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Abstract  Öz 

Graphene oxide (GO) is one of the members of carbon-

based nanomaterials and can be featured as a graphene 

structure decorated with various oxygenated functional 

groups. Hummers method is one of the most known and 

versatile methods for the production of GO nanomaterials 

because of its ease of application, parameter controllability, 

and high yield. This process enables graphite oxidation and 

exfoliation into single or multi-layered GO sheets. 

Exfoliation separates multilayered graphite oxide flakes or 

particles; it forms single layer GO by forcing oxidizing 

agents or solvent molecules between layers. The sonication 

process can exfoliate the oxidized layers, resulting in the 

formation of GO structure when the exfoliated layers 

consist of only one or a few layers of carbon atoms. This 

process is considered among the key parameters of the 

Hummers method that influence the characteristics of GO-

based nanomaterials. In this study, the impact of sonication 

process parameters, duration time, and power on 

morphological and structural characteristics of GO 

development was examined. For this purpose, 

characterization studies were performed by using a 

Scanning electron microscope (SEM), X-ray diffraction 

(XRD), Fourier-transform infrared spectroscopy (FTIR), 

UV-Vis spectroscopy, and Raman spectroscopy analysis. It 

has been determined that the increase in applied sonication 

power and duration causes the distance between layers to 

decrease and defects to increase in the resulting GO 

structure. The findings revealed that the sample treated with 

the lowest power and shortest sonication time had the 

highest interlayer distance value of 7.83Å and the lowest 

C/O ratio of 1.62. Consequently, it exhibited the highest 

oxidation level compared to the other samples. 

 Karbon bazlı nanomalzemelerin üyelerinden biri olan 

grafen oksit (GO), basitçe çeşitli oksijen içerikli 

fonksiyonel gruplarca dekore edilmiş grafen yapısı olarak 

da tanımlanabilmektedir. Hummers yöntemi, uygulama 

kolaylığı, parametre kontrol edilebilirliği ve yüksek verimi 

nedeniyle GO nanomalzemelerinin üretimi için en sık 

kullanılan, çok yönlü yöntemlerden biridir. Bu yöntem, 

başlangıç malzemesi olan grafitin oksidasyonunu ve tek 

veya birkaç katmanlı GO tabakaları şeklinde katmanlara 

ayrılmasına imkân vermektedir. Eksfoliasyon, çok 

katmanlı grafit oksit tabakalarının veya parçacıklarının 

birbirinden ayrılması, oksitleyici ajanların veya solvent 

moleküllerinin bu katmanlar arasına girmesi sürecidir. 

Sonikasyon işlemi ise oksitlenmiş katmanları birbirinden 

ayırarak yalnızca bir veya birkaç karbon atomundan 

meydana gelen tek katmanlı GO yapısının oluşmasını 

sağlamaktadır. Bu proses GO bazlı nanomalzemelerin 

özelliklerini etkileyen Hummers yönteminin temel 

parametreleri arasında yer almaktadır. Bu çalışmada 

sonikasyon işlem süresi ve güç parametrelerinin GO 

nanomalzemlerin morfolojik ve yapısal özelliklerine etkisi 

incelenmiştir. Bu amaçla taramalı elektron mikroskobu 

(SEM), X-ışını kırınımı (XRD), Fourier-transform 

kızılötesi spektroskopisi (FTIR), UV-Vis spektroskopisi ve 

Raman spektroskopisi analizi kullanılarak karakterizasyon 

çalışmaları yapılmıştır. Uygulanan sonikasyon gücü ve 

süresindeki artışın katmanlar arası mesafenin azalmasına 

ve elde edilen GO yapısında kusurların artmasına neden 

olduğu tespit edilmiştir. Bulgular, en düşük güç ve en kısa 

sonikasyon süresine tabii tutulan numunenin, 7,83Å ile en 

yüksek katmanlar arası mesafe değerine ve 1,62 ile en 

düşük C/O oranına sahip olduğunu ortaya çıkardı. Sonuç 

olarak, diğer numunelerle kıyasla en yüksek oksidasyon 

seviyesini sergilemiştir. 

