns Li-battery electrode 27
Ultrasonic Water/SL/DDAC/DDBAC 100 nm to 1 um — 29
Ultrasonic Aq. salt 100 s of nm to several um Ultracapacitor 28
Microwave Water 30 pm — 30
Microwave CHP/DMF/NMP/ionic liquid 2-7 pm 3D printing 31
Shear force Water 106 pm — 33
Shear force Water 50 pm Energy storage 34
Shear force — 1 um Mechanical 35
Freeze-thaw Anhy. THF/DMSO 4 pm Electronics and energy storage 37
Hydrothermal Aq. glucose 20-100 pm Photodetector 4
Present study Water 104 pm SERS, gas sensor —_

% Aq.: aqueous carbonate, NMP: N-methyl-2-pyrrolidone, PC: propylene, AS: ammonium sulfate, PTCA: perylene tetracarboxylate, SL: sodium
laurate, CHP: 1-cyclohexyl-2-pyrrolidinone, DMSO: dimethyl sulfoxide, THP: tetrahydropyran, DMF: dimethylformamide, DDAC: dodecylamine

hydrochloride, DDBAC: dodecyl dimethyl benzyl ammonium chloride.

nature of solvent used, the resulting lateral size and their
applications.

Although several techniques have been reported to exfoliate
graphene derivatives into few layers of large lateral size, the
hydrothermal method has shown to be promising technique
exhibiting its relative cost-effectiveness, producing excellent
yield with controllable and large lateral size with outstanding
electrical properties. However, this method requires additional
autoclave equipment and the exfoliation processes at high
temperature up to 220 °C. Therefore, there is a further demand
for a simpler and more cost-effective approach to exfoliate very
large lateral dimension graphene-based sheets, exhibiting high
electrical and sensing performances.

Herein, we demonstrate a facile and simple technique at
minimal cost (about 10 times lower than the commonly used
ultrasonic technique) to exfoliate graphene oxide (GO) based on
mild temperature hydrothermal at ambient condition up to
80 °C, which is 3 times lower than the conventional hydro-
thermal method, eliminating the need of high temperature
used in high-pressure hydrothermal method. Subsequently,
reduced graphene oxide (rGO) was synthesized by chemical
reduction/deoxygenation. The morphology and lateral dimen-
sions of the GO and rGO were investigated by optical micro-
scope, field emission scanning electron microscopy (FESEM)
and atomic force microscopy (AFM). The structural quality and
characteristics of GO and rGO were further analyzed using

Raman spectroscopy, X-ray diffraction (XRD), X-ray

© 2021 The Author(s). Published by the Royal Society of Chemistry

photoelectron spectroscopy (XPS), FT-IR, UV-vis absorption
spectroscopy, photoluminescence (PL), thermo gravimetric
analysis (TGA) and Brunauer-Emmett-Teller (BET) analysis.
The electronic and electrochemical behaviors were investigated
from current-voltage (I-V) characterization and electrochemical
impedance spectra. The sensing application of large-area GO
and rGO was also explored using Rhodamine B at low concen-
trations to test surface-enhanced Raman spectroscopy effect.
Furthermore, CO, gas sensing capability was investigated with
rGO-SnO, composite.

2. Experimental details
2.1. Synthesis of graphene oxide and exfoliation

4 g of potassium permanganate (KMnO,) and 0.5 g of graphite
flakes (supplied by Asbury Carbon) were taken in a borosilicate
conical flask. 100 mL of sulphuric acid (98% conc. H,SO,) was
added to the mixture, followed by 0.5 g of sodium nitrate
(NaNOj;). The synthesis steps are illustrated in the schematic
representation in Fig. S1 (ESIf). The solution was stirred occa-
sionally for 14 h, and then it was diluted with 100 mL of de-
ionized water. 4 mL of 30% hydrogen peroxide (H,O,) was
added and stirred mildly. The solution was further diluted with
de-ionized water and made up to 2 L. The precipitate was
allowed to settle overnight. The supernatant liquid was dis-
carded, and fresh de-ionized water was added again and diluted
to make up to 2 L. pH was about 1.8. The solution was allowed to

RSC Adv, 2021, 11, 9488-9504 | 9489
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settle overnight as before and then the supernatant liquid was
discarded. About 400 mL of the sediment solution was left at the
bottom. The sediment solution was taken out for centrifugation
(Legend X1R Centrifuge, Thermo Scientific) at 9000 rpm for 30 min
using 30 mL centrifuge tubes. The supernatant liquid was dis-
carded, and de-ionized water was added to the tubes (pH was
3.6). The solution was washed several times to attain neutral pH
using de-ionized water and filtered using vacuum filtration
(grade 1, Whatman filter paper). The as-obtained graphitic oxide
was vacuum dried at 35 °C for 48 h. All Chemicals (KMnO,,
H,S0,4, NaNOj3, and H,0,) were procured from Merck.

The synthesized GO flakes were exfoliated using two
different techniques; (a) mild heating condition and (b) ultra-
sonication. For mild heating exfoliation, 3 mg of synthesized
GO was added into a 250 mL beaker containing 100 mL of de-
ionized water (Milli-Q) and heated at a constant temperature
of 80 °C for two hours at atmospheric pressure using a hot plate
(Anitech). Notably, the separation of smaller flakes was visible.
The snapshots for the exfoliation stages are shown in Fig. S2
(ESIf). It was cooled down to room temperature. The solution
was centrifuged, subsequently, at 9000 rpm for 15 min,
3000 rpm for 15 min, and 300 rpm for 45 min. Each step is
followed by discarding the supernatant liquid and refilling it
with de-ionized water. However, after the last step (300 rpm),
the supernatant liquid was used for further characterization
and analyses. For comparison, ultrasonic exfoliation was per-
formed using 3 mg of synthesized GO in a 100 mL beaker
containing 50 mL de-ionized water. The solution was sonicated
using a conventional water-bath sonicator (LMUC 2, Labman) for
15 min at a power of 50 W. After uniform dispersion of GO
flakes, it was centrifuged, subsequently, at 9000 rpm for 15 min,
3000 rpm for 15 min, and 300 rpm for 45 min. Similarly, each
step is followed by discarding the supernatant liquid and
refilling it with de-ionized water. The supernatant liquid was
used for further characterization and studies. The graphene
oxide sheets exfoliated using ultrasonication technique and
mild heating-based method are named as UGO and GO,
respectively.

2.2. Synthesis of reduced graphene oxide

The exfoliated GO was reduced to eliminate the defects and
oxygen-containing functional groups partially. The reduction
process was performed by the chemical reduction process. The
reduced GO is named as rGO. The exfoliated GO solution was
drop cast onto SiO, substrate and dried in a hot air oven (ICON
instrument) at 85 °C for 5 h. The dried substrate was immersed
inside a 250 mL beaker containing 10 pL of hydrazine mono-
hydrate in 100 mL de-ionized water, heating at 95 °C for three
hours using a hot plate (Anitech). The rGO material onto SiO,
substrate was taken out and dried for further characterization.

