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ABSTRACT : In this study, graphene was functionalized using a mixed acid treatment (HNO3/H,SO,) to
introduce carboxyl (-COOH) groups onto its surface. The structural, chemical, and thermal properties of pristine
graphene (Gr) and functionalized graphene (Gr-COOH) were investigated using FTIR, Raman spectroscopy,
TGA, and dispersion tests. FTIR results confirmed the successful incorporation of oxygen-containing functional
groups. Raman analysis indicated an increased defect density after functionalization, as evidenced by a higher
I/l ratio. TGA revealed distinct weight loss stages corresponding to the decomposition of functional groups and
the graphene framework. Additionally, dispersion tests showed that Gr-COOH exhibited significantly improved
stability and uniformity in water compared to pristine graphene. These results demonstrate that the
functionalization process effectively modifies graphene, enhancing its dispersibility and making it a promising
material for applications such as electroplating.

KEYWORDS - graphene, functionalization, characterization, carboxyl group

Date of Submission: 08-04-2026 Date of acceptance: 20-04-2026

LINTRODUCTION

Graphene, a two-dimensional (2D) allotrope of carbon consisting of a single layer of sp?-hybridized
carbon atoms arranged in a hexagonal lattice, has emerged as one of the most extensively studied nanomaterials
since its experimental isolation in 2004 [1,2]. The award of the Nobel Prize in Physics in 2010 to its discoverers
further underscored its scientific significance and transformative potential [3]. Owing to its unique structure,
graphene exhibits extraordinary physical and chemical properties, including ultra-high carrier mobility, excellent
thermal conductivity, superior mechanical strength, and high specific surface area [4]. These attributes have
positioned graphene as a key material for next-generation applications in nanoelectronics, optoelectronics, energy
storage systems, catalysis, and sensing technologies [5,6]. At the atomic level, the remarkable properties of
graphene originate from its electronic structure. Each carbon atom forms three in-plane ¢ bonds through sp?
hybridization, generating a robust honeycomb lattice, while the remaining p, orbital contributes to a delocalized
n-electron system extending over the entire graphene sheet. This conjugated m-network is responsible for
graphene’s exceptional electrical conductivity and optical transparency. However, the same delocalization that
gives rise to these outstanding properties also renders pristine graphene chemically inert and hydrophobic, limiting
its compatibility with solvents and matrices. As a result, graphene tends to aggregate via strong n—m stacking
interactions, forming multilayer structures that significantly reduce its accessible surface area and degrade its
performance in practical applications [7,8]. To address these challenges, surface functionalization has been widely
recognized as an effective approach to tailor the physicochemical properties of graphene [9]. Functionalization
not only improves dispersibility and processability but also introduces active sites that enhance interfacial
interactions with surrounding media. In general, graphene functionalization strategies can be categorized into
covalent and non-covalent approaches, each with distinct advantages and limitations [10]. Covalent
functionalization involves the formation of strong chemical bonds between graphene and functional groups,
typically at defect sites, edges, or regions activated by chemical treatments [11]. Oxidative processes using strong
oxidizing agents, such as nitric acid/sulfuric acid mixtures or potassium permanganate systems, are commonly
employed to introduce oxygen-containing functional groups, including carboxyl, hydroxyl, and epoxy groups.
These functional groups serve as anchoring sites for further chemical modification, enabling the attachment of
organic molecules, polymers, or nanoparticles. Additionally, reactions such as esterification, amidation, and
cycloaddition (e.g., dienophile addition to C=C bonds) have been explored to expand the chemical versatility of
graphene [11]. While covalent functionalization significantly enhances chemical reactivity and stability, it often
disrupts the n-conjugated network, leading to a partial loss of electrical and mechanical properties [12]. In contrast,
non-covalent functionalization preserves the intrinsic electronic structure of graphene by relying on weak
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intermolecular interactions, such as van der Waals forces, m—n stacking, hydrogen bonding, and electrostatic
interactions [13]. This method typically involves the adsorption of surfactants, polymers, or aromatic molecules
onto the graphene surface, which prevents aggregation and improves dispersion in various solvents. Among these
interactions, m—r stacking between graphene and aromatic compounds is particularly effective due to the extended
conjugated system of graphene [14]. Furthermore, advanced interaction mechanisms, including cation—m, anion—
n, and hydrogen—n interactions, have been investigated to design sophisticated graphene-based hybrid materials
for applications in catalysis, sensing, and supramolecular assembly. Another important functionalization pathway
involves the incorporation of heteroatoms or reactive species, such as hydrogen and halogens. For instance,
fluorination of graphene introduces C—F bonds, which can subsequently be replaced by various functional groups
through nucleophilic substitution reactions. These modifications enable further tuning of graphene’s chemical and
electronic properties [15]. However, excessive functionalization or harsh treatment conditions may lead to
structural damage or degradation of graphene sheets, highlighting the need for controlled and optimized processes.
Despite extensive research efforts, a critical challenge remains in achieving an optimal balance between
functionalization efficiency and preservation of graphene’s intrinsic properties [14,15]. Covalent approaches offer
strong and stable functionalization but at the expense of electronic performance, whereas non-covalent methods
maintain structural integrity but may suffer from limited long-term stability. Therefore, developing innovative
functionalization strategies that combine the advantages of both approaches is essential for advancing the practical
implementation of graphene-based materials.