Keywords: Graphene oxide, Exfoliation, Sonication  Anahtar kelimeler: Grafen oksit, Eksfoliasyon, 

Sonikasyon 
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1 Introduction 

Graphene is a single-layer structure that consists of 

carbon atoms in the form of a honeycomb. In this structure, 

carbon atoms form sp2 bonds, which results in excellent 

mechanical, electrical, and thermal properties [1]. Despite its 

outstanding qualities, the main drawbacks of graphene are its 

limited production capacity and applicability due to its 

nature. GO is another member of the carbon nanomaterial 

family in a single-layer form. GO has been classified as one 

of the most prevalent highly oxidized graphene derivatives 

based on its microstructural properties. It has numerous 

oxygen functional groups and a large surface area, which 

makes it highly reactive [2]. GO, a derivative of graphene is 

a versatile material that offers a wide range of advantages 

and shows excellent shielding performance, high aspect 

ratio, ultrahigh strength, ultrahigh thermal conductivity, high 

surface activity, and other properties of graphene. Moreover, 

it features a carboxyl group, hydroxyl group, epoxy group, 

and other functional groups that can be used to prepare a 

variety of derivatives [3,4]. These functional groups make 

GO soluble because of the high affinity of these groups for 

water molecules [5,6]. Even though GO’s superior 

properties, such as easy production, good solubility, a wide 

range of application areas, and ease of surface modification, 

are enough for its reputation, it is also known for its reduction 

properties, which result in the formation of reduced graphene 

oxide (rGO), a material that similar to graphene [7]. GO has 

a wide range of application areas such as electronic devices, 

sensors, optical materials, photovoltaic devices, energy 

storage devices, photocatalytic applications, batteries, 

supercapacitors, water and air filters, bioimaging, 

biosensors, drug delivery systems and scaffolds [8]. Top-

down techniques are the primary methods for producing 

graphene from graphite. These approaches consist of solvent 

exfoliation or oxidation/exfoliation/reduction. Brodie, 

Staudenmaier, and Hummers used conventional chemical 

oxidation operations to prepare GO. These processes utilize 

graphite as the raw material for an oxidation reaction using 

various strong oxidants peeled off to produce GO [4,9–13]. 

Hummers Method is considered one of the most efficient 

and fast routes compared to other methods [7]. This method 

was initially proposed by Hummer and Offman in 1958, and 

the researchers have made various modifications and 

improvements throughout time [1,7,14–16]. The preparation 

approach for Hummers GO can be considered a two-step 

process. First, graphite is oxidized by a mixture of oxidizing 

and intercalating chemicals. Then, it is exfoliated in water to 

produce single-layered GO sheets. This process results in the 

production of single-layered GO sheets [17]. In the first 

stage, graphite combines with an acidic solution and 

transforms into an intercalation compound. In the second 

step of ongoing transformation, intercalated graphite reacts 

with strong oxidizing agents and forms pristine graphite 

oxide (PGO). Because of diffusion, PGO consists of 

graphitic layers with oxidizing agents between each layer. At 

the final stage, water enters the structure, and PGO 

transforms into GO by exfoliating graphitic layers [17,18]. 

Nowadays, researchers are aiming to produce GO faster, 

safer, cheaper, and more efficiently. For this purpose, the 

exfoliation of graphitic layers gains much importance. Since 

Van der Waals bonds hold graphitic layers together, a 

complete exfoliation is required to separate these layers and 

produce single-layered structures [19]. Exfoliation is simply 

the result of the destruction of Van der Waals bonds between 

graphitic layers [20]. Therefore, a weak affinity between 

graphitic layers is required for improved exfoliation. As 

graphite oxidation occurs due to the reaction between 

solution and graphite layers, functional groups form between 

graphite layers and increase the inter-layer spacing, 

contributing to the exfoliation [21]. 