2.3. Characterization techniques

The lateral dimension of UGO, GO, and rGO sheets were
observed using an optical microscope (Leica DM 2500M) in
reflection mode. Microstructural features were studied using
field emission scanning electron microscope (FESEM, JEOL,
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JSM-7610F). High magnification morphology of GO and rGO
was examined using a field emission transmission electron
microscopy (FETEM, JEOL JEM-2100F), operated at an acceler-
ating voltage of 200 kV. The thickness and dimension of the
sheets were further examined by AFM (Bruker, Innova series) in
tapping mode. The crystalline nature and the interlayer spacing
of graphite, GO and rGO were studied from X-ray diffraction
(XRD), Rigaku RINT 2500 TTRAX-III, using CuKa. radiation. The
functional groups present on the basal plane and edge of GO
and rGO were analyzed by Raman spectrometer (Horiba Jobin,
LabRam HR). Before the measurement, the samples drop-cast
onto a Si substrate were focused using 100x optical micro-
scope with a spatial resolution of ~1 pm, and 532 nm laser was
used to excite the sample. Fourier transform infrared (FTIR)
spectroscopy (Perkin Elmer, Spectrum BX) was used to analyze the
functional groups of GO and rGO. Sample preparation involved
mixing of graphene-based materials and KBr powder, and thin
circular pellets were made by using the KBr pellet machine.
Thermogravimetric analysis was performed using HITACHI
STA7200, Thermal analyzer with a heating rate of 5 °C min~*. X-
ray photoelectron spectroscopy (XPS) analysis was performed
using XPS microprobe (PHI X-tool, ULVAC-PHI INC.) with Al Ko
as X-ray source at 20 kv and 54 W. Commercial UV-visible
spectrophotometer (Shimadzu, UV3101PC) was used to obtain
the UV-visible absorption spectra. Photoluminescence
measurement was conducted using a commercial fluorimeter
(Fluromax-4, Horiba) with a xenon lamp source. GO and rGO
samples were excited at 360 nm wavelength. The surface area
and pore volume of graphene-based material was studied using
BET (Brunauer-Emmett-Teller) method using Micromeritics,
TriStar I instrument at 77 K. The specific surface area and pore
volume were calculated from the N, adsorption/desorption
isotherm data. Prior to the experiment, the graphene-based
material was heated at 50 °C for 24 h in an oven.

The I-V measurements were performed using a home-made
set-up with a source meter (Keithley 2400, Germany) and the
data were retrieved using KickStart Instrument control software
(version 1.9.8). Electrochemical impedance spectra were ob-
tained using a Gamry potentiostat instrument (Model: Reference
600+) in a three-electrode system (Ag/AgCl as a reference,
a platinum wire as counter and graphene-based materials drop-
cast onto a platinum disk of 3 mm diameter as a working
electrode). 0.5 M H,SO, was used as the electrolyte. For drop-
casting, the graphene-based ink was prepared using 5 mg of
GO/rGO and mixed with 87 pL of Nafion, 261 uL of ethanol, and
652 pL of de-ionized water. The frequency range was between
0.1 Hz and 10° Hz with a sinusoidal ac amplitude of 10 mV.

Chemical sensing application of UGO, GO, and rGO was
studied using various concentrations of Rhodamine B (RhB,
107" M, 10> M, 10°° M, 10°7 M, and 10~ ¥ M). Comparative
study onto different substrates such as UGO, GO, rGO, and bare
SiO, was conducted to test the surface-enhanced Raman scat-
tering (SERS) effect for RhB detection using the above Raman
spectrometer. CO, gas sensing application is also explored
using the large-area rGO, incorporated with SnO,. The
maximum exposer limit for CO, gas concentration in a toxic
atmosphere is up to 5000 ppm. Therefore, the CO,

© 2021 The Author(s). Published by the Royal Society of Chemistry
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concentration for the present experiment was chosen from
250 ppm up to 5000 ppm. For simplicity and ease of fabrication
and to measure the effect of rGO in CO, gas sensor, the SnO,
thin film was deposited on the hollow-cylindrical shape Al,O;
substrate. Highly diluted 20 pL of rGO solution was drop-cast on
the SnO, thin film and then dried at 85 °C overnight in an oven.
The working voltage for the heating coil for the substrate holder
was 5 V.

3. Results and discussion
3.1. Morphological and microstructural analyses

The typical surface-rippling and wrinkle-shaped structure of the
graphene sheet is clearly seen in the optical image (Fig. 1a).

Helgit (nm)
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Fig. S3 (ESIf) shows optical images for exfoliated flakes of UGO
obtained from conventional ultrasonication (Fig. S3at), GO
from mild condition process (Fig. S3ct), and chemically
reduced GO (rGO) (Fig. S3et) and their corresponding statistical
lateral size distribution, as represented in Fig. S3b, d and f,}
respectively. For the samples prepared by ultrasonication
(Fig. S3at), GO sheets appear smaller in lateral size, and some
are broken further into several smaller pieces. Asymmetric
distribution with a mixture of bigger and smaller flakes,
exhibiting irregular shapes, appears staking and overlapping on
each other. The distribution of lateral size, as shown in
Fig. S3b,T indicates that the majority of the lateral dimension is
4-5 um. In the case of GO prepared by mild heating condition
(Fig. S3ct), the lateral size of the few layers of sheets is

o o8 10 s 20 28
Distance um)

Fig. 1 Higher magnification images of GO and rGO showing the nano-/micro features and diffraction of graphene-based sheets; (a) optical
image showing the dimension of the GO sheet; (b) TEM image for large-area GO sheet with SAED pattern (inset); (c) TEM image for rGO sheet
with SAED pattern (inset); (d) HRTEM nanographs showing interlayer spacing of rGO; (e) magnified pattern for the interlayer spacing of rGO; AFM
images and the height profiles (inset) indicating the thickness of the sheet for (f) UGO, (g) GO and (h) rGO.

© 2021 The Author(s). Published by the Royal Society of Chemistry
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remarkably larger than that of sheets obtained from the ultra-
sonic process. The maximum size obtained is ~104 um, which
is the largest lateral size of GO reported till date, to our
knowledge, using such kind of a facile and simplified mild
condition exfoliation route. However, smaller sheets of thicker
with many stacked layers, illustrated by darker shades, over-
lapping the large dimensional flake are also seen. The corre-
sponding statistical distribution of flakes size evaluated from 54
number of flakes using an optical microscope is presented
(Fig. S3dt). The majority of the flakes are in the range of 40-50
pm. The statistics indicates that the flakes are well separated
and distinguishable enabling the size measurement of the
lateral dimension by end to end demarcation. Fig. S3et exhibits
the flakes for rGO and their lateral size. A very large lateral size
in the range 100-110 um is obtained, as seen at the bottom
portion of the optical image. However, the smaller flakes appear
relatively thicker, as depicted by the darker patches. The
majority of the lateral dimensions are in the range 40-50 pm
(Fig. S3ft). Some of the layers are found to be folded and stacked
in all the images.

