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Abstract: 

Reduced graphene oxide (rGO) thin films were successfully fabricated using a sol–gel-assisted spin-coating 

technique and thermal reduction. In this work, a comprehensive investigation of the structural and optical 

properties of spin-coated rGO thin films was carried out to understand the influence of the reduction process 

on film characteristics. Field Emission Scanning Electron Microscopy (FESEM) revealed a uniform, 

wrinkled, and layered sheet-like morphology with interconnected rGO flakes, indicating the formation of a 

continuous thin film. Energy Dispersive X-ray (EDX) analysis confirmed carbon as the dominant 

constituent with a significantly reduced oxygen content, verifying the effective reduction of graphene oxide. 

X-ray Diffraction (XRD) analysis showed a broad (002) diffraction peak corresponding to graphitic carbon, 

confirming partial restoration of the sp²-hybridized structure with crystallite size of 53.65 nm. Optical 

studies using UV–Visible spectroscopy exhibited strong absorption in the ultraviolet region with a red-

shifted π–π* transition, indicating enhanced electronic conjugation in rGO. Fourier Transform Infrared 

(FTIR) spectroscopy demonstrated the substantial removal of oxygen-containing functional groups after 

thermal reduction, while Raman spectroscopy revealed prominent D and G bands, confirming defect-

induced disorder and the presence of few-layer rGO sheets. The combined structural and optical analyses 

confirm the successful synthesis of rGO thin films with desirable properties, making them suitable for 

potential applications in optoelectronic devices, sensors and energy-related technologies. 
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1. INTRODUCTION 

Graphene-based materials have attracted significant attention in recent years due to their exceptional 

electrical, optical, mechanical, and thermal properties, making them promising candidates for a wide range 

of applications including optoelectronics, sensors, energy storage devices, and transparent conducting 

electrodes. Among these materials, graphene oxide (GO) and reduced graphene oxide (rGO) have emerged 

as practical alternatives to pristine graphene because of their scalable synthesis, solution processability, and 

tunable physicochemical properties [1, 2]. rGO retains many desirable characteristics of graphene, such as 

high electrical conductivity and optical transparency, while offering ease of fabrication through chemical or 

thermal reduction routes [2]. 

  

The structural and optical properties of rGO are strongly influenced by synthesis methods, reduction 

conditions, and film fabrication techniques. Thin film deposition plays a crucial role in determining surface 

morphology, uniformity, crystallinity, and defect density, which directly affect the performance of rGO-

based devices [2 3]. Among various deposition techniques, spin coating is widely preferred due to its 

simplicity, low cost, reproducibility, and ability to produce uniform and controllable thin films over large 

areas. Spin-coated rGO thin films are therefore of considerable interest for applications requiring 

homogeneous coatings and precise control over thickness and surface characteristics [3, 4]. 
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The reduction of GO to rGO involves the partial removal of oxygen-containing functional groups, leading to 

the restoration of the sp²-hybridized carbon network. However, this process also introduces structural 

defects and disorder, which significantly affect the optical absorption behavior, band structure, and 

electronic transitions in rGO. Consequently, a comprehensive understanding of the relationship between 

structural features and optical properties is essential for optimizing rGO thin films for device applications 

[3-5]. Advanced characterization techniques such as Field Emission Scanning Electron Microscopy 

(FESEM), Energy Dispersive X-ray spectroscopy (EDX), X-ray Diffraction (XRD), UV–Visible 

spectroscopy, Fourier Transform Infrared (FTIR) spectroscopy, and Raman spectroscopy are commonly 

employed to elucidate these properties in detail. 

  

In the present work focuses on the comprehensive investigation of the structural and optical properties of 

spin-coated reduced graphene oxide thin films. The reduced graphene oxide thin films were fabricated using 

a sol–gel-assisted spin-coating technique followed by thermal reduction to obtain rGO. The study 

systematically examines the surface morphology, elemental composition, crystalline structure, functional 

groups, optical absorption behavior and defect characteristics of the rGO thin films. The results provide 

valuable insights into the successful formation of rGO, the extent of reduction and the correlation between 

structural features and optical response, thereby highlighting the potential of spin-coated rGO thin films for 

future optoelectronic and sensing applications. 