In this study, we focus on the chemical functionalization of graphene surfaces, aiming to enhance their
physicochemical properties and expand their potential applications. The mechanisms, methods, and effects of
different functionalization approaches are systematically investigated to provide insights into the design of high-
performance graphene-based materials.

II. EXPERIMENTAL
A mixed acid solution of HNO3/H>SO4 (volume ratio 3:1) was employed as a strong oxidizing agent to
introduce carboxylic functional groups onto graphene (Gr) by oxidizing carbon atoms at defect sites. However,
this mixture is highly hazardous due to the release of NO; gas during the reaction; therefore, all procedures were
conducted under strict safety conditions. The extent of oxidation and defect formation increases with both the
volume of the acid mixture and the reaction duration.
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Figure 1: The functionalization process of graphene.

(70°C, 5h)

In a typical procedure, 100 mg of graphene was added to a round-bottom flask containing 200 mL of the
acid mixture (sufficient volume to ensure effective oxidation and proper stirring). The suspension was
magnetically stirred at 70°C for 4 h. Subsequently, the entire mixture was subjected to ultrasonic treatment for 5
h. After the reaction, the resulting suspension was filtered and thoroughly washed using a vacuum filtration system
to remove residual acids. To ensure complete removal of acid, the pH of the filtrate was monitored using pH
indicator paper. When no color change was observed, the functionalized graphene was considered free of residual
acid. Depending on the initial graphene amount, product collection methods were adjusted accordingly; for
smaller quantities, centrifugation can be used to obtain highly purified functionalized graphene. Finally, the
obtained material was dried at 80°C for 24 h to yield carboxyl-functionalized graphene (Gr—COOH).

Pristine graphene and functionalized graphene were systematically characterized using Fourier
Transform Infrared (FTIR, Shimadzu IRPrestige-21) spectroscopy, Raman spectroscopy (Horiba LabRAM HR
Evolution), and Thermogravimetric Analysis (TGA, Shimadzu DTG-60H) in order to comprehensively evaluate
the structural, chemical, and thermal changes induced by the functionalization process. The combination of these
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analytical techniques provides complementary insights into the successful introduction of functional groups, the
evolution of defect density, and the thermal stability of the modified graphene.

II1. RESULTS AND DISCUSION

Fourier Transform Infrared (FTIR) spectroscopy was employed to identify and analyze the organic
functional groups present in the synthesized material. In this study, FTIR analysis plays a crucial role in
confirming the successful functionalization of graphene, particularly the introduction of carboxyl (—COOH) onto
its surface. Graphene sheets were treated using a mixed acid solution of HNO3; and H>SO4, a commonly used
oxidation method to introduce oxygen-containing functional groups. This chemical treatment is expected to
generate ~COOH groups predominantly at defect sites and sheet edges, thereby enhancing the chemical reactivity
and dispersibility of graphene.
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Figure 2: FTIR spectra of Gr-COOH

