Journal of Ovonic Research Vol. 20, No. 2, March - April 2024, p. 221 - 232

Raman spectroscopy study on the vibration and structural changes of graphene
oxide: effect of laser power and time

S. Yadav’, S. K. Padhi®, Ch. Srinivasulu’, K. L. Naidu®’

“Department of Physics, GSS, GITAM (Deemed to be University), Visakhapatnam,
530045, India

®Physics Department, University of Turin, Via. P. Giuria 1-710125 Turin, Italy.
“School Of Physics, University of Hyderabad, Hyderabad 500046, India.

Graphene oxide and its nanocomposites play a crucial role in various applications. Laser
irradiation is a low-cost technique to tune the graphene oxide material, and a detailed
study of the vibrational modes and structural changes during the laser—graphene oxide
interaction is required. The evolution of defect modes and reduction process in graphene
oxide at varying laser power and different exposure time duration, respectively, via Raman
spectroscopy, is of interest in the present study. Graphene oxide (GO) is synthesized via
Improved Hummer's method and characterized by X-Ray Diffraction (XRD),
Thermogravimetric analysis (TGA), Field Emission Scanning Electron Microscopy (FE-
SEM), Energy Dispersive X-ray analysis (EDX), UV-Vis-NIR and Raman spectroscopy.
The first-order Raman spectrum of GO consists of broad D and G peaks around 1350 and
1584 cm™ respectively, and the broad second-order band around 2700 cm™. Using the
Lorentzian function, the first-order band is deconvoluted into five modes and the second-
order into four modes. The peak positions and FWHM of these modes undergo indicative
changes. The variations in the intensity ratios of the defect modes and the (Dj,,r — Gapp)
with laser power at different exposure time durations indicates the predominance of edge
defects and reduction of graphene oxide, respectively. These results broaden the
understanding of the effect of laser power over different time durations on the graphene
oxide features. Our study provides quantitative information on the laser-GO interaction.
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1. Introduction

Graphene oxide is a two-dimensional functionalized-graphene sheet with oxygen-
containing functional molecules attached at the edge and basal plane. Graphene oxide has been
widely utilized in electrochemical supercapacitors [1], biomedical [2], sensors [3], field effect
transistors (FET)[4], fuel cells [5], lithium batteries [6], polymer nanocomposites[7]. Different
methods, including chemical, thermal, hydrothermal, electrochemical, and photochemical
reduction, are developed to reduce the functional groups to achieve a graphene-like structure, well
known as reduced graphene oxide. The ion doping technique has recently generated graphene
oxide films with precise tuning and tailoring of defects by removal of unstable C=0 bonds[8]

Raman spectroscopy analysis is a non-destructive tool to gain knowledge about defects
and disorders apart from the structural information from the spectral parameters. The structural-
spectral correlations were developed by quantifying the changes in the Raman spectra with the
corresponding analysis of the X-ray diffraction pattern or X-ray photoelectron spectra of the
samples [9-11]. The Raman spectra of graphene ox1de contain the first-order band with
characteristic peaks around 1350 (D-band) and 1580 c¢m™(G-band) and a broad second-order band
around 2700 cm’ Generally, the G-band is characteristic of a graphene sheet, and the D-band
evolves with an increase in the defects and disorders in the graphene sheet. The intensity ratio of
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cumulative I(D)/I(G) ratio for the case of Graphene oxide prepared via Improved Hummer's
method fails to provide precise information about the defects and disorders, unlike situations
where disorders are introduced in a controlled fashion [12]. It is claimed that only for crystallite
size less than 2 nm the I(D)/I(G) can be related to the disorder. The knowledge of deconvoluted
individual spectral modes of Raman spectra is required to avoid ambiguity in understanding the
structural aspects of graphene oxide directly from the Raman spectra

The G and D band arlses due to the stretchmg of in-plane sp” carbon bonds in pairs and the
breathing mode of individual sp® carbon atoms in rings, respectively. The double resonant process
near the K point of the first Brillouin zone boundary primarily attributes to the D band. Apart from
the G and D bands three more bands, namely D*, D', and D" arises at positions about 1150,1350,
and 1626 cm™ respectively. The spectral parameters (intensity, position, Full width at Half
maxima FWHM ) of defect band D* correlates to the oxidation degree and show disorders due to
the presence of sp3 bonds, similar to those in nanocrystalline diamonds where the defects correlate
to the trans-polyacetylene groups[13]. The band D' is due to the intra-valley resonance with the G
band, and the apparent G peak is the superposition of the D' and G bands. The position of D'
correlates with the oxygen content [13,14].