Exfoliation of GO layers can be achieved by several 

approaches, such as chemical exfoliation [22], 

electrochemical exfoliation [23], thermal treatment, and 

liquid phase exfoliation [19]. In the liquid phase exfoliation, 

exfoliation can be obtained by sonication or mixing. It was 

noted that the characteristics of the obtained powder can be 

changed according to exfoliation parameters such as type of 

solvent, centrifugation process sonication type, and 

apparatus [23, 24]. In this context, the sonication process is 

one of the favored approaches for improving the oxidation 

degree and exfoliation of the final product. In the sonication 

process, mechanical vibrations caused by high-frequency 

ultrasound waves cause cavitation and create mechanical 

pressure waves. Depending on the parameters of the 

sonication process, the local high temperature produced by 

the cavitation phenomenon causes faster oxidation of the 

graphite [25]. To the best of our knowledge, studies in the 

literature have generally focused on optimizing sonication 

time using bath sonication [26–28]. The exfoliation process 

is relatively more effective because sonication with probe 

sonication significantly affects van der Walls forces in 

graphite materials. Based on this point, the relationship 

between ultrasound power and time in the sonication process 

performed with the probe was investigated in the study. 

Sabbaghan et al. showed that ultrasonic waves can produce 

enough energy to break down the Van der Waals bonds in 

the graphitic structure, which leads to the exfoliation of 

graphite oxide structures [29]. Botas et al. subjected GO 

solutions to ultrasound waves from 0.5 h to 24 h [30]. Their 

results showed that exfoliation yield was increased, and the 

lateral size of GO sheets was decreased with the increasing 

sonication time. Similarly, Kumar et al. investigated the 

effect of sonication in an ultrasonic bath with a power output 

of 100 W for periods between 5 and 60 min. The authors 

proved that with increasing sonication time, the interlayer 

distance of GO sheets and the O/C ratio of GO products 

increased [31]. In a different approach, Yang et al. used a 

tabletop ultrasonication cleaner to exfoliate graphite oxide to 

GO and produced highly oxidized GO films [32]. 

Herein, we propose a systematic approach to observing 

the effect of sonication time and power on GO production. 

In this context, GO solutions were sonicated by a sonication 

probe with varying time and power parameters. SEM 

(Energy-dispersive X-ray spectroscopy), EDX, XRD, FTIR, 

Raman, and UV- Vis analysis were performed to evaluate the 
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structural properties and oxidation degree of resultant GO 

products. 

2 Material and methods 

2.1 Materials 

Graphite powder (with a powder size of 20 µm), 

sulphuric acid (H2SO4, 95%-98% purity), phosphoric acid 

(H3PO4, 85%), potassium permanganate (KMnO4, 99%),  

hydrogen peroxide (H2O2, 30%), hydrochloric acid (HCl, 

37%) were purchased from Sigma Aldrich (St. Louis, MO). 

2.2 GO production 

GO samples have been developed using the Modified 

Hummers technique. Graphite powder was added to 

H2SO4/H3PO4 (v/v%) solution and stirred in an ice bath for 

one h. Then, KMnO4 was added to the mixture. Afterward, 

100 mL of deionized water was gradually added to the 

mixture. Mechanical stirring was kept for 1 hour after the 

water addition was completed. Finally, the solution was 

boosted with deionized water and H2O2. After adding H2O2 

to the solution, the color of the solution changed from black 

to dark brown. The resultant solution was centrifuged to 

remove excess water, and GO slurry was obtained. To 

remove retained ions and other residues, GO slurry was 

washed with HCl solution and deionized water several times 

until a neutral pH was obtained. Following the washing step, 

the resultant GO solution was exfoliated using sonication. A 

schematic flow chart of GO production is demonstrated in 

Figure 1. The effect of exfoliation was controlled by the 

sonication process, which involved varying time and power 

outputs. The sonication process was done by Bandelin 

Sonopulse HD2200, an ultrasonic homogenizer. Table 1 

displays the abbreviations for the produced GO samples 

under various sonication conditions. After the sonication 

process, the GO solutions were dried overnight in 

atmospheric conditions. Figure 2 shows the obtained GO 

sample after the drying process. 