The exfoliation of the GO is studied at different operating
temperatures; room temperature (RT, 25 °C), 40 °C, 50 °C, 60 °C,
70 °C, and 80 °C. The optical images of the exfoliated GO sheets
are shown in Fig. S41 (ESIT). GO flakes are seen to be exfoliated
at all the temperatures, and the optimum temperature for GO
exfoliation is 80 °C. At 80 °C, large number of GO flakes are
exfoliated and the super large size of the GO sheets are ob-
tained. If the operating temperature increases beyond 80 °C, it
is expected that the evaporation of the solvent will occur with
more kinetic energy, leading to the break down of the GO
sheets. For the ultrasonic technique, the exfoliation for
different sonication times (5 minutes, 15 minutes, 30 minutes,
60 minutes, and 180 minutes) is analyzed, as shown in Fig. S5
(ESIY). The optical microscopic analysis reveals that it is difficult
to control the size and thickness of the UGO flakes using the
ultrasonication technique. For 5 minutes of exfoliation of UGO
using ultrasonication, most of the graphite oxide flakes are not
exfoliated. After 15 and 30 minutes, the GO flakes break down
into smaller pieces and they exist mostly with multi layered GO
flakes. After 60 and 180 minutes of ultrasonication, the UGO
sheets are almost broken down.

A closer observation in TEM from the portion of large lateral
size GO sheet shows that the sheet has high optical trans-
parency, suggesting the thin graphitic nanostructure (Fig. 1b).
The selected area electron diffraction (SAED) pattern in Fig. 1b
(inset) shows bright diffraction spots, which indicate the crys-
talline structure of GO having (002) plane. However, the blurry/
less sharp spots suggest the presence of functional groups. The
wrinkled nano feature is also preserved in the few layers of rGO
as observed in TEM images (Fig. 1c). SAED pattern shows
polycrystalline nature for rGO having (0 0 2) plane (Fig. 1c
(inset)). However, in the case of rGO, the well-defined bright and
sharp six-fold spots are the hexagonal honeycomb framework of
the graphene skeleton, indicating the restoration of the sp”
character of carbon structure after the removal of oxygen-
containing functional groups during the reduction process.
The crystallinity is confirmed from the distinct lines from

9492 | RSC Adv, 2021, 11, 9488-9504
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diffraction with an interlayer spacing of 0.355 nm (Fig. 1d and
e). The FESEM images of the large-area GO and rGO sheets are
shown in Fig. S6a and b,T respectively. The elemental compo-
sition of the GO and rGO sheets are obtained by using EDX
technique (Fig. Séc and df). The oxygen composition of rGO is
7.1%, which is reduced from 34.4% in GO, corroborating with
the information from the XPS analysis discussed later. The high
content of the oxygen and carbon elements confirms the proper
GO.

To study the thickness of GO and rGO layers, selected flakes
drop-cast onto SiO, substrate were scanned in AFM and the
cross-sectional height profile is shown in Fig. 1f-h. The thick-
ness of the ultrasonically exfoliated (UGO) sheet is shown to be
1.3 nm from the height profile analysis (Fig. 1f). For mild
temperature exfoliated GO, the thickness is found to be 1.6 nm
(Fig. 1g). Ideally, ~0.34 nm should be the thickness of a single
carbon layer in graphene. However, slightly thicker layer for GO
as compared to that of van der Waal's thickness of ~0.34 nm is
due to the presence of surface oxygen functional groups and
displacement of sp® hybridized carbons below and above the
planar graphene framework.”” Single-layer characteristics of
graphene oxide with thicknesses of 1 nm,*” 1.10 nm,* 1.20 nm,*
and 0.75 nm (ref. 34) were reported. The variation of the re-
ported thickness values is due to the instrumental offset error,
substrate effect, and physisorption of unwanted impurities.
Reports by Gee et al. and Tang et al.'>"” have indicated that the
thickness value of ~2.2 nm is the characteristics of a two-layer
graphene sheet. Therefore, in this study, mono-layer GO can
be confirmed both from mild heating (thickness of 1.6 nm) and
ultrasonication (thickness of 1.3 nm) techniques. Various
dimensions of flakes having a single layer or few layers of GO
are distributed without significant lateral agglomeration. Lower
magnification AFM micrographs scanned over the large surface
area of 100 x 100 um” is shown in Fig. S7 (ESIT). In the case of
UGO (Fig. S7at), multiple numbers of UGO flakes are present in
the area of 100 x 100 pum?, but mild heating-based GO
(Fig. S7bt) and reduced rGO (Fig. S7ct) exhibit single sheet in
the area of 100 x 100 pm?. Interestingly, the thickness of rGO
(0.5 nm) is much lower than the GO sheet (shown in the
thickness profile corresponding to Fig. 1h), depicting the
absence of/minimized oxygen-containing functional group on
the basal plane. The mono-layer rGO is also confirmed from the
AFM analysis.

The mechanism for the mild temperature exfoliation is
presented in Fig. 2. It is proposed that the water molecules gain
kinetic energy owing to the gradual heat supply, which facili-
tates to enter and adsorb or intercalate between the layers of
GO. The entrance of the intercalating molecules could orient
towards the electrostatic interaction with the opposite charge of
the oxygen attached as a functional group onto basal GO plane
and edge sites, thereby weakening the m-m interlinkage
between the layers which eventually decrease the van der Waal
forces between the layers. On attaining sufficient heat energy,
the intercalated molecules forming hydrogen bonding with the
oxygen-containing functional group enhances susceptibility to
exfoliate large lateral size sheets due to reduced van der Waal
force between the two layers of GO as compared to graphite.

© 2021 The Author(s). Published by the Royal Society of Chemistry
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Fig. 2 Proposed mechanism for the mild heating and mechanical-
assisted exfoliation of graphene oxide.

Besides, exfoliated GO could also augment further exfoliation
for other thicker flakes as evidenced from physical observation
during the process wherein fragmented thinner flakes rise on
gaining kinetic energy and subsequently strike other thicker

(a)
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flakes. This GO mediated-exfoliation occurs mechanically,
arising from temperature-assisted momentum. Chong et al.**
reported on the GO-assisted mechanical exfoliation of graphite
using the hydrothermal method. However, we adopted the
ambient pressure mild heating condition without using high-
temperature and high-pressure autoclave reaction. Hence, the
present simplified exfoliation technique could be a combina-
tion of mild temperature heating, augmenting the intercalation
between GO layers, and the fragmented GO-mediated mild
mechanical exfoliation.

