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6.1 Introduction 

A lethal scandal in china has become a haunting calamity in the world even after ten years 

because of the death of six infants along with ~3,00,000 illnesses [1]. This catastrophe is a result 

of addition of chemical compound known as “melamine” in toddler’s milk powder to 

synthetically increase the protein content [1].  Melamine having C3H6N6 molecular formula is an 

organic compound consisting ample of nitrogen atoms [2] and has application as a chemical 

agent in industries in plastics, kitchen equipment, fertilizer manufacturing, adhesives, coatings 

etc. [3-5]. The standard adequate consumption of melamine is 0.63 mg/kg barely [6]. However, 

on the basis of United States Food and Drug Administration (FDA), the melamine quantity in 

milk powder was noticed to be in critically considerable setting of 2560 mg/kg. Besides this, 

melamine utilized in pet foods also led to hundreds of deaths in dogs and cats in USA in 2007. 

The melamine intake causes bladder and kidney stones leading to kidney breakdown in humans 

[7,8]. Hence, it is important to hunt down and manage the quantity of melamine. Limited 

investigations were reported for systematic detection of melamine [9-12]. For the detection of 

melamine these investigations comprise methods like liquid chromatography with tandem mass 

spectrometry (LC-MS-MS), mass spectrometry (MS) and low temperature plasma (LTP) 

ionization with MS-MS [13-15]. However, they are dreary which demand pre-treatment of 

specimen such as extraction, pre-concentration and derivatization. On the other hand, Raman 

spectrum requires nominal or no sample preparation in providing “fingerprint-like” information 

without damaging any samples [16]. Despite precision and effective recognition of molecules, 

there are still the hindrances for tiny molecules resulting in feeble signals of Raman 

spectroscopy. Surface enhanced Raman spectroscopy (SERS) contributed in enhancing those 

feeble Raman signals even in case of single molecule [17-22]. After the introduction of SERS, 

the exploration for functional substrates comprising greater sensitivity, replicability and 

consistency were started. Noble and transition metals like silver, gold, copper, silicon, palladium 

etc. were conventionally employed as substrates [23,24]. However, novel substrates are 

developing concern about biocompatibility, stability, expenditures and sustainable nature. The 

well-known graphene [25] presents remarkable Raman scattering characteristics in comparison 

with noble metals because of its reliable chemical stability, adsorptivity and biocompatibility 

together with exceptional electronic and phonon properties [26]. The substrate made up of 
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graphene to enhance Raman scattering is known as “Graphene-enhanced Raman scattering 

(GERS)”. Bringing together graphene with metal substrates consequently increases its Raman 

signals [27]. Different allotropes of graphene such as graphene oxide (GO), aged and nanomesh 

graphene and graphene quantum dots (GQDs) were investigated which presented their role for 

SERS applications [28-32]. The increment is because of the chemical effects together with its 

ability to transmit ample of visible wavelength [33]. Raman signals in graphene are found to be 

increased by 2 to 17-fold (of phthalocyanine) in comparison with SiO2/Si substrate which is even 

beneath the metal substrates [34]. GQDs have gained much attention in this field attributed to 

quantum confinement and edge effects. The large surface area and exposed edges of these 

quantum dots provide easy adsorption of targeted molecules [33]. GQDs possess noteworthy 

signals of SERS to find target molecules attributed to their effective photo-electronic properties 

[26,33,35]. Furthermore, it is notable that the functionalization of GQDs modifies their 

properties [36-37]. Motivated by the above facts, present work is studied with two different 

GQDs: (i) oxygen (O) and sulphur (S) doped GQDs [38], and (ii) epoxy, hydroxyl, and carboxyl 

groups functionalized GQD with the aim to sense melamine [39]. The geometrical, electronic 

and vibrational characteristics of melamine over these two GQDs were studied to identify 

superior substrate for the detection of melamine.  

6.2 Computational Details 

Density functional theory based on first principles calculation is utilized to perform calculations 

to find geometrical, electronic and vibrational properties via Gaussian09 software [40]. 

Minimum energy is precisely predicted through hybrid functional B3LYP, which is the blend of 

Hartree-Fock exchange and Becke exchange functional (Becke three parameter). The B3LYP 

[41-42] incorporates non-local correlation functional from Lee, Yang and Parr (LYP) along with 

local correlation from Vosko, Wilk, and Nusair functional (VWN III) [43]. The 6-31G basis set 

was used comprising orbitals of inner-shell provided through six Gaussian functions along with 

four Gaussians consisting split-valence set for valence orbitals with subsets of three and one.  