 

Table 1. Abbreviations of the produced GO samples 

Samples Sonication Time (min) Sonication Power (Watt) 

S1 10 30 

S2 20 30 

S3 10 50 

S4 20 50 

 

 

Figure 1. Schematic flow chart of GO production 

 

Figure 2. S1 sample was obtained after the drying step 

2.3 Materials characterization 

X-ray diffraction (XRD) analysis was performed using a  

Rigaku DMax-2100/PC X-ray diffractometer with Cu-Kα 

radiation to evaluate the phase structure and oxidation degree 

of each synthesized GO sample as well as graphite powder 

for comparison. SEM equipped with EDX was used to 

investigate the morphology and evaluate the chemical 

composition of each GO sample (Zeiss Gemini SEM 500). 

FTIR spectroscopy of samples was performed with a Thermo 

Scientific FTIR Spectrometer with an ATR module in the 

range of 500-4000 cm-1 wavenumbers to determine the 

functional groups in GO structure. Furthermore, UV-visible 

spectra of samples were taken with a Thermo Scientific 

Evolution 260 BIO UV spectrometer for 200-600 nm 

wavelength. A Renishaw Raman Spectrometer with a 532 

nm laser source was used to investigate Raman spectroscopy 

investigation in the 230-3200 cm-1 wavenumber region. 

3 Results and discussions 

X-ray diffraction patterns of graphite powder and 

produced GO samples are given in Figure 3. XRD pattern of 

graphite consisted of a main peak with a high intensity at 2 

of about 26°, which corresponded to the (002) plane (JCPDS 

No: 41-1487) [33]. Additionally, the XRD pattern of GO 

samples exhibits a characteristic main peak at approximately 

11° (2) corresponding to the (001) plane as identified by 

JCPDS card No: 00-065-1528 [34]. It was reported that GO 

nanomaterials exhibit a main peak between 9-12° depending 

on their production method and oxidation degree. The peak 

location (001) enables a comparison of the interlayer 

distance in all examined samples [35, 36]. The difference in 

XRD patterns between graphite and produced GO can be 

seen clearly, as the main peak of samples shifted to smaller 

2 angles. The 2 shifts occurring in GO structures can be 

interpreted depending on the production mechanism. During 

GO production, an acid mixture first penetrates between 

graphite layers. Then, the oxidizing agent diffuses to 

graphite interlayers, which eventually results in the oxidation 

of graphite and the formation of various functional groups 

[18]. As oxidation occurs, more functional groups are 

introduced between layers, which expands interlayer 

distance [37]. Using Bragg's law, interlayer distances 

between derived GO samples were calculated from XRD 

data. Table 2 shows the interlayer spacing (d002) and 

crystallite size values for all samples calculated using 
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Bragg’s law and the Scherrer equation, respectively [36]. As 

can be seen, graphite had a lower interlayer distance value 

than GO samples since it had high crystallinity and a well-

ordered structure. Furthermore, oxidation during the 

modified Hummers method resulted in greater interlayer 

distance values for GO samples. The S1 sample with a main 

peak of 11.34° (2) had the highest interlayer distance value 

of 7.83Å, which indicated its high oxidation degree. 

Moreover, the S4 sample had the lowest interlayer distance 

value of 7.52Å. In this context, an increase in the interlayer 

distance of GO nanomaterials means an increase in the 

oxidation degree. Chen et al. demonstrated that mechanical 

exfoliation of GO sheets can be achieved through sonication 

[4]. The interplanar distance can be used to interpret the 

degree of oxidation or the number of functional groups 

attached to the basal plane of GO, which increases with 

higher oxidation levels [38]. Thus, this result could be 

attributed to obtained GO nanomaterials with the highest 

interlayer distance value, which tend to be better oxidized 

and well exfoliated. Additionally, results indicated that the 

(002) peak shifts toward a lower 2θ value, which suggests an 

increase in the interlayer d-spacing. With the increasing 

number of oxygen-related functional groups bonded to the 

carbon basal plane with Van der Waals, interlayer distance 

and oxidation degree could be increased. However, the 

fragile nature of Van der Waals bonding also bears the 

possibility of removal of such functional groups [16]. 