3.2. Structural and chemical features of GO and rGO

Fig. 3a shows the XRD pattern for graphite flakes, GO and rGO.
The sharp peak located at 26 = 26.7° corresponds to graphite,
with layers stacking upon one another. The interlayer spacing,
calculated using Bragg's law (nA = 2d sin 6) is 0.33 nm. The
observed peak is from the reflection of the basal plane (0 0 2)
which is the characteristics of m—m stacking of the graphite
layers.*® The broad peak at 26 = 11.3° corresponds to GO with an
increased interlayer spacing of 0.782 nm. The shift of 20 value
towards the lower side and the change in interlayer spacing to
higher numbers indicate the presence of intercalated oxygen-
containing functional groups on the upper and lower sides of
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Fig. 3 Characteristics of GO and rGO from various analyses; (a) XRD pattern; (b) Raman spectra indicating the typical D and G bands and their
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the graphene oxide sheet, thereby expanding the interlayer
spacing. The new shifted XRD pattern infers that the long-range
periodicity and orderliness are modified along the c-axis'® due
to distorted intrinsic structure and defects created during the
oxidation. Furthermore, the peak becomes broader owing to the
decrease in crystallite size, according to the Scherrer equation,
which defines that the crystallite size is the reciprocal of the full
width at half maximum. Hence, it indicates that the sheet size
of GO is decreased as compared to that of graphite. For rGO,
there is a upshift in the peak from 26 = 11.3° to 26 = 23.5°, and
the corresponding interlayer spacing is 0.35 nm. The decrease
in the d value indicates the proper reduction of the oxygen-
containing group. During the reduction process, as the
oxygen-containing group is reduced, the interlayer spacing is
reduced, as expected. It is worthy to note that although the peak
position in rGO changes towards a higher 26, the broadness of
the peak does not change significantly as compared to GO,
suggesting that the sheet sizes do not vary substantially.
However, the restoration of sp” carbon skeleton occurs in rGO.

Raman spectra revealing the functional group, defects and
bonding characteristics for graphite, GO and rGO are shown in
Fig. 3b. A sharp peak at 1582 cm ™" corresponds to the lattice
framework of sp> honeycomb carbons in graphite. The evolu-
tion of another prominent peak occurs at lower wavenumber for
GO in addition to the original peak, comprising of two peaks (D-
band at 1358 cm ™' and G-band at 1607 cm™'). D-band arises
from breathing modes of six-atom ring activated by structural
defects/disorder or interruption in the symmetric sp* carbon
bonds. The increase in intensity for D-band in GO as compared
to graphite is attributed to oxidation-induced distortion of
continuous sp® plane. G-band is due to the in-plane lattice
vibration of sp’ carbon atoms, particularly arising from E,,
phonon at the Brillouin zone center.* The intensity ratio (In/lg)
is a measure for the degree of defects in graphene materials;*
Ip/Ig = 1.6 is calculated from the GO spectrum, indicating the
presence of defects on the basal carbon framework. There is
a slight shift of G-band towards the higher side owing to the
stress formed by bonding with the functional group during the
oxidation process. The evolution of disorder-induced Raman
spectra of carbons along an amorphization trajectory can be
classified into three stages: (1) graphite to nanocrystalline
graphite; (2) nanocrystalline graphite to low sp® amorphous
carbon; (3) low sp® amorphous carbon to high sp® (tetrahedral)
amorphous carbon.***! In the present study for GO and rGO,
stage 1 and stage 2 are more relevant. In stage 1 and stage 2 (a)
appearance of D-band occurs, consequently, I,/I; increases; (b)
D-band and G-band broaden; (c) emergence of oxygen-
terminated nanocrystalline carbon band within D-band and
amorphous sp® carbon merged with G-band as represented in
fitted spectra in Fig. 3c. Detailed analysis of bands by fitting the
Raman spectra for GO sample shows D' band at 1238 cm™"
corresponds to oxygen-terminated nanocrystalline diamond. D*
band at 1355 cm ' relates to the symmetric breakdown of
structure. D® band at 1541 cm ™" correlates with amorphous sp*
carbon and G-band at ~1603 cm ™" is attributed to sp> bonded
carbon atoms. In the case of rGO, the absence of D' is an
indication for the elimination of the oxygen group, which
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eventually restores the ordered hybridized sp* carbon frame-
work (Fig. 3c). In Fig. 3b, D-band occurs at 1352 cm™ ' and G-
band appears at 1601 cm™ . Reduction of the D peak intensity
in rGO as compared to GO indicates the reduction/removal of
oxygen-containing functional groups or healing of structural
defects during exfoliation. Furthermore, a slight shifting of G-
band towards the lower frequency side occurs due to the
emergence of graphitic sp> order. The quantitative confirmation
of the degree of oxygen removal comes from the decrease in the
value of I/l (0.8 for rGO), as compared to GO. The Raman
scattering mapping for rGO is shown in Fig. S8 (ESI}). The
Raman scattering was measured on the large surface area of
rGO sheet (50 x 50 pm?) (Fig. S8af). The cumulative Raman
scattering signals (Fig. S8b7) for rGO sheet were obtained from
the D and G bands. The uniform distribution of the intensity of
Raman signals (D and G) were acquired. The intensity of the D
band is in the range from 5500 to 7500 counts, and the intensity
of G band is in the range from 7000 to 9000 counts. Using the
Raman mapping measurement, rGO sheets of high quality and
super large lateral size are confirmed.

Identification of various in-plane and edge oxygen functional
groups in GO and rGO are further confirmed from the FTIR
analysis. Fig. 3d represents the FTIR spectra of GO and rGO.
Most of the peaks are concentrated in the range from 1000 to
2000 cm ™', which reveals the characteristic absorption bands of
GO and rGO formation. The bands associated with the various
oxygen functional groups and sp carbons can be distinguished
from the FTIR spectrum. In the case of GO, a weak shoulder at
1035 ecm™ ' correlates with carbon-oxygen (alkoxyl); distinctive
band appeared at 1226 cm ™' corresponds to the carbon-oxygen
vibration, 1403 em " band is assigned to the -OH in-plane
bends (deformation), 1564 cm™ " band corresponds to the sp®
C-C stretching, low-intensity band at 1593 cm ™" corresponds to
the sp> C=C and 1753 cm™ " band is due to the presence of
carbonyl group. Carbon-hydrogen bond character is shown in
the band centered at 2363 cm '. In the case of rGO, the
significant reduction of the band between 1000 cm™ ' and
1500 cm ™', as compared to GO spectra, suggests the removal of
weakly bonded carbon-oxygen groups, which indicate the
effectiveness of nullifying the defects. Shoulder correlated to
alkoxyl at 1035 cm™ " is absent and a significant band corre-
sponding to carbon-oxygen vibration at 1226 cm ™" is missing.
However, there are weakly absorbed bands at 1108 cm ™" due to
C-O stretching; the band at 1160 cm ™! is attributed to C-O-C
stretching; the band at 1453 cm™ " is due to C-OH; 1564 cm ™'
band corresponds to the sp® C-C stretching and the clear band
at 1634 cm™ " corresponds to C=C stretching and the weak
band of the carbonyl group is found at 1743 cm™ . Thus, the
weak bands in rGO as compared to GO indicate the removal of
defects induced by the oxygen functional groups, which
corroborate with the results from XRD and Raman analyses.