Doped GQDs  

To perform detection of melamine over oxygen doped GQD (O-GQD) sulphur doped GQD (S-

GQD), structural optimization of their pristine forms along with adsorption were done. The 
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surface-on framework, in which, melamine was positioned parallel to the surface of O-GQD and 

S-GQD, was adopted for the interaction. Melamine over O-GQD (Mel-O-GQD) and melamine 

over S-GQD (Mel-S-GQD) in their optimization process were relaxed together until the gradient 

forces levels 0.00045 Hartree threshold value. The diagonalization of mass weighted Hessian 

matrix was used to evaluate the vibrational modes. The adsorption energy (   ) of Mel-O-GQD 

and Mel-S-GQD is evaluated through equation: 

                                                     (6.1) 

here                   represents melamine optimized total energy over O-GQD and S-GQD, 

         represents individual optimization energy of oxygen doped GQD and sulphur doped 

GQD.           represents pristine melamine’s optimized energy. The minus sign of     from 

equation (6.1) depicts a stable adsorption complex over both GQD systems. 

Functionalized GQDs 

In the next, detection of melamine is performed over GQD functionalized with epoxy, hydroxyl, 

and carboxyl groups, naming it as “f-GQD”. Along with 6-31G basis set, diffusion (d) and 

polarization (p) functions were also employed. To compare, melamine is placed over both 

pristine GQD and f-GQD to check the interaction mechanism. The     is defined using equation: 

                                                          (6.2) 

Here,                     depicts melamine and f-GQD system’s total optimized energy, 

           and           represents energy of separate GQD/f-GQD and melamine 

respectively. 

6.3 Results and Discussions 

6.3.1 Doped GQDs 

6.3.1.1 Structural and Binding Interaction 

In order to explore geometrical properties, oxygen doped GQD and sulphur doped GQD were 

investigated before and after the adsorption of melamine. The optimized structures of oxygen 

doped GQD and sulphur doped GQD are presented in Fig. 6.1. GQDs are minute fractions of 2D 

graphene inside of which atoms of carbon are compacted in hexagonal rings. 
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The O and S atoms were switched with the sites beyond electronegative atom (oxygen) of GQD 

to assure minimal deformation. Consequently, the most appropriate sites for substitution would 

be the hexagonal ring of carbon atoms (C3, C6, C7, C8, C41 and C42).  

 

Considering that the carbon atoms comprise similar surrounding and coordination number, 

carbon atom labeled as 42C (Fig. 6.1) was selected for substitution. The selection of site also 

assists the range of melamine. Additionally, the size of both GQDs is 1.36 nm, which is suitable 

as a substrate for melamine adsorption of size 0.63 nm. Accordingly, an individual melamine is 

adsorbed over single unit of oxygen doped GQD and sulphur doped GQD. Further, the doping 

percentage is 3.8% for oxygen and sulphur inclusion. In GQDs, the C-C atoms bond length is 

~1.42 Å [37,44], while after the doping of oxygen, the bond length is altered among C-O-C 

atoms due to the local distortion as presented in Fig. 6.1(a). The bond length is 1.622 Å for C-

42O, 1.52 Å for 41C-42O and 1.48 Å for 8C-42O atoms, which is in accordance with other 

reported work [45] and greater than pristine GQDs. The attained bond angles are also in 

agreement with reported studies [46-47] with values of 120.1˚ for 22C-42O-41C, 118.5˚ for 41C-

42O-8C and 121.2˚ for 8C-42O-22C. The structural investigation presents that the plane sp
2
 

configuration and delocalization of -electron are conserved in O-GQD. 

(a) (b) 

Figure 6.1: Optimized geometries of GQDs with (a) oxygen doped GQD and (b) sulphur doped GQD. 
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Moreover, in S-GQD, for atom 22C-42S, the bond length is 1.89 Å. In 41C-42S, the bond length 

is 1.84 Å and in 8C-42S, the bond length is 1.83 Å, leading in additional geometrical 

deformation in comparison with O-GQD (uplift of sulphur from the plane of GQD (Fig. 6.1(b)). 

The pyramid like structure is due to large radius of S atom converting sp
2
 to sp

3
 hybridized 

carbon and is in agreement with other work [48]. The identification of binding interactions of 

melamine, adsorption energies are evaluated using equation (6.1). 