Similarly, the decrease in intensity and width of defect band D" with the reduction process
indicates the increase in the crystallinity of sheets. The D" is associated with the amorphous phases
in graphene oxide. For the second order, Raman spectra centered at 2700 cm™ indicate the number
of layers; for example, a single layer shows a single peak, while a bilayer splits into four peaks.
The four modes in the second-order Raman spectra are G*, 2D, D+D', and 2D' [15,16]. The G*
mode is due to a double resonance intervalley process involving two phonons viz a longitudinal
acoustic (LA) phonon and transverse optical (TO) phonon [16,17]. The 2D mode is an overtone of
D mode due to the intervalley double resonance process. The D+D' mode is a two-phonon
combination mode with different momenta near the Brillouin zone and requires defects for its
activation. The 2D' mode is an overtone of the D' mode. Both the 2D and 2D' modes are activated
even in the absence of defects [14,18-20].

The present study broadens the knowledge of different vibrational modes of graphene
oxide and their evolution with laser power. The aim is to quantify all the first and second-order
modes and relate them with the defects present. The study provides a complete picture of Raman
modes in the first and second order, relative shifts in positions, and changes in in-plane crystallite
size. The work is significant in observing the effects of laser power on the structural changes in
graphene oxide. To the author's knowledge, no one has reported similar work.

2. Experimental

Chemical: Graphite fine powder, sulfuric acid, phosphoric acid, potassium permanganate,
hydrogen peroxide, double distilled water, dilute hydrochloric acid, and ethanol are purchased
from Loba chemicals and Merck and used as received.

Procedure: Graphene oxide is synthesized via the Improved Hummers method [21]. First,
the required amount of graphite powder (1 wt. equivalent) was measured and added to the solution
of H,SO,/H3PO,, taken in a 9:1 ratio. Then KMnQO, (6 wt equivalent) is added slowly to the above
solution. The whole setup was kept in an ice bath with continuous stirring overnight. Later, the
solution is allowed to cool at room temperature and slowly poured on iced distilled water. Then
the appropriate amount of H,O, is added to terminate the reaction, confirmed through a change in
color to yellow. The solution was centrifuged to obtain the required product and washed multiple
times using double distilled water, 30% HCI, and ethanol twice, respectively. Then the material
obtained after centrifuge was collected and dried in a hot air oven at 60°C and named graphite
oxide, which on sonication yields the graphene oxide.

Instrumentation: PANalytical X'Pert Pro for XRD. The Field Emission Scanning Electron
Microscope (FESEM Model Ultra55 of Carl Zeiss) is used to conduct the microstructural analysis.
The Agilent technologies Carry 5000 UV-Vis-NIR spectrophotometer used to determine the
optical properties. Horiba Jobin Yvon at A= 532 nm at different laser power is used in
backscattering geometry to record the Raman spectroscopy. The accumulation time of the Raman
spectra is 2s, recorded at laser power of 1, 10, 25, 50 and 100mW. The procedure is repeated for
accumulation time of Ss.
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3. Results

3.1. X-ray diffraction
The structural parameters are studied using X-ray diffraction, as shown in Fig. 1. The

obtained pattern is analyzed using JCPDS file no. 00-008-0415. The XRD pattern of Graphite
shows a sharp peak at 26.5° and some small peaks at 42.3°, 54.4°, 72.8°, and 77.3° corresponding
to (002), (100), (110), (101), and (004) planes. The peaks at 10.3° correspond to the (001) plane of
graphene oxide, as shown in Fig. 1b. The interplanar spacing d calculated using the Braggs law as

mentioned below.