Bonding characteristics are further supplemented by XPS
analysis, as shown in Fig. 4. The bonding elements are
predominantly carbon and oxygen as indicated by two
pronounced peaks exclusively from C 1 s and O 1 s (Fig. 4a and
b). The raw data mainly consists of two peaks; the carbon basal
plane and the oxygen-containing functional groups. However,

© 2021 The Author(s). Published by the Royal Society of Chemistry
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the deconvoluted spectra contain several peaks corresponding
to C=C, C-0O, C=0 and O-C=0. For GO (Fig. 4a (inset)), the
peak centered at 283.8 eV is assigned to C=C. The second peak
(raw data) centered at ~286.5 eV, containing C-O (epoxy and
hydroxyl groups), C=0 and O-C=0 bond characteristics, has
high intensity (precisely, C-O — 286.3 eV, C=0 — 288 eV, and
0-C=0 — 288.9 eV). In contrast, in the case of rGO (Fig. 4b
(inset)), a sharp decrease in the second peak, correlated to
combined peaks for C-O and C=0 at 286.3 eV and 288.3 eV,
respectively, infers the reduced state of rGO by removing the
significant oxygen-containing functional groups attached to the
carbon framework. Besides, the peak for O-C=0 is suppressed
in rGO, indicating the removal of the labile carboxylic group
completely during the reduction process. Furthermore, sp”
character for carbon in rGO is revealed from the peak corre-
sponding to C=C at 284.5 eV, which confirms the efficacy of the
reduction. The C/O ratio for rGO is 3.66, which is much larger
than that of GO (0.417) as calculated from peak relative maxima
of C 1s and O 1s, suggesting the minimal oxygen content on the
reduced state of rGO, which agrees with the comparative anal-
ysis for the presence of oxygen-containing functional groups by
the other techniques.

The UV-visible absorption spectra for GO and rGO are shown
in Fig. 5a. For GO, a strong absorption peak at 230 nm can be
assigned to ® — m* transition or m-plasmon resonance
common for extended sp” conjugated carbon sheet (C=C
present within the aromatic sp® hybridized carbon frame-
work).?® A slight hump-like shoulder is also seen at 303 nm,
which corresponds to n — w* from oxygen-containing func-
tional groups. The presence of oxygen-containing functional
groups is evident from the absorption spectra of GO. The
redshift of the peak at 260 nm for rGO shows restoration of sp”
character predominantly from @ — w* transition of C=C
without the presence of oxygen-containing absorption peak, as
compared to GO spectrum, suggesting the deoxygenated rGO.
The low energy transition corroborates with the previous

© 2021 The Author(s). Published by the Royal Society of Chemistry

results, indicating the reduction of defects, thereby decreasing
the energy bandgap.

The PL spectra of GO and rGO are shown in Fig. 5b-d. A
significant difference in the evolution of the spectra is observed
between the two samples, GO and rGO (Fig. 5b). GO has a broad
peak, and the fitted spectra consist of three peaks centered at
620 nm, 504 nm, and 450 nm (Fig. 5c), arising from the
disorder-induced defect states due to the sp® character of
carbon with oxygen-containing functional groups attached to
graphene carbons. The presence of oxygen can increase the
number of (C-OH) and (C-O-C) bonds as a result of the rear-
rangement of oxygen and oxygen-containing functional groups
with carbons, which consequently enhance the transfer of
resonance energy from O sites to the sp> clusters in the gra-
phene lattice, contributing to a broad PL emission.** In general,
the significant number of defect states present in the GO
sample within the 7t — 7* results in the broad PL spectrum. It
should be noted that these defect states are distributed broadly
at lower energy as well as at the higher energy within the
bandgap between 7 (analogous to valence band) and 7* (anal-
ogous to conduction band). Theoretically, the transition within
7™ — w* is caused by p, states oriented perpendicular to the
planar graphene. On reduction, oxidized sp® carbon responsible
for the distortion is transformed to sp” carbon clusters, thereby
decreasing the number of defect states in rGO, which results in
the decrease in intensity (Fig. 5b) as well as the absence of PL
peak at 620 nm (Fig. 5d), as compared to GO spectrum. The
increased number of cluster-like states from the newly formed
sp®> domain have higher energy than the defect states, which
correspond to the emission peak at a shorter wavelength, i.e.,
higher energy 450 nm. This phenomenon is consistent with the
mechanism explained by Chuang et al.** and Chien et al.®® A
significant drop of the intensity of 450 nm peak confirms the
reduction of a number of defect states in rGO attributed to more
sp® character in the carbon skeleton. The drastic reduction in
the PL intensity from GO to rGO confirms that the present

RSC Adv, 2021, 11, 9488-9504 | 9495
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reduction process is stronger than other photoreduction
techniques.

TGA/DTG profiles of GO and rGO further provide evidence
for the presence of functional groups and their thermal
response in terms of change in weight, as shown in Fig. 5e and f.
The TGA/DTG data were acquired with a heating rate of
5°C min~" in the presence of nitrogen gas. For the GO sample
(Fig. 5e), three stages can be assigned in the thermogram; the
first stage corresponds to evaporation of water (below 100 °C)
adsorbed onto the GO or intercalated between GO layers;
secondly, the loss of more labile carbon oxide-based gas (100-

9496 | RSC Adv, 2021, 11, 9488-9504

220 °C) and thirdly, the removal of relatively more inert carbon
oxide-based gas (220-290 °C). DTG peaks show pronounced
bands centered at 60 °C, 191 °C, and 242 °C. The DTG peaks at
60 °C, 91 °C, and 242 °C correlate to the first, second, and third
stages, respectively, due to the loss of moisture and decompo-
sition of unstable oxygen-containing functional groups
(hydroxyl and epoxy groups). In the first stage/zone, a weight
loss of 9% of the initial weight in the form of water is observed.
In the second zone, 32 wt% is lost, which is attributed to the
escape of CO, and CO gases and subsequently, 5 wt% is lost in
the third zone due to the release of CO, and CO. These results