 

 

 

Figure 6.2 presents the primary configuration of Mel-O-GQD and Mel-S-GQD. After the 

geometry optimization, in case of O-GQD, melamine tends to adsorb at the boundary near 

carboxyl group, whereas, in S-GQD, melamine reorients itself on S-GQD near the sulphur 

doping. Following geometry optimization, adsorption energy is calculated through equation 

(6.1). The Ead of melamine is -1.182 eV and -0.15 eV for O-GQD and S-GQD respectively, 

presented in Table 6.1. The O-GQD shows greater Ead attributed to its superior electronegative 

nature than sulphur. The Ead is even greater than melamine adsorbed over graphene with LDA 

functional [12]. To clearly depict the adsorption mechanism, electronic properties were also 

analyzed. 

 

 

(a) (b) 

Figure 6.2: Initial geometries of (a) Mel-O-GQD and (b) Mel-S-GQD. 



                              CHAPTER 6 
 

 

Page 101 

 
 

ELUMO = -1.941 eV  

(Ground state) 

Eg = 1.658 eV  

EHOMO = -3.599 eV  

(First excited state) 

(a) 

ELUMO = -2.5 eV  

EHOMO = -4.689 eV  

(First excited state) 

(Ground state) 

Eg = 2.189 eV  

(b) 

Figure 6.3: HOMO-LUMO surfaces of (a) Mel-O-GQD and (b) Mel-S-GQD. 

 

Table 6.1: Computed HOMO and LUMO energies, HOMO-LUMO gap (Eg) and adsorption energy (Ead) of all 

systems. 

 

 

 

 

 

 

 

6.3.1.2 Electronic Properties 

The highest occupied molecular orbitals (HOMO) and lowest unoccupied molecular orbitals 

(LUMO) were studied to comprehend above interaction mechanism of melamine over O-GQD 

and S-GQD and are presented in Fig. 6.3. The donor nature of electrons is depicted through 

HOMO, while, the acceptor nature is depicted through LUMO. The HOMO and LUMO 

determine the process of adsorption mechanism between adsorbate and adsorbent. The 

delocalization of -bonds in Fig. 6.3 (a-b) is presented through the distribution of HOMO and 

System EHOMO (eV) ELUMO (eV) Eg (eV) Ead (eV) 

Melamine -6.189 0.507 6.696 - 

O-GQD -4.052 -2.478 1.57 - 

S-GQD -4.637 -2.479 2.15 - 

Mel-O-GQD -3.599 -1.941 1.658 -1.182 

Mel-S-GQD -4.689 -2.5 2.189 -0.15 
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LUMO on O-GQD and S-GQD. Though, the doping further weakens it [48]. The magnitude of 

HOMO-LUMO gaps (Eg) is given in Table 6.1. The positive and negative orbitals of HOMO-

LUMO are presented through red and green colors. The position of HOMO-LUMO energies 

deviates subsequent to melamine adsorption. The Eg is 1.658 for Mel-O-GQD and 2.189 eV for 

Mel-S-GQD. The Eg is evaluated to study the charge transfer among systems leading to the 

modification in their chemical reactivity. It is found that there is no change in Eg of Mel-S-GQD, 

however, Eg increases from 1.57 to 1.658 (≈ 9%) in Mel-O-GQD depicting noteworthy charge 

transfer. Besides, the molecular electrostatic potential (MESP) is also investigated to 

comprehend the link between geometries and chemical activity of all considered systems and 

presented them in Fig. 6.4.  

 

 

Traditionally, red region presents electrophilic part with additional electrons while blue region 

presents nucleophilic part with lack of electrons. Hence, MESP carrying positively charged 

particles will bond intensely is depicted through red region and contrariwise for blue one. The 

aforementioned demonstrates the strong binding of -1.182 eV among melamine (red region) and 

O-GQD (blue part along boundaries) presented in Fig. 6.4(d). 

(a) (b) (c) 

(d) 
(e) 

Figure 6.4: MESP surfaces of (a) pristine melamine (b) O-GQD (c) S-GQD (d) Mel-O-GQD and (e) Mel-S-

GQD. 
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The Mulliken population analysis (MPA) is also explored as charge distribution comprises 

important impact on vibrational properties. MPA graphs of melamine, Mel-O-GQD and Mel-S-

GQD are presented in Fig. 6.5. Graphs show that carbon atom bears positive and negative values 

of charges together, whereas, hydrogen atom bears only positive values of charges. In Mel-O-

GQD, oxygen acquires charges arising out of melamine molecule (Fig. 6.5(b-d)). The fewer 

(a) 

(b) 

(c) 

(d) 

(e) 

Figure 6.5: MPA of (a) pristine melamine (b) O-GQD (c) S-GQD (d) Mel-O-GQD and (e) Mel-S-GQD. 
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charges are transposed in Mel-S-GQD due to low Ead. The MPA of studied systems provides a 

platform for present calculation on chemical enhancement effects. 