Furthermore, the intensity of the (001) peak in the X-ray 

diffraction pattern of GO is employed to assess the oxidation 

degree [38]. Sample S1 shows a more intense (001) peak, 

suggesting higher oxidation levels than other samples. It has 

been observed that as the ultrasonic power increases, the 

degradation effect of ultrasonics increases, resulting in the 

loss of functional groups and decreasing interlayer spacing. 

Although the exfoliation process generally increases 

interlayer distance and takes place during sonication, it was 

reported that excessive usage of sonication may destroy GO 

layers and reduce functional groups [5, 30]. Mellado et al. 

applied different sonication times to GO samples and found 

that the XRD peak position and oxidation degree of 

sonicated samples altered with the applied procedure. The 

authors additionally reported that GO sheets were 

fragmented and experienced structural damage due to intense 

sonication [5]. On the other hand, Sabbaghan et al. proved 

that it was possible to remove the functional groups of GO 

structure and produce reduced GO nanomaterials with the 

help of an appropriate sonication procedure. Consequently, 

the interlayer distance decreases with increasing sonication 

time and power due to excessive sonication [29]. Also, 

secondary peaks around 21.23° and 26° in S2 and S3 samples 

might indicate the removal of functional groups and the 

reduction of GO samples in small quantities [39-41]. 

Furthermore, crystallite size calculations showed that 

crystallite size remarkably decreased with the oxidation of 

graphite. The S4 sample, which has a crystallite size value of 

2.32 nm, is shown to have the lowest value of all the 

synthesized GO samples (Table 2). It was understood that the 

sonication process led to breaking GO sheets into smaller 

fragments. The reason behind the GO sheets separating into 

small fragments was identified as the sonication method [5]. 

Kumar et al. interpreted that the reduction in crystallite size 

is associated with the reduction in GO domains due to 

oxidation-induced structural disorder in the form of sp3 

hybridized carbon atoms [42]. 

Therefore, as the sonication power output increases, the 

samples experience excessive GO layer exfoliation, reducing 

the crystallite size and the interlayer spacing. On the other 

hand, the intensity of the (001) peak in sample S3 decreased, 

indicating a lower oxidation level than other samples. 

According to the literature, some studies showed that, in 

some cases, decreasing oxidation degree and exfoliation rate 

affects crystallite size inversely [43, 44]. The result obtained 

regarding the crystallite size determined for sample S3 is 

compatible with the literature. In this context, the increase in 

crystallite size in sample S3, which has a lower oxidation 

level, is interpreted as the presence of relatively more 

damaged functional group bonds rather than C=C bonds 

[45]. 

 

 

Figure 3. XRD spectra of graphite and GO samples 

 

Table 2. Interlayer spacing (d002) and crystallite size values 

of graphite and GO samples 

Sample Graphite S1 S2 S3 S4 

Interlayer spacing (Å) 3.47 7.83 7.63 7.57 7.52 

Crystallite size (nm) 22.26 2.7 2.67 2.85 2.32 

 

FTIR spectroscopy was performed to identify the 

functional groups present in the GO samples. The GO 

structure has a variety of oxygen functional groups, such as 

carbonyl (C=O), carboxyl (-COOH), hydroxyl (-OH), and 

epoxy (C-O-C) [36, 43]. The FTIR spectra of GO samples 

produced with different sonication parameters are given in 

Figure 4. Also, the FTIR spectrum of graphite powder is 

provided in the same figure for a better evaluation of 

functional group formation. The broad peak around 3200-

3500 cm-1 was attributed to O-H vibrations of adsorbed water 

trapped in the GO structure [37]. 

Another characteristic GO peak around 1720 cm-1 was 

attributed to carboxyl vibrations. The presence of the 

absorption peak at 1610 cm-1 can be assigned to sp2 
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hybridized C=C bonds [36, 44]. In addition, absorption peaks 

around 1228, 1048, and 972 cm-1 indicate the presence of 

epoxy, alkoxy C-O stretching, and C-O bending vibrations, 

respectively [43, 45]. According to Figure 4, all the samples 

have characteristic GO functional groups in their structure. 