© 2021 The Author(s). Published by the Royal Society of Chemistry
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are consistent with the reported works'”***¢ which describe the
three zones for weight reduction owing to loss of water, loosely
bound oxygen, and relatively inert oxygen. Tang et al'
explained that the weight loss in the second stage was origi-
nated from the decomposition of the oxygen-containing group,
resulting in a mixture of CO, and CO where CO, dominates.
However, in the third stage, CO dominates during the weight
reduction process, originated from CO, and CO. In rGO (Fig. 5f),
the weight loss is gradual up to 410 °C and only 4 wt% is lost
over this wide temperature window. The broad DTG band at
100-400 °C represents the negligible loss of adsorbed water, in-
plane oxygen functional groups, and COOH related functional
groups. Interestingly, as compared to the GO, DTG for rGO
peaks at 522 °C and 706 °C are due to the removal of more stable
carbonyl groups and breaking of sp> carbon bonds, respectively.
A similar observation was reported by Sundramoorthy et al.,**
describing the two major weight loss features attributed, firstly,
to the decomposition of the dangling oxygenated compounds
and secondly, the graphene itself. The DTG profile of rGO
reveals the removal of many oxygen functional groups and
restoration of graphitic sp® carbon framework and subse-
quently, it is broken on further heating. It appears that rGO has
lower thermal stability as compared to GO as seen by the rapid
decrease in weight at elevated temperature. E. M. Deemer
et al.,*® reported that the weight losses above 625 °C are due to
the rapid combustion of the carbon skeleton. Hence, the
removal of the labile oxygen-containing group is confirmed in
both GO and rGO.

In order to understand the surface area of the graphene-
based materials rendering active sites for gas interaction with
large-area GO and rGO, BET analysis was conducted, as shown
in Fig. 6, depicting the adsorption/desorption isotherm in N,
environment. rGO sheets exhibits the typical Type IV charac-
teristics with slight hysteresis (Fig. 6b), indicating its meso-
porous nature with more active sites available for gas to
interact, while the GO shows a comparatively flat curve (Fig. 6a).
The calculated surface areas for GO and rGO are 0.0993 m> g~
and 87.256 m> g, respectively. Thus, the specific surface area
of rGO is much higher than the GO. Pore size distributions for

© 2021 The Author(s). Published by the Royal Society of Chemistry

GO and rGO are shown as insets Fig. 6a and b, respectively. The
majority of pore width for GO and rGO are 2.6 nm and 3.5 nm,
respectively. However, the rGO contains additional pores of
higher sizes. Micropore volumes analysed from BET for GO and
rGO are 0.000254 cm® g~ ' and 0.024595 cm® g, respectively.
The presence of more interaction sites is evidenced by the larger
surface area of rGO compared to GO. The low surface area of GO
shows highly interrupted flow of electron; thus, GO is electri-
cally less conductive material*> as compared to rGO which is
further discussed in Section 3.4.

3.3. Layer analysis of GO: correlation of FETEM, AFM and
Raman spectral analyses

The thickness of the GO sheet determined from the FETEM and
AFM imaging are shown in Fig. 7. The number of layers in each
sheet can be obtained from the thickness as mentioned earlier.
Correlation between the number of layers and Raman spectra
was analyzed. The Raman spectra were measured on the known
thickness of GO sheets using the same sample. The mono-layer
and bi-layers of the exfoliated large-area GO are shown in
FETEM images (Fig. 7a and b, respectively). The thickness of the
mono-layer and bi-layers of GO are calculated using the Image]
analyzer (~1.6 nm and ~4.2 nm, respectively). Further, the
thickness of the mono-layer and bi-layer GO are obtained from
the AFM imaging and height profile measurement as shown in
Fig. 1g and 7c¢ (~1.6 nm and ~2.9 nm, respectively). The
thickness of the mono-layer is consistent in both the FETEM
and AFM analyses. However, bi-layer does not show exact values
in FETEM which could be due to the instrumental error. The
different thicknesses corresponding to layers of GO sheets as
obtained from AFM, such as mono-layer (~1.6 nm, Fig. 1g), bi-
layers (~2.9 nm, Fig. 7¢), <5 layers (~7.2 nm, Fig. 7d), <10 layers
(~14 nm, Fig. 7e), >10 layers (~20 nm), and graphite oxide
(bulk) are analyzed in correlation with Raman spectra using
intensities of Si0, peak (~950 cm ™ '), D peak (~1333 cm ™), and
G peak (~1603 cm ') and the corresponding ratio of Ip/Ig, red
shift of G peak and blue shift of D peak, as shown in Fig. 7f-i.
The cumulative Raman spectra for the different layers of GO

sheets are plotted in Fig. 7f in the range 850 cm™ ' to 1750 cm ™",

RSC Adv, 2021, 11, 9488-9504 | 9497
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and the changes in Raman spectra based on no of layers are
shown. In agreement with the reported analyses on the gra-
phene layers,***° when the number of GO layer increases, the Ip/
I ratio decreases linearly from 0.97 to 0.73 (Fig. 7g) in which G
peak has redshift from 1602 cm™* to 1586 cm ™', whereas the D

9498 | RSC Adv, 2021, 11, 9488-9504

peak has a blue shift from 1333 cm ™' to 1345 cm™* (Fig. 7h).
The intensities of the D and G peaks increase from mono-layer
up to <5 layers and then decrease afterward, whereas the
intensity of the SiO, peak ~950 cm ' gradually decreases
(Fig. 7i) as the thickness of the GO layer increases.*>** From the

© 2021 The Author(s). Published by the Royal Society of Chemistry
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in Table 2).

analysis, it can be concluded that the mild heating-based
exfoliation of GO has exfoliated various thicknesses of large-
area GO sheets.