6.3.1.3 SERS Mechanism of Melamine over doped Graphene Quantum Dots 

With the aim to investigate melamine detection, DFT calculations have been done to attain SERS 

chemical enhancement characteristics of Mel-O-GQD and Mel-S-GQD. The spectra of Raman 

and SERS of all considered systems are depicted in Fig 6.6. The graph is shown in twofolds 

ranging from (a) 200 cm
-1 

to 800 cm
-1

 and (b) 1000 cm
-1 

to 1600 cm
-1 

to systematically examine 

specific melamine peaks. The computed Raman signal is determined by strong peak obtained at 

688 cm
-1

 which is analogous with other reported theoretical and experimental works [9-11,49]. 

(a) (b) 

Figure 6.6: Theoretical Raman spectra of melamine, Mel-O-GQD and Mel-S-GQD ranging 

between (a) 200 cm
-1 

to 800 cm
-1

 and (b) 1000 cm
-1

 to 1600 cm
-1

. 
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Table 6.2: Calculated Raman spectral data and vibrational assignments of pristine melamine, Mel-O-GQD and 

Mel-S-GQD. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Experimentally, the peak obtained at ~688 cm
-1 

is considered a characteristic peak for melamine 

molecule [11,49] which is specified as ring breathing vibration mode and is in agreement with 

previous published study [10]. The additional peaks of melamine are found at 336 cm
-1

, 568 cm
-

1
, 584 cm

-1
, 744 cm

-1
, 962 cm

-1
, 1185 cm

-1
, 1505 cm

-1
, 1583 cm

-1
 and 1662 cm

-1
. These are 

tabulated in Table 6.2 together with vibrational modes of Mel-O-GQD and Mel-S-GQD. The 

strong 688 cm
-1 

peak is employed for SERS investigation. The impact of O-GQD and S-GQD 

over melamine is studied using intensity of spectra and vibrational assignments.  

It is found that in O-GQD melamine is interacted using nitrogen and hydrogen atom, while in S-

GQD, it is adsorbed through NH2 group and sulphur. Both Raman and SERS spectra are 

presented in Fig. 6.6. As observed from Figs. 6.3-6.5, modification in electronic properties 

results in the chemical enhancement and Raman signals. Table 6.3 shows the chemical 

enhancement factors (EF) determined through following equation: 

 

Calculated Wavenumber (cm
-1

) 

Assignments 

Melamine Mel-O-GQD Mel-S-GQD 

336 337 337 NH2 wagging 

568 544 544 NH2 twisting 

584 580 589 C-N-C bending and  NH2 twisting 

688 688 688 Ring breathing 

744 733 742 
C-N-C bending (out-of-plane) and  NH2 

twisting 

962 976 967 C-N-C bending 

1505 1507 1507 C-N-C stretching (in plane) 

1583 1597 1579 
N-C-N bending (out-of-plane) and NH2 

wagging 

1662 1689 1669 N-C-N bending and NH2 bending 
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                                             (6.3) 

where,       and       depict Raman signal intensity and amount of molecules involved in 

SERS.        and         depict intensity of Raman signal and amount of molecules in normal 

Raman. The intensity of characteristic peak of Raman spectra in melamine at 688 cm
-1 

is 1.282 

which increases to 5.748 (348.4 %) in Mel-O-GQD SERS (Fig. 6.6). The intensity increases up 

to 1.898 (48%) in case of Mel-S-GQD SERS spectra. It is noteworthy that the increment in 

intensity of Raman peak in O-GQD is even higher than silver clusters being the substrate for 

melamine [10]. 

Table 6.3: Evaluated enhancement factor (EF) of Mel-O-GQD and Mel-S-GQD. 

 

 

 

 

 

Addition of oxygen and sulphur in GQD leads to the enhancement of intensity in other peaks of 

melamine along with the characteristic peak. The red shift is observed in peaks of melamine (962 

cm
-1

 and 1662 cm
-1

)
 
adsorbed over both GQDs. The EF of Mel-O-GQD and Mel-S-GQD 

calculated through equation (6.3) is 4.51 and 1.48 respectively. This large enhancement is 

attributed mainly to the addition of oxygen in graphene quantum dots defining the chemical 

enhancement mechanism of SERS.  