The presence of functional groups that contain oxygen 

confirms that the graphite has successfully oxidized into GO 

[46]. 

 

 

Figure 4. FTIR spectra of graphite and synthesized GO 

samples 

 

On the other hand, the low absorption degree of peaks 

around 3200 cm-1 indicates that S3 and S4 samples had 

relatively less O-H bonds in their structure [14]. Therefore, 

S1 and S2 samples might have slightly more functional 

groups in their structure compared to S3 and S4 [35]. It is 

seen that the intensity of the peaks for the oxygen-containing 

functional groups decreases with higher sonication time and 

power. Yoo and Park produced GO nanomaterials with 

different oxidation degrees. Their FTIR analysis proved that 

with the decrease in oxidation degrees, some functional 

groups vanished or diminished from the spectra [35]. It is 

seen that the intensity of the functional groups decreases in 

GO structures obtained through different sonication 

parameters [47]. 

Figure 5 depicts the UV-Vis absorption spectra of GO 

samples with different sonication parameters. According to 

the literature, characteristic UV-Vis spectra of GO 

nanomaterials show a strong absorption peak at 230 nm, 

which corresponds π-π* transitions of C=C bonding, and a 

slight shoulder around 300 nm, which corresponds to n- π* 

transitions C=O bonds [36, 37]. It was seen that all samples 

had similar carbon rings in their basal plane, and the change 

of sonication parameters had not caused a significant change 

in sp2 conjugated carbon formation [14]. Adjusting the 

amount of oxygen-containing functional groups can 

significantly alter the optical properties of GO. Figure 4 

showed that all samples proved to have GO characteristic π-

π* and n- π* transitions, which agreed with FTIR results in 

the literature [35]. 

Studies showed that GO nanomaterials show p-type 

semiconductor behavior thanks to their oxygen-containing 

functional groups [48]. The band gap energy of GO 

nanomaterials was calculated from optical absorption spectra 

using Tauc’s relation as given in Equation (1) [49]. The band 

gap energy can be derived from the intersection of a line, 

which is drawn from the linear region of the curve and 

obtained by Tauc’s relation [50]. 

 

(αhν)1/γ = A (hν – Eg) (1) 

 

 

Figure 5. UV-Vis absorption spectra of GO samples 

 

Our measurements obtained band gap values of 4.14, 

4.21, 4.07, and 4.15 eV for S1, S2, S3, and S4 samples, 

respectively (Figure 6). According to the literature, the band 

gap value of GO nanoparticles can range from 2.5 to 6.5 eV 

[48,49]. The band gap energy of GO nanomaterials is 

considerably related to the number of sp2 and sp3 hybridized 

regions in the basal plane and holes and carbon vacancies 

[49,51]. Sharma et al. evaluated the optical and electrical 

properties of GO and rGO samples by Tauc plots. They 

found that rGO samples had lower band gap values than fully 

oxidized GO samples [52]. Also, studies revealed that an 

increase in the degree of reduction of GO samples gave rise 

to a decrease in the band gap values of rGO samples [49,53]. 

Although several studies showed that GO nanomaterials with 

higher oxidation degrees tend to have higher band gap 

values, detailed analysis showed that oxidation degree alone 

could not explain the increase or decrease in the band gap 

value obtained from Tauc’s plots [51,54]. However, de Lima 

et al. proved that GO samples with comparable oxidation 

levels could have various band gap values. It has been 

interpreted that this difference is due to several reasons, such 

as the distribution of defects on the basal plane, distribution 

of sp2 hybridized carbon regions, relative area of each sp2 

hybridized carbon region, amount and type of defects (holes, 

carbon vacancies, etc.) in the basal plane [51]. In other 

respects, a few studies pointed out that increasing crystallite 

size may decrease band gap value [55, 56]. Thus, as 

mentioned above, relatively higher destruction of functional 

group bonds rather than C=C bonds in the S3 sample may 

generate a low band gap value.  
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Figure 6. The optical band gap energy of GO samples (a) S1, (b) S2, (c) S3, and (d) S4 

In this context, in our study, it was seen that different 

sonication parameters not only altered the interlayer different 

sonication parameters not only altered the interlayer distance 

and oxidation degree but also introduced defects that could 

change the band gap energy of each sample. 