3.4. Electronic and electrochemical behaviors of large-area
GO and rGO

I-V characteristics for large-area GO and rGO are shown in
Fig. 8a and b. The I-V characteristic of the GO and rGO sheets
are measured by using the interdigital electrode (IDE) pattern
on the sheets. The IDE patterning on the GO and rGO sheets is
fabricated using the lithography technique shown as a sche-
matic diagram in Fig. 8a (inset). The channel width of the IDE
pattern is 1 um, which is shown in Fig. 8b (inset). Non-linear
ohmic characteristic is exhibited for GO, which is due to the
non-ohmic contact formation. This is primarily attributed to the
reduction of electron flow rate owing to the presence of func-
tional groups. The sp’ character bonds and defects arising from
the oxidation disrupt the transport of charge carriers through
graphene sp” networks and/or discontinuities between the sp”
domains, reducing electron mobility and electrical conduc-
tivity.”> The electron transport is more of hopping type than
ballistic transport. For rGO, the current flow rate is significantly
improved from pA to milliampere, which is three orders of

© 2021 The Author(s). Published by the Royal Society of Chemistry

magnitude higher, arising from the good ohmic contact
formation of rGO as confirmed from the linear I-V curve. The
recovery of the sp> graphitic plane with increasing in the delo-
calization of electron in C=C, thereby augmenting the electron
flow rate by removing the functional groups during the reduc-
tion process is evidenced from the I-V curve. The I-V charac-
teristic of rGO is comparable to that of pristine graphene and
other reported literature.>

The schematic diagram for the three-electrode system used
to acquire the electrochemical impedance data is shown in
Fig. 8c. The electrochemical impedance spectra for GO and rGO
are shown in Fig. 8d. The large dimension of the impedance
curve in the Nyquist plot for GO as compared to rGO reveals the
large resistance to charge transfer at the interface of the
graphene-based electrode and electrolyte (impeding the flow of

Table2 Electrochemical impedance spectroscopy parameters for as-
grown large-area GO and rGO sheets

Samples Rs (Q) Cp (uF) R, (Q) Cet (UF) Re¢ (Q)
GO 9.71 0.51 148.7 1.4 958.3
rGO 11.86 1.06 69.19 1.56 193.2

RSC Adv, 2021, 11, 9488-9504 | 9499
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electron). The smaller impedance arc for rGO indicates higher
conductivity in rGO than the GO. The charge transfer resistance
(Ree) for rGO is 193.2 Q, which is five times lower than the GO
(958.3 Q), suggesting the high conductivity of rGO across the
interface, subsequently, transferring the charge along the
carbon framework and through the base substrate of the
working electrode. The EIS results are tabulated in Table 2 as
obtained from the fitting using the equivalent circuit (inset in
Fig. 8d). Solution resistance (R;) is nearly consistent when
immersed with rGO and GO samples as working electrodes.
However, pore resistance (R,) of rGO (69.19 Q) and GO (148.7 Q)
are slightly different, which could be attributed to the inherent
surface inhomogeneity and unavoidable variation in the local-
ized nano/micropores created during the process for drying of
the drop-casted electrode. ‘C.¢’ and ‘C},’ represent the respective
capacitance for R, and R,. Overall, rGO prepared in this
investigation has demonstrated excellent electronic and
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electrochemical properties as depicted from the results of I-V
characteristics and electrochemical impedance responses.

3.5.
rGO

SERS-based sensing applications of large-area GO and

Surface-enhanced Raman scattering (SERS) is a highly-sensitive
and promising Raman spectroscopy technique, enabling
significant enhancement of Raman signals of adsorbed analyte
molecules on an engineered surface.* Usually, metallic nano-
particles, such as Au, Ag coated glass/SiO, substrates are used as
SERS substrate to enhance the Raman signal of analytes, which
have very weak Raman signal. More recently, semiconductors
have also been used as SERS substrates, where the enhance-
ment factor is much lower than that of metallic SERS substrates.
Rhodamine B (RhB) molecules are highly fluorescent in nature
and have a very weak Raman signal. The intensity of the Raman
signal for RhB molecule can be enhanced on the GO and rGO by
using SERS technique. The efficacy of UGO, GO, and rGO in

(b)
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(b) rGO substrate; (c) Raman spectrum analysis of 10~* M concentration

of RhB on GO substrate; (d) Raman intensity for RhB (1647 cm™?) peak for UGO, GO, and rGO substrates at different concentrations.
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sensing the low concentration of RhB is studied using the SERS
technique, as represented by Fig. 9 and S9 (ESIt). RhB at
a concentration of 10~* M has no Raman signal when placed on
Si0,/Si substrate. However, with GO and rGO as substrates, the
enhancement of Raman intensity is observed, indicating the
detection of RhB on the substrates. The prominent peak at
1647 cm ! is taken as the detection signal for the UGO, GO, and
rGO materials. With the initial concentration of 10™* M of RhB,
the sharp peak at 1647 cm ™" is observed for all the substrates of
UGO, GO, and rGO. The peaks with indexing values of relevant
Raman shifts of the GO substrate is shown in Fig. 9c. On
diluting the RhB to 10~> M there is a decrease in the peak
intensity as indicated in Fig. 9d, showing the change in the
intensity of the peak at 1647 cm ' as a function of the
concentration of RhB for all the three substrates. On further
diluting to 10~ ® M, there is still detection of RhB with lower
intensity of the peak. Furthermore, significant detection is
observed down to the concentration of 10~” M for GO and UGO.
Interestingly, the detection is observed down to a concentration
of 107® M RhB for rGO substrate. However, the peak at
1647 cm ™' disappears on subsequent dilution to 108 M for
both GO and UGO substrates. Thus, the GO, and UGO have
better Raman signal for the lower concentrations of RhB down
to 1077 M. It is clear that the mild heating-based exfoliated GO
sheets exhibit the high enhancement of the Raman signal as
compared to the ultrasonic-based UGO. It is observed that there
is a sudden enhancement of Raman signal for the 107 M of the
RhB molecules on UGO substrate. The detection of RhB on GO
and rGO substrates even at lower concentrations indicated by
the amplification of the Raman signal is contributed by the -7
stacking as well as from the local electric field generated by sp®
carbon domains. The enhancement of the Raman signal is also
explained when LUMO levels of the RhB are aligned or closer to
the Fermi Energy level of the graphene-based substrates.>
Recently, Das et al. demonstrated high SERS sensitivity of
nitrogen doped graphene quantum dots.>

The mechanism of the SERS is contributed mainly by two
components; electromagnetic enhancement and chemical
enhancement.* The electromagnetic enhancement arises from
the localized electromagnetic field of metallic nature. The
chemical enhancement factor is due to the charge transfer
phenomenon. In the present case, the electromagnetic
enhancement is negligible due to the semiconducting nature of
GO and rGO, and the primary reason for the enhancement is the
charge transfer between the GO or rGO and the RhB molecules.
The -7 stacking between GO or rGO and RhB molecules could
assist better interaction between them, which increases the
charge transfer from the substrate to the adsorbed molecules.
In the SERS measurement on the GO substrate, the enhance-
ment of the signal is obtained in all the peaks including G-band
and D-band. However, the G-band and D-band are subtracted to
illustrate the Raman pattern for RhB. GO which has several
defects due to the presence of functional groups has higher
enhancement in Raman peak as the interaction sites increase to
combine with more RhB molecules as compared to rGO.