The FTIR spectrum of the functionalized graphene (graphene—COOH), as shown in Figure 2, provides
clear evidence of these structural modifications. A broad absorption band centered at 3441 cm™ is observed, which
is characteristic of the stretching vibrations of —OH groups. This broadening can be attributed to hydrogen bonding
effects and may arise from hydroxyl groups associated with carboxylic functionalities or adsorbed moisture. The
presence of this band indicates the successful incorporation of oxygen-containing groups during the acid treatment
process. A prominent peak at 1730 cm™ is assigned to the C=0 stretching vibration of carboxyl (-COOH) groups
[16]. This peak is widely recognized as a key indicator of graphene oxidation and confirms the formation of
carboxylic acid functionalities on the graphene surface. Additionally, the peak at 1631 cm' corresponds to the
C=C skeletal vibrations of the graphene lattice, reflecting the retention of the conjugated sp? carbon network
despite the oxidation process. This suggests that although functional groups have been introduced, the
fundamental structure of graphene remains largely preserved. Other characteristic peaks are also identified in the
spectrum. The absorption band at 1022 cm! is attributed to C—O stretching vibrations, further supporting the
presence of oxygen-containing functional groups such as alcohols, ethers, or carboxyl groups [17]. Moreover, the
peak at 1570 cm™ is associated with >C=C< stretching vibrations in unsaturated carbon structures, which may
arise from defects or partially disrupted n-conjugation within the graphene sheets. The FTIR analysis provides
strong evidence that —-COOH functional groups have been successfully grafted onto the graphene surface through
oxidation with the HNO3/H,SO4 mixture. The presence of these functional groups not only confirms the
effectiveness of the chemical modification process but also suggests improved interfacial interactions and
compatibility in subsequent composite applications.
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Figure 3: Raman spectra of (a) as-prepared Gr and (b) functionalized Gr.

Raman spectroscopy is widely recognized as an effective and reliable technique for investigating the
structural characteristics of graphene-based materials. In this study, Raman analysis was employed to evaluate the
influence of the functionalization process on the structural properties of pristine Gr and carboxyl-functionalized
graphene (Gr—COOH). In particular, the degree of structural disorder and defect density was assessed through the
relative intensity ratio of the two characteristic Raman bands, namely the D band and the G band (Ip/Ig) [18].
Figure 3 presents the Raman spectra of pristine graphene and functionalized graphene. Two prominent
characteristic peaks are clearly observed: the D band located at 1353.87 cm™' and the G band at 1591.22 cm™' [19].
The G band originates from the in-plane stretching vibration of sp?-bonded carbon atoms in the graphene lattice
and is commonly associated with the degree of structural order and graphitic crystallinity. A strong and sharp G
peak typically indicates a well-ordered sp? carbon network. In contrast, the D band is related to the presence of
structural defects and disorder within the graphene framework. This peak arises from the breathing modes of sp>-
hybridized carbon atoms and becomes active in the presence of lattice imperfections such as vacancies, edges, or
functional groups. Therefore, the intensity of the D band serves as an important indicator of defect density in
graphene materials. The ratio of the intensities of these two bands (Ip/Ig) provides valuable insight into the level
of disorder and crystallinity of the material. In this work, the Ip/I ratio of pristine graphene is determined to be
0.92, which is lower than that of the functionalized graphene (1.03). This increase in the Ip/lg ratio after
functionalization clearly indicates a higher density of defects in the Gr—COOH sample [20]. The introduction of
these defects can be attributed to the oxidative treatment process, in which graphene is exposed to strong oxidizing
agents (HNO3/H»S0s), leading to the disruption of the sp? carbon network and the formation of oxygen-containing
functional groups. Furthermore, a noticeable shift of the G band toward higher wavenumbers is observed in the
functionalized graphene compared to pristine graphene. This shift can be attributed to lattice distortion and strain
induced during the chemical modification process. Such structural distortion further confirms that the
functionalization process not only introduces new functional groups but also alters the intrinsic lattice structure
of graphene. In conclusion, the Raman spectroscopy results demonstrate that the functionalization process
significantly increases the defect density in graphene. In other words, the introduction of -COOH groups through
oxidative treatment leads to the formation of structural defects and partial modification of the graphene lattice,
thereby affecting its structural integrity and properties.

Thermogravimetric analysis (TGA) provides valuable information regarding the thermal behavior and
stability of functionalized graphene, particularly because the organic functional groups attached to the graphene
surface are generally thermally unstable. Most oxygen-containing functional groups, such as hydroxyl (—-OH) and
carboxyl (—COOH), tend to decompose at temperatures significantly lower than the decomposition temperature
of the graphene framework itself. Therefore, TGA 1is an effective technique to evaluate both the presence and
thermal stability of these functional groups.
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Figure 4: Raman spectra of functionalized Gr.