2dsinf = nl
g —— Graphite
(a} E JCPDS-00-008-0415
El
s
2
]
c
o
£
s 5
2= g
| ,JLl F"‘,A 7 |.‘..h.“"
10 20 30 40 50 60 70 80
20
(b) ——Graphene oxide
= Graphite
E}
8
g
k7
c
o
£

10 20 30 40 50 60 70
20

Fig. 1. XRD pattern of (a) graphite and (b) graphene oxide (GO).

The calculated value of d for Graphite is 3.35, 2.13, 1.68, 1.47, 1.23A corresponding to
(002), (100), (110), (101), and (004) planes, and for graphene oxide, interplanar spacing of 8.59A
corresponding to (001) plane, respectively.

3.2. Field Emission Scanning Electron Microscopy (FESEM)
The surface morphology of graphite and graphene oxide is observed through FESEM

images at various magnifications, as shown in Fig. 2 and Fig. 3.
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Fig. 2. (a) FESEM micrograph and (b) EDS of Graphite.

Fig. 2 represents the graphite image with non-uniform flakes-like structures stacked
together in layer form and smooth surfaces. The Energy dispersive spectra (EDS) of Graphite
show a pure 100 % C-k edge in both weight and atomic ratios.

The graphene oxide surface has been disrupted primarily due to chemical oxidation, and
the ultrasonication treatment leads to breaking flakes into smaller particles, as shown in Fig. 3. The
EDS of Graphene oxide shows a relative atomic ratio of 55% C and 45 % oxygen.

Sipaof A = InLeny Eipoe A = inlong
Mag= G000 KX — Wog = 20.0C KX

Element  Weight%  Atomic%
CK 48.10 b5.66
0K 50.32 43.72
CK 1.58 0.62
Totals 100.00

4 B 3 18 20
ull Scale 4535 cts Cursor: 0.000 ke

Fig. 3. (a) FESEM micrograph and (b) EDS of Graphene oxide.
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3.3. Thermogravimetric analysis

The TGA-DTG graphs are plotted, showing the variation of mass loss with temperature
change to study the thermal stability of graphite and graphene oxide. Fig. 4 shows that Graphite is
more thermally stable than graphene oxide as mass loss is only 14% to 1000°C, whereas, for
graphene oxide, mass loss occurs in three major stages.
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Fig. 4. TGA and DTG of GO in the range of 50 °C - 950 C.

In the first stage, 14% mass loss occurs due to the removal of water molecules at a
temperature of less than 100°C. Then a rapid mass loss of 37% is observed between 100-300°C
due to the pyrolysis of oxygen functional groups such as hydroxyl, carbonyl, and carboxyl groups
from graphene oxide leading to the evolution of CO, CO,, and H,O. From 300°C to 900°C, about
21% mass loss occurs due to the combustion of carbon framework in the structure of graphene
oxide[22]. Therefore, Graphite's maximum mass change rate at temperature Tmax is higher than
graphene oxide. Graphene oxide has a high level of oxygen groups due to the oxidation process,
thus requiring less heat to overcome the weaker sp’ hybridized carbon atoms with high defect
density. Graphite is the most thermodynamically stable carbon material which requires enormous
heat to overcome the 3D network of graphene layers stacked together with van der Waals
forces[23].

3.4. UV-VIS spectroscopy
Absorption spectra of graphene oxide are understood by UV-VIS spectroscopy, as shown
in Fig. 5. The Fig. represents the characteristic peak at 230nm for graphene oxide corresponding to

n-n* transition of aromatic carbon bonds.
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Fig. 5. UV-VIS spectroscopy of Graphene oxide.
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The derivative of (Abs/A)’ is utilized to differentiate the higher and lower energy regions,
namely, Tauc’s and Urbach regions respectively. The band gap and Urbach energy obtained from

the relations
m

11
Abs(A)zBlﬂ(z—E) +B,

where m=1/2 for allowed direct bandgap and m=2 for allowed indirect bandgap, and

hc
Abs(1) = Dy exp (E /1)
tail

where E; is Urbach energy, explains the distribution of density of localized states of the allowed
bands.