 

2. EXPERIMENTAL WORK 

2.1 Synthesis and preparation of thin films of rGO 

All chemicals used in this study were of analytical reagent (AR) grade. Graphene oxide (GO) powder (50 

mg) was dispersed in 100 mL of deionized water to obtain a GO sol with a concentration of 0.5 mg/mL, 

followed by ultrasonication for 45 minutes to achieve a uniform dispersion. Subsequently, 5 mL of 

tetraethyl orthosilicate (TEOS) was added dropwise to the GO sol under continuous magnetic stirring. To 

catalyze the sol–gel reaction, 1 mL of 0.1 M hydrochloric acid was then introduced into the mixture. The 

resulting solution was stirred for 2 hours at room temperature to form a stable and homogeneous sol. Prior 

to film deposition, glass substrates were sequentially cleaned with acetone and deionized water for 10 

minutes each and then dried under an infrared (IR) lamp for 20–30 minutes. The prepared GO sol was 

deposited onto the cleaned glass substrates (2x 2cm) using a spin-coating technique at a rotation speed of 

2000 rpm for 30 seconds. The coated films were pre-dried at 80 °C for 10 minutes under an IR lamp to 

remove residual solvents. This spin-coating and drying cycle was repeated two to three times to achieve the 

desired film thickness. Finally, the deposited GO thin films were thermally reduced to reduced graphene 

oxide by annealing at 300 °C for 1 hour in a muffle furnace [6-8]. 

 

2.2 Characterization techniques 

The structural and optical properties of the reduced graphene oxide thin films were comprehensively 

investigated using a combination of FESEM, EDX, XRD, UV–Visible spectroscopy, FTIR and Raman 

spectroscopy. Field Emission Scanning Electron Microscopy (FESEM) was employed to examine the 

surface morphology, uniformity, and microstructural features of the rGO thin films. Energy Dispersive X-

ray (EDX) analysis was used to determine the elemental composition of the films. X-ray Diffraction (XRD) 

analysis was carried out to study the crystalline structure, phase identification, and interlayer spacing of the 

films. Optical properties were investigated using UV–Visible spectroscopy, which provided information on 

optical absorption behavior of the rGO thin films. Fourier Transform Infrared (FTIR) spectroscopy was 

utilized to identify functional groups and chemical bonding, allowing assessment of the removal of oxygen-

containing functional groups during thermal reduction. Raman spectroscopy was employed as a powerful 

tool to analyze the structural disorder and defect density in the rGO films through the evaluation of the D 

and G bands and their intensity ratio (ID/IG), thereby offering valuable insight into the degree of reduction 

and graphitic ordering. Together, these characterization techniques provided a detailed understanding of the 

structural integrity, chemical composition and optical response of the spin-coated rGO thin films.  

 

3. RESULTS AND DISCUSSION  

3.1 Field Emission Scanning Electron Microscopy analysis 
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Figure 1 shows the FESEM micrograph of the spin-coated reduced graphene oxide thin film. The image 

clearly reveals a crumpled, wrinkled, and layered sheet-like morphology, which is a characteristic feature of 

rGO obtained after thermal reduction of graphene oxide [8, 9]. The rGO sheets appear to be randomly 

stacked and interconnected, forming a porous network with numerous folds and edge planes. Such 

crumpling and restacking of graphene layers arise due to the removal of oxygen-containing functional 

groups during annealing, leading to the collapse of the GO sheets and partial restoration of the sp² carbon 

network [9, 10]. 

 
Fig. 1. FESEM image of rGO thin film 

 

The specific surface area calculated my BET method (Eq. 1) and it was found to be 1.36 m2/g. 

Specific surface area = 6/ƍd                  (Eq.1) 

Where,  

ƍ- Density of rGO and d –diameter of spherical particle. 

 The observed rough and highly textured surface indicates the presence of micro- and nano-scale 

voids between the overlapping rGO flakes, which contributes to the measured specific surface area. The 

uniform distribution of sheets across the surface suggests that the spin-coating process resulted in a 

homogeneous film coverage without large cracks or pinholes. The presence of sharp edges and thin lamellar 

structures confirms the exfoliated nature of rGO sheets rather than bulk agglomerates [10, 11]. This porous 

and wrinkled morphology is highly advantageous for applications such as optoelectronic devices, sensors, 

and energy storage, as it provides an increased number of active sites, enhanced surface interaction, and 

improved charge transport pathways. FESEM analysis confirms the successful formation of a continuous 

rGO thin film with favorable surface morphology and structural features [9-11]. 