The enhancement factor (EF) for SERS is a useful parameter
for studying the effect of substrates for SERS of a material. It is

© 2021 The Author(s). Published by the Royal Society of Chemistry
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commonly defined as the ratio of the SERS signal intensity to
the intensity of Raman signal under identical conditions (e.g
laser power, data accumulation time, concentration of the
analyte) on different substrates.”> Most acceptable mathemat-
ical formula for the calculation of EF is given below, with
varying concentrations of the analyte studied on different
substrates

I G
EF — fsers (R

I Csers

where, Isggs is the peak intensity of the SERS signal on GO/rGO
substrate at 1647 cm ™', Cgggrs is the concentration of the RhB
for measuring SERS signal on GO/rGO substrate, Iy is the peak
intensity of the Raman signal for RhB on SiO, base substrate, Cg
is the higher concentration of the RhB up to which Raman
signal is detected on SiO, base substrate.

To simplify the calculation of the EF, the same volume of
solution and experimental parameters are maintained, such as
laser excitation wavelength (532 nm) and laser power (5 mW),
accumulation time (10 seconds). The concentration of RhB for
SERS measurement is 10 * M and the higher concentration of
RhB up to which Raman signal is detected on SiO, base
substrate is 10> M, which is shown in Fig. S9b.T The volume of
the solution used to drop-cast on both substrate samples is 5
uL.

So, the value of the EF for rGO at 10~ * M concentration of
RhB is given by,

7750/107*

F= 1~ =3137
247/102

So, the EF value of the rGO substrate for RhB is 3.137 x10° at
1647 cm ™' for 10~* M concentration of RhB using laser excita-
tion of 532 nm. The EF values of the GO and UGO substrates are
calculated to be 9.482 x10° and 7.759 x10%, respectively, for
10~* M concentration of RhB at 1647 cm™ " using the same laser
excitation. Thus, the EF value for GO is about three times higher
than that of rGO, and it is about 1.22 times higher than UGO.
Thus, the GO has better enhanced the Raman signal of the RhB
molecules as compared to that of rGO. This enhancement of the
Raman signal may be due to the interaction between the RhB
molecules and functional groups present on the GO sheets. EF
values for various substrates at different Raman peaks are
shown in Table S2 (ESIt). Interestingly, the EF value calculated
here is the highest among the reported values for GO. Usually,
the reported EF corresponding to the chemical enhancement is
only ~10°, which is about one order of magnitude lower than
the value observed here for GO. Thus, the large-area GO and
rGO flakes developed in this work by the simplified technique
can be applied as substrates in sensing low concentration
molecules using SERS/graphene-enhanced Raman spectroscopy
(GERS) technique.

3.6. Application of large-area rGO in CO, gas sensing

CO, gas sensing characteristics of rGO incorporated SnO,
composite material is shown in Fig. 10. During the exposure to
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calibrated CO, gas (ON stage), the resistance corresponding to
the response from the rGO-SnO, composite is higher than the
pure SnO, for 5000 ppm of the gas. The change of resistance for
pure SnO, material at 5000 ppm of CO, is 217 Q, whereas the
change of resistance for the rGO-SnO, composite is 325 Q.
Thus, the rGO-SnO, composite has a sensitivity 50% higher
than that of only SnO, based sensor, which is very significant for
practical application. The change in the resistance can be
explained by the oxygen adsorption theory, which is the most
commonly accepted mechanism for gas sensing. The electrons
from the conduction band of the composite material are
transferred to the exposed CO, gas molecules. This leads to the
depletion of the charge carrier in the conduction band of the
composite material, thus, increasing in the resistance of the
sensing devices during the CO, exposer. The transferred elec-
tron is released back to the conduction band after evacuation of
the CO, gas from the chamber. Haocheng Ji et al. reported more
details in the similar gas sensing mechanism of metal oxide.*®
During the ON and OFF stages, the response and recovery times
for both the materials are not much different. The CO, gas is
measured in different concentrations at 5000 ppm, 1000 ppm,
500 ppm, and 250 ppm and the sensitivities of the composite
are 9%, 4%, 2%, and 1%, respectively, as shown in Fig. 10a. The
response time (t,) is 20 s and the recovery/decay time (7q4) is 40 s
(Fig. 10c). In all the concentrations, the recovery time is about
twice the response time (Fig. 10d). Overall, rGO has a significant
contribution to improved CO, gas sensing when incorporated
with SnO, as compared to pure SnO, sensor used commercially.
Thus, the large-area rGO developed here by the simplified
technique is promising for CO, gas sensing applications.

8

(a) (b)
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Fig. 10 (a) CO, gas sensitivity in different gas concentrations for rGO—
SnO, composite; (b) CO, gas sensing response for rGO-SnO,
composite and pure SnO, materials; (c) time response and recovery
for rGO-SnO, composite material for 5000 ppm of CO, gas; (d)
different concentrations of the CO, gas in rGO-SnO, composite
sensor device for response time and recovery time.
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4. Conclusion

In summary, we have demonstrated a cost-effective and facile
approach using mild heating to exfoliate graphene oxide (GO)
sheets with ultra-large lateral size up to 104 um, the largest size
reported till date, using a simplified technique with varied layers
(mono-layer, bi-layer and few layers), superior to commonly used
ultrasonic technique. Subsequently, the reduction was carried
out to obtain less defective graphene sheets (rGO) as indicated by
Ip/Ig ratio from Raman studies. Correlation between the number
of GO layers and Ip/I; ratio was obtained from Raman spectra in
which I/I; ratio increases systematically from 0.73 to 0.97 with
the decrease in number of layers (>10, <10, <5, bi-layer and mono-
layer). Results from FTIR, XPS, UV-vis, PL, and TGA/DTG
confirmed the removal of oxygen-containing functional groups
in rGO, suggesting the minimization of defect-induced disorder
in graphene carbon framework, which results in restoration of
sp> hybridized honeycomb skeleton. In rGO, the current flow was
significantly improved from micro ampere to milli ampere,
which is three orders of magnitude change, arising from the good
ohmic contact formation on rGO as confirmed from the linear I-
V curves, indicating the high quality of the graphene-based
sheets. The electrochemical impedance results corroborate with
the I-V characteristics, exhibiting much lower charge transfer
resistance (R.. = 193.2 Q) for rGO than that of GO (R . = 958.3 ),
which depicts the higher conductivity across the liquid/solid
interface for the former as compared to the latter electrode
materials. The large-area GO and rGO sheets have been utilized
for SERS application for the detection of Rhodamine B (RhB)
down to a concentration of 10 nM and a large SERS enhancement
factor of 10* is reported here, for the first time. Furthermore, CO,
gas sensing application was explored using the large-area rGO
incorporated as a rGO-SnO, composite resulting in 50%
improvement as compared to pure SnO, based sensor and the
results are supported by the BET analysis. Thus, the present
simplified and economical approach of large-area graphene
oxide could potentially open up a new strategy for industrial-scale
production for cutting edge sensing applications.
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