The plot between (Abs/A)* and 1/A as shown in Fig. 6, gives the optical band gap of 3.24
eV calculated from the Tauc region [24]. The Urbach energy calculation is done from the slope of

the linear region of the graph plotted between Ln(abs) versus 1/A and is calculated to be 6.32 eV as
shown in Fig. 6b.
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Fig. 6. (a) Bandgap and (b) Urbach energy calculation.

3.5. Raman spectroscopy of graphene oxide

Fig. 7 shows the Raman spectra of graphene oxide at different laser power. Qualitatively,
two peaks at 1350 and 1580 cm™' and a broad peak at 2700 cm™ can be observed. Fig. 7b-f shows
the deconvolution of the Raman spectra of graphene oxide measured at different laser powers.
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Fig. 7. (a)Raman Spectra of Graphene oxide at different power and Deconvoluted Raman spectra of
Graphene oxide at (b) 1 mW, (c) 10 mW, (d)25 mW, (e) 50 mW, and (f) 100 mW laser power for 2 s.

The first and second-order Raman spectra of graphene oxide are fitted using five and four
Lorentzian functions, respectively. For the Raman spectra at 1mW, the first order fit requires only
four Lorentzian functions, namely D, D", G and D" modes.

4. Discussion

Fig. 8a shows the peak positions of defect modes of first-order Raman spectra of graphene
oxide. The D* mode, centered at 1052 cm™ at 10 mW, shifts to a lower wavenumber to 1035 cm™,
1015 cm™ for 25mW and 50mW, respectively, and shifts to 1040 cm™ for 100mW laser power. A
similar dispersive pattern is observed for D, D", G, and D modes. For the D mode, the peak
position occurs at 1348 cm’ at ImW, 1352 cm™ at 10mW, 1343 cm™ at 25mW, 1341 cm™ at
50mW, and 1343 cm™ at 100 mW.
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The D" mode shifts from 1508 cm™ at 1 mW to 1528 cm™ at 25 mW, reaching the lowest
1497 cm™ at both 50 mW and 100 mW. The G mode occurs at 1582 cm™ at 1 mW, shifts to 1585
cm™ at 10 mW, 1588 cm™ to 25 mW, lowers to 1570 cm™ at 50 mW, and slightly increases to
1571 ecm™ at 100 mW. The D' mode, which occurs along with the G mode, follows a similar
pattern, occurs at 1612 cm’ at 1 mW, increases to 1613 cm™ at 10 mW, 1613 cm™ at 25 mW,
shifts lower to 1600 cm™ and 1601 cm™ at 100 mW. It can be observed that the peaks shift to the
lowest for 50 mW laser power. The standard deviation for the peak positions is 15.4 cm™ for D¥,
4.6 cm™ for D, 15.5 cm™ for D", 7.9 cm™ for G and 6.5 cm™ respectively. It shows the dispersion
in peak positions is high for D* and D" modes and low for D and G bands. Fig. 8c shows the Full
Width at Half maximum (FWHM) values with laser power, indicating a high dispersion for the D*
mode with the other modes having low dispersion. The standard deviation for the FWHM is 57.7
cm’! for D*, 5.3 em™ for D mode, 4.0 cm™ for D" mode, 7.1 cm™ for G mode, and 5.2 cm™ for D'
mode. Similarly, the Second order deconvoluted mode shows a higher dispersion in position and
FWHM than the first-order modes. The standard deviation for peak position are 13.3 cm™ for G*,
11.0 cm™ for 2D , 8.8 cm™ for D+D’ and 18.3 cm™ for the 2D’ mode. For the FWHM of second-
order modes, the standard deviation is 96.5 cm™ for G*, 37.7 cm™ for 2D, 18.5 cm™ for D+D', and
43.7 cm’ for the 2D' mode. The intensities of the individual modes are in arbitrary units; hence,
the intensity ratio of different defect modes with the G mode is opted to quantify the defects and
the changes in the defect modes in the graphene oxide. Fig. 8¢ shows the intensity ratio of first-
order modes, for 1 mW to 100 mW, the intensity ratio variation of 0 to 0.5 for D*, 1.6 to 1.9 for
D, 0.2 to 0.3 for D", and 0.9 to 1.0 for D' mode. Similarly, the Fig. 8f shows the intensity ratio
variation for second-order modes, for 1 mW to 100 mW, 0.002 to 0.008, 0.14 to 0.21, 0.20 to 0.33,
and 0.06 to 0.16 for G*, 2D, D+D' and 2D' modes, respectively. For both the First and Second
order, the intensity ratio is low at 25 mW power and gradually increases to maximum value till
100 mW.
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Fig. 8. (a-b) Peak positions, (c-d) Full width at half maxima, (e-f) I(defect mode)/I(G) of first and second-
order Raman spectra of graphene oxide at different laser powers for 2s.