 

3.2 Energy Dispersive X-ray analysis 

Figure 2 illustrates the Energy Dispersive X-ray spectrum and corresponding elemental mapping of the 

reduced graphene oxide (rGO) thin film. The EDX spectrum is dominated by a strong carbon (C) peak, 

confirming that carbon is the principal constituent of the film. A comparatively weaker oxygen (O) peak is 

also observed, indicating the presence of residual oxygen-containing functional groups in the rGO structure 

[11, 12]. The reduced intensity of the oxygen peak relative to carbon suggests the effective thermal 

reduction of graphene oxide, resulting in partial removal of oxygen functionalities and restoration of the sp²-

hybridized carbon network [12, 13].  
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Fig. 2. EDX spectra of rGO thin film 

  

The elemental mapping further reveals a uniform spatial distribution of carbon and oxygen across the film 

surface, indicating homogeneous film formation through the spin-coating process. Carbon is evenly 

distributed throughout the sample, while oxygen appears sparsely and uniformly dispersed, consistent with 

residual functional groups remaining after annealing. Such uniform elemental distribution is crucial for 

ensuring consistent structural and optical properties across the film. EDX analysis confirms the successful 

reduction of GO to rGO, high compositional purity and good film homogeneity [12-14]. 

 

3.3 X-ray Diffraction analysis 

Figure 3 shows the X-ray diffraction pattern of the reduced graphene oxide thin film. The diffraction profile 

exhibits a prominent and broad peak centered at around 2θ ≈ 25.59°, which corresponds to the (002) 

reflection plane of graphitic carbon and is in good agreement with the standard JCPDS card no. 41-1487 for 

graphite [15, 16]. The appearance of this (002) peak confirms the successful reduction of graphene oxide to 

rGO and the partial restoration of the graphitic layered structure after thermal annealing. Compared to 

pristine graphene oxide, which typically shows a sharp peak near 10–11° due to increased interlayer spacing 

caused by oxygen-containing functional groups, the shift of the peak to higher 2θ values indicates a 

decrease in interlayer spacing resulting from the removal of these functional groups during the reduction 

process [16, 17]. 
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Fig. 3. XRD pattern of rGO thin film 

  

The crystallite size of the rGO thin film was estimated to be 53.65 nm, calculated using the Debye–Scherrer 

equation (Eq.2) based on the full width at half maximum (FWHM) of the prominent (002) diffraction peak 

in the XRD pattern.  





Cos

K
D =

    (Eq. 2) 

Where,  

D- Crystallite size, K- Scherrer constant (0.9), β - Full width of half maxima (FWHM), and 

λ - Wavelength of X source. 

  

This nanoscale crystallite size indicates the formation of few-layer stacked graphene domains with limited 

crystallinity along the c-axis. The relatively moderate crystallite size suggests partial restoration of graphitic 

ordering after thermal reduction, while still retaining a degree of structural disorder due to residual defects 

and incomplete restacking of graphene layers. Such a crystallite size is typical for rGO materials and is 

advantageous for optical and electronic applications, as it balances good charge transport with a high density 

of edge sites and defects that enhance surface-related properties. The broad nature of the (002) diffraction 

peak suggests the presence of few-layered and turbostratically disordered graphene sheets, which is a 

characteristic feature of rGO [16-18]. This broadening also indicates reduced crystallite size along the c-axis 

and incomplete restacking of graphene layers, consistent with the wrinkled and exfoliated morphology 

observed in FESEM analysis. 

 

3.4 UV–Visible spectroscopy analysis 

Figure 4 shows the UV–Visible absorption spectrum of the reduced graphene oxide thin film recorded in the 

wavelength range of 200–800 nm. The spectrum exhibits a strong absorption in the ultraviolet region, with a 

broad absorption band centered around ~260–270 nm, which is attributed to the π–π* electronic transitions 

of aromatic C=C bonds in the sp²-hybridized carbon network [18, 19]. The red shift of this absorption peak 

compared to graphene oxide (typically observed near ~230 nm) indicates the effective reduction of GO to 

rGO and the partial restoration of conjugated π-electron systems after thermal annealing [19, 20]. 
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Fig. 4. Absorbance versus wavenumber plot of rGO thin film 

 

In addition to the main UV absorption band, the spectrum shows a gradual decrease in absorbance toward 

the visible region, demonstrating that the rGO thin film possesses appreciable optical transparency in the 

visible range. This behavior is characteristic of rGO and is favorable for optoelectronic and transparent 

conducting applications [20, 21]. The absence of sharp absorption edges suggests the presence of localized 

states and structural disorder, which is consistent with the defect-rich nature of rGO. 