The structural characteristics of graphene oxide can be 

revealed by Raman spectroscopy. Figure 7 depicts Raman 

spectra of synthesized GO samples. Raman spectra of GO 

nanomaterials generally consist of two strong peaks. The G 

band results from the bond stretching of carbon sp2 atoms, 

whereas the D band is ascribed to structural instability [57]. 

The peak around 1355 cm-1
, which is known as the D band  

shows defects in the carbon basal plane, such as 

vacancies and disorders caused by functional groups 

attached to carbon atoms [53,58]. The D band also shows the 

existence of sp3 hybridized carbon atoms accordingly [42]. 

On the other hand, the peak around 1590 cm-1, known as the 

G band, originates from E2g phonon modes of graphitic 

structure and shows the presence of sp2 hybridized carbon 

atoms [42,48]. Figure 7 shows the Raman spectrum of S1, 

S2, S3, and S4 samples. All samples showed D and G bands 

around 1355 and 1590 cm-1, characteristic of GO 

nanomaterials [59]. Studies revealed that comparing the D 

and G bands might be used to assess the degree of oxidation 

as well as the ratio of defects [42,60]. The ID/IG ratio of 

every sample was determined using Raman spectra. The 

comparable values of the S1, S2, and S3 samples were 

determined to be around 0.84; however, the ratio of the S4 

sample was found to be 0.95. Although an increased 

oxidation rate is expected to increase the ID/IG ratio, it can 

also increase defects and functional groups. In some 

scenarios, Eigler and Hirsch proved that the ID/IG ratio was 

not constantly associated with the oxidation degree and 

defect ratio [61]. Therefore, Sieradzka et al. produced GO 

nanomaterials with various oxidation degrees and applied a 

reduction process to these samples. Their results showed that 

the ID/IG ratio of GO samples changed regardless of the 

oxidation degree of the samples [62]. Also, it was found that 

an increase in the ID/IG ratio was seen in all samples after 

the reduction process. Similarly, Krishnamoorthy et al. 

produced GO nanomaterials with different oxidation 

degrees. They revealed that the ID/IG ratio increased with 

the increasing oxidation degree up to a certain point, then 

decreased [63]. Other studies also reported related findings 

about the effect of oxidation degree and defect ratio on the 

ID/IG ratio of GO nanomaterials [58,64]. Information 

regarding the structural disorder is provided by the intensity 

ratio (ID/IG) of these bands; a higher ID/IG value indicates 

a more severe structural disorder [65]. Based on this point, 

even if the XRD analysis shows that the S1 sample has the 

highest oxidation degree, it can be interpreted that the S1 

sample has fewer defects than the S4 sample. Moreover, this 

determination revealed that the relatively strong sonication 

process could lead to more structural defects than oxidative 

defects, especially for the S4 sample. 

SEM images and EDX results of GO samples produced 

with varying sonication parameters are given in Figure 8. As 

can be seen in Figure 8, all samples showed similar 

morphological formations with a homogenous wrinkled 

surface. Produced GO samples were exfoliated and 

fragmented during the sonication process [5]. Because of 

their functional groups, GO sheets provide a homogenous 

colloidal solution as they were in solution. As the water 

evaporates throughout the drying process, the GO sheets 

begin to collapse on each other and over one another. After 

drying, the GO sheets form a layered structure resembling a 

film [40]. 
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Figure 7. Raman spectra of synthesized GO samples (a) S1, (b) S2, (c) S3, and (d) S4 

As mentioned in the XRD analysis, power output during 

the sonication led to the loss of functional groups and a 

decrease in interlayer distance. The observed result suggests 

that our sonication method was more than enough for 

exfoliation. Therefore, obtaining GO films after the drying 

procedure was quite reasonable because of our production 

method. Furthermore, the EDX technique was used to 

conduct a semi-quantitative assessment of elemental C in 

derivatized GO samples. EDX results in Figure 7 revealed 

that the samples contained no substances other than C and O, 

which are the main components of GO since its structure is 

mainly composed of C atoms arranged in a honeycomb 

formation and oxygenated functional groups attached to 

them [7]. 