In this study, TGA was employed to investigate the thermal decomposition behavior of COOH-
functionalized graphene, as illustrated in Figure 4. The TGA curve reveals that the material remains relatively
thermally stable at temperatures below approximately 51°C, where only a slight mass loss is observed. This initial
weight loss can be attributed to the removal of physically adsorbed moisture and residual volatile species on the
graphene surface. As the temperature increases beyond 60°C, the mass loss becomes more pronounced and
proceeds through multiple stages, indicating the presence of different thermally labile components. The
decomposition process continues until it reaches completion at around 626°C. The occurrence of multiple weight-
loss stages suggests that various types of functional groups with different thermal stabilities are present on the
graphene surface as a result of the functionalization process. According to the TGA profile, the first major
decomposition stage occurs in the temperature range from approximately 51°C to 532°C. This stage is mainly
associated with the thermal decomposition of oxygen-containing functional groups, particularly carboxyl (—
COOH) groups, which are known to degrade over a broad temperature range due to their relatively low thermal
stability. The gradual mass loss in this region reflects the progressive removal of these functional groups from the
graphene surface. The second stage, observed from 532°C to 626°C, corresponds to the combustion or thermal
degradation of the graphene framework itself. In this temperature range, the carbon skeleton of graphene
undergoes oxidation and structural breakdown, leading to a rapid decrease in mass. This stage marks the ultimate
decomposition of the material. Overall, the TGA results clearly demonstrate that the functionalized graphene
contains a significant amount of thermally unstable oxygen-containing groups, confirming the success of the
surface modification process. Moreover, the multi-stage decomposition behavior provides further insight into the
complexity of the functional groups introduced during oxidation. These findings highlight the strong correlation
between chemical functionalization and thermal stability, which is critical for evaluating the applicability of
graphene-based materials in high-temperature or thermally demanding environments.

Figure 5: The dispersion of (a) as-prepared Gr and (b) functionalized Gr.
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Figure 5 presents the dispersion behavior of pristine graphene (Gr) and functionalized graphene (Gr—
COOH) in an aqueous medium. The dispersion stability was evaluated through visual observation after dispersing
both materials under identical conditions. The results clearly demonstrate a significant improvement in the
dispersibility of graphene after functionalization. Specifically, the Gr—COOH sample exhibits a more uniform and
stable suspension, with no obvious sedimentation over the observation period. The solution appears homogeneous,
indicating that the graphene sheets are well-dispersed throughout the aqueous medium. This enhanced dispersion
behavior can be attributed to the introduction of hydrophilic functional groups, particularly carboxyl (~COOH)
groups, onto the graphene surface during the oxidation process. These polar functional groups increase the affinity
of graphene toward water molecules and promote better interaction with the solvent, thereby preventing
agglomeration. In contrast, pristine graphene (Gr) shows poor dispersion characteristics in water. Visible
sedimentation is observed, and the suspension appears non-uniform, indicating that graphene sheets tend to
agglomerate and settle over time. This behavior is primarily due to the inherently hydrophobic nature of graphene
and the strong van der Waals interactions between its layers, which promote restacking and aggregation in aqueous
environments. The improved dispersion stability of Gr—COOH can also be explained by electrostatic repulsion
and steric hindrance effects introduced by the functional groups. The ionization of -COOH groups in water may
generate negatively charged surfaces, leading to electrostatic repulsion between graphene sheets and thus
enhancing colloidal stability. As a result, the functionalized graphene remains well-dispersed for extended periods
compared to pristine graphene. These findings provide strong evidence that carboxyl-functionalized graphene
(Gr—COOH) possesses superior dispersibility in aqueous systems. This property is particularly important for
applications such as electroplating, where a stable and homogeneous dispersion of reinforcing particles is essential
for achieving uniform coatings and improved material performance. Therefore, the obtained results suggest that
Gr—COOH is a promising candidate for use as a dispersible additive or medium in alloy electroplating processes.

IV.CONCLUSION

In this work, graphene was successfully functionalized using a mixed acid oxidation method to introduce
carboxyl (—COOH) groups onto its surface. The effectiveness of the functionalization process was
comprehensively confirmed through FTIR, Raman, TGA, and dispersion analyses. FTIR results verified the
presence of oxygen-containing functional groups, indicating successful chemical modification. Raman
spectroscopy demonstrated an increase in defect density in the functionalized graphene, as reflected by the higher
I_D/I_G ratio and the shift of the G band, confirming structural changes induced by oxidation. TGA analysis
revealed distinct thermal decomposition stages, corresponding to the degradation of functional groups and the
graphene framework, further supporting the successful grafting of thermally labile groups. Moreover, dispersion
experiments showed that functionalized graphene exhibited significantly improved stability and uniformity in
aqueous media compared to pristine graphene. This enhancement is attributed to the introduction of hydrophilic
—COOH groups, which reduce agglomeration and improve interaction with water. In summary, the
functionalization process not only modifies the chemical and structural properties of graphene but also
significantly enhances its dispersibility. These results demonstrate that Gr—COOH is a promising material for
applications requiring stable aqueous dispersions, such as electroplating and advanced composite systems.
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