 

3.5 Fourier Transform Infrared spectroscopy analysis 

Figure 5 shows the Fourier Transform Infrared (FTIR) spectrum of the reduced graphene oxide (rGO) thin 

film recorded in the wavenumber range of 500–4000 cm⁻¹. The spectrum exhibits significantly weakened 

absorption bands compared to pristine graphene oxide, indicating the effective reduction of GO and removal 

of oxygen-containing functional groups during thermal annealing. The broad and low-intensity band 

observed around ~3400 cm⁻¹ is attributed to the stretching vibration of residual hydroxyl (–OH) groups or 

adsorbed moisture on the rGO surface. A weak band near ~2920 cm⁻¹ corresponds to C–H stretching 

vibrations, suggesting the presence of trace hydrocarbon species [20-23]. 
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Fig. 5. FTIR spectra of rGO thin film 

The absorption band observed around ~1620 cm⁻¹ is assigned to the skeletal vibration of C=C bonds in the 

graphitic domains, confirming the restoration of the sp²-hybridized carbon framework in rGO. The 

diminished intensity of peaks associated with oxygen functionalities, such as C=O stretching (~1720 cm⁻¹) 

and C–O or C–O–C stretching vibrations (1050–1250 cm⁻¹), further supports the successful reduction 

process. The overall high transmittance and weak vibrational features indicate a low concentration of 

functional groups and a more graphitic structure [23-25]. FTIR analysis confirms the effective conversion of 

GO to rGO and provides evidence for the partial elimination of oxygen-related groups, which is consistent 

with the XRD, EDX, and UV–Visible results. 

 

3.6 Raman spectroscopy analysis 

Figure 6 presents the Raman spectrum of the reduced graphene oxide thin film recorded in the Raman shift 

range of 500–3000 cm⁻¹. The spectrum exhibits two prominent characteristic peaks: the D band centered on 

~1350 cm⁻¹ and the G band located near ~1580 cm⁻¹. The D band arises from the breathing mode of sp² 

carbon atoms in rings and is associated with structural defects, edges, and disorder introduced during the 

oxidation and subsequent reduction processes [26-29]. In contrast, the G band corresponds to the in-plane 

stretching vibration of sp²-bonded carbon atoms and is indicative of graphitic ordering within the rGO 

structure [30]. 
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Fig. 6. Raman spectra of rGO thin film 

The presence of a relatively intense D band alongside the G band indicates a defect-rich structure, which is 

typical for rGO due to residual oxygen functionalities and lattice imperfections remaining after reduction. 

The intensity ratio of the D and G bands (I_D/I_G) reflects the degree of disorder and the average size of sp² 

domains; an increased I_D/I_G ratio suggests the formation of smaller but more numerous graphitic 

domains following the reduction of GO. A weak and broadened 2D band observed around ~2700 cm⁻¹ 

further confirms the formation of few-layer rGO sheets with turbostratic stacking rather than well-ordered 

graphite [29, 30]. The Raman analysis confirms the successful reduction of graphene oxide and partial 

restoration of the sp² carbon network while retaining structural defects [30, 31]. These defects and edge sites 

are beneficial for applications such as sensing and catalysis, as they enhance surface reactivity, while the 

restored graphitic domains support efficient charge transport. 

 

CONCLUSIONS 

i.Spin-coated reduced graphene oxide (rGO) thin films were successfully synthesized using a sol–gel-

assisted method followed by thermal reduction. 

ii.FESEM and EDX analyses confirmed uniform film formation with a wrinkled morphology and effective 

reduction of graphene oxide. 

iii.XRD results revealed partial restoration of the graphitic structure with a crystallite size of 53.65 nm. 

iv.UV–Visible, FTIR, and Raman studies confirmed enhanced electronic conjugation, removal of oxygen 

functional groups, and the presence of defect-rich few-layer rGO. 

v.The obtained rGO thin films exhibit favorable structural and optical properties, making them suitable for 

optoelectronic and sensing applications. 
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