As the EDX analysis proved that there were no 

contaminations or residues in the structure, it also helps to 

evaluate the oxidation degree of samples. The C/O ratios for 

samples S1, S2, S3, and S4 were calculated using the EDX 

data and were found to be 1.62, 1.64, 2.05, and 2.09, 

respectively. It can be seen that sample S1 has the lowest C/O 

ratio (1.69), while sample S4 has the highest ratio with a 

value of 2.09. Studies in the literature point out the oxidation 

degree of GO samples improves while the C/O ratio 

decreases [66,67]. EDX results demonstrate that sample S1 

has a higher degree of oxidation than other samples. 

The results of the characterization studies have proven 

that the applied sonication parameters affect the oxidation of 

GO samples. Although all samples had similar 

morphological properties and functional groups, they had 

different C/O ratios and interlayer spacing values. As a 

function of the sonication time and power throughout the 

sonication process, the increase in the interlayer space 

identified is interpreted as an increased exfoliation of the 

flakes, depending on the XRD patterns. 

Since ultrasonic probes produce sonication regions under 

the contact area of the probe, ultrasonic effects produced by 

these devices tend to be more intense and powerful [68]. 

There are several drawbacks of the excessive sonication 

process on GO solutions reported in the literature, such as 

loss of functional groups, damage to sheet formation, and 

more wrinkled surfaces [5,26,62]. Additionally, because of 

the high energy output caused by the sonication probe, even 

C-C/C=C bonds could break, which could bring about either 

the formation of new oxygen groups or the folding of 

graphene sheets [69]. Consequently, increasing time and 

sonication power in our study led to highly exfoliated and 

less oxidized GO samples. On the other hand, it was 

understood that excessive sonication not only exfoliated the 

GO sheets but also damaged Van der Waals bonds, 

eventually leading to loss of oxygen related functional 

groups and causing an increase in C/O ratio consistent with 

the previous studies [5,68]. As a result, the S1 sample that 

was sonicated with 10 minutes and 30 W power exhibited the 

highest degree of oxidation, homogeneous phase 

development, and exfoliated structure. 
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Figure 8. SEM images and EDX analyses results of GO samples (a-b) S1, (c-d) S2, (e-f) S3, and (g-h) S4 

4 Conclusions 

In the present study, we demonstrated the effect of the 

sonication process parameters on the structural properties of 

GO nanomaterials synthesized by the Improved Hummers 

method. XRD analysis results indicated the formation of GO 

structure and showed that increasing sonication time and 

power led to excessive exfoliation, decreased interlayer 

distance between GO sheets, and crystallite size. While FTIR 

analysis showed that all samples proved to have 

characteristic functional groups in GO structure, UV-Vis 

analysis showed no significant distinction among samples. 

Additionally, band gap calculations from optical absorption 

spectra revealed the highest value obtained from the S2 

sample with 4.21 eV. On the other hand, Raman analysis 

showed that an increase in sonication power and time 

induced an increase in the defect ratio of GO samples. SEM 

results showed that with the effect of the sonication process, 

exfoliation and fragmentation of GO sheets occurred in all of 

the samples, which effectuate similar morphological 

properties after the drying process. 

Consequently, it was demonstrated that the degree of 

oxidation was decreased by increasing the sonication time 

and power parameters investigated in the present study. 

Sonication power and time increased the defect ratio of GO 

samples. SEM results showed that with the effect of the 

sonication process, exfoliation and fragmentation of GO 

sheets occurred in all of the samples, which effectuate similar 

morphological properties after the drying process. Our 

research findings show that increasing both sonication power 

and time leads to decreased oxidation levels. Consequently, 

the S1 sample was found to have the highest oxidation level 

and the lowest defect rate compared to the other samples. 
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