The in-plane crystallite size La was calculated using the Tunistra-Kronig model [25,26],
and Fig. 9a shows the variation of La with Laser power. The value of La is a maximum of 12.2 nm
at 25 mW and reaches a low value of 10.4 nm and 10.3 nm at 50 mW and 100 mW, respectively.
Fig. 9b shows the variation of edge defects, sp3 defects, and hopping-like defects with laser
power. Using the intensity ratios of Ip/Ip, Ip/Ip+, and Ip/Ipr, the edge defects, the sp3 defects, and
the hopping-like defects in the graphene oxide are quantified, respectively. [18]. Fig. 9b shows the
quantity of sp® defects reduced on the graphene oxide plane with laser power till 50 mW and gets
saturated, leading to the formation of reduced graphene oxide. The edge defects in graphene oxide
increase with laser power till 25 mW due to a decrease in the in-plane crystallite size; however, the
edge defects in graphene oxide decrease partially at 50 mW and get saturated till 100 mW in
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proportion to the La values. Similarly, Hopping-defects decrease in graphene oxide till 25 mW of

power and slightly increase at 50 mW, and remain saturated till 100 mW of laser power.
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defects with laser power.

Fig. 10 shows the variation of Dl-'nf — Ggpp With laser power for different accumulation
times of 2 and 5 seconds on graphene oxide. The Dl-'nf — Ggpp increases with the laser power,
reaching a maximum value at a laser power of 100 mW for different durations, respectively. King
et al. reported vbthree regions based on the D{nf — Ggpp value viz. < 0 ; 0-25 and > 25,
correlated to the C/O ratio of < 10; 10-500; and > 500 for GO, rGO, and graphene, respectively
[11]. A positive slope of D{nf — Ggpp for all time durations ,indicates the reduction of GO, and at a
laser power of 100mW for 5 sec transformed to rGO. The current authors have studied Fourier
transform Infrared spectroscopy of similar graphene oxide and shown the presence of the carbonyl
(C=0), aromatic (C=C), stretching of the epoxy group (C-O), and C-OH groups in the range of
1010-1740 cm™ [27]. The laser power exposure for an extensive duration causes heating of the
surfaces to temperatures up to 150-200 °C, leading to the pyrolysis of the functional groups
causing a reduction of graphene oxide.
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Fig. 10. Diyy — Gapyp at different laser power for different exposure time durations.
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4. Conclusions

In summary, graphene oxide is synthesized via the Improved Hummer's method and
studied its structural, morphological, thermal, and optical properties. The Raman spectroscopy is
utilized at various powers for different exposure time durations to track the changes in the
deconvoluted defect modes in the first and second order. The correlations between the in-plane
crystallite size L,, variations in edge defects, sp’ defects, hopping-like defects, and degree of
reduction of graphene oxide are studied. The results are beneficial in tuning the type of defects in
the graphene oxide. Further research is needed to formulate a relation between power and duration
of exposure to the in-plane crystallite size.
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