6.4.1 Functionalized GQDs 

6.4.1.1 Structural and Binding Interaction 

The geometry optimization is performed at three sites such as hollow, bridge, and top to study 

melamine interaction on rectangular GQD. Hollow site is depicted as central hexagonal ring 

positioned at hollow site of GQD presented in Fig. 6.7 (a). The top site is defined as the 

placement of melamine’s central hexagonal ring on top of GQD’s carbon atom at 1.5 Å distance 

(Fig. 6.7 (b)). It is kept across the mid of carbon-carbon bond (Fig. 6.7 (c)). The upper row in 

System 
Enhancement 

factor (EF) 

Mel-O-GQD 4.51 

Mel-S-GQD 1.481 
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Figure 6.7: Initial and optimized geometries of (a) hollow melamine-GQD (b) top melamine-GQD and 

(c) bridge melamine-GQD.     

(a) (b) (c) 

Fig. 6.7 presents initial structures of melamine over GQD and lower row shows optimized 

structures of melamine and GQD. 

 

Hollow site optimization shows that the carbon atom of GQD is elevated by nitrogen atom of 

melamine molecule, however, the remaining section of melamine is strongly repulsed resulting 

in the positive Ead of 3.98 eV. This positive Ead depicts the endothermic process and therefore 

impractical to adsorb. The Ead of −0.16 eV is attained with melamine adsorption at top site. 

Melamine on bridge site of GQD presents negligible Ead of −0.08 eV. All calculated Ead are 

tabulated in Table 6.4.  

Several studies propose the variation of geometries and electronic properties using 

functionalization [36-37]. Based on that, adsorption of melamine is also investigated on 

functionalized GQD (f-GQD). Three functional groups such as carboxyl, epoxy, and hydroxyl 

are joined to GQD assigning it as “functionalized-GQD (f-GQD)”. 
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 Table  6.4: Calculated adsorption energy (Ead) of melamine on GQD and f-GQD for all three sites. 

 

 

 

 

 

 

 

 

 

Figure 6.8 presents melamine adsorption over f-GQD (f-GQD-mel) subsequent to optimization of 

ground state. The similar Ead of −0.53 eV is found for all hollow, top and bridge sites attributed 

to their equivalent geometrical properties. This homologous interaction in all three sites is the 

result of melamine interaction with hydroxyl group solely. Hence, results in the similar geometry 

configuration. 

 

Further, due to the greater Ead (three times) in f-GQD-mel as compared to pristine form, we have 

explored electronic and SERS properties of f-GQD-mel only. 

System Site Ead (eV) 

GQD + melamine 

Hollow 3.98 

Top -0.16 

Bridge -0.077 

f-GQD + melamine 

Hollow -0.53 

Top -0.53 

Bridge -0.53 

(a) 
(b) 

Figure 6.8: (a) Top view and (b) side view of optimized geometries of melamine over f-GQDs. 
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6.4.1.2 Electronic Properties 

The HOMO and LUMO together with Eg are explored to study the electronic properties. The 

chemical as well as kinetic stability of particular molecule is determined through the energy gap 

(Eg) between HOMO and LUMO [50]. Figure 6.9 shows HOMO, LUMO and Eg of melamine 

and f-GQD-mel. 

The HOMO of melamine is confined to its C–N–C ring and two NH2 groups, whereas, LUMO is 

localized on entire melamine as shown in Fig. 6.9. This orbital localization of melamine presents 

good agreement with other reported work [10]. In case of f-GQD-mel, minor HOMO is localized 

in the vicinity of nitrogen adjacent to functional group due to physisorption. The Eg of melamine 

decreases to 1.184 eV in case of f-GQD-mel. This decrease describes strong interaction along 

with charge transfer among adsorbate and adsorbent. It is noticeable that the positive charge of 

hydrogen (0.28) enhances to 0.34 when interacts with nitrogen atom of melamine molecule 

resulting in more negative charge of nitrogen atom in f-GQD. This will lead to the strong 

interaction, charge transfer and high chemical enhancement between melamine and f-GQD and 

further significantly modify SERS effect. This large decrement of Eg is greater as compared to 

earlier reported melamine over silver nanoclusters (0.10 eV) [10]. 

Figure 6.9: HOMO-LUMO levels of melamine and melamine over f-GQD. 
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6.4.1.3 SERS Mechanism of Melamine over functionalized Graphene Quantum Dots  

The calculated Raman spectra for pristine melamine and f-GQD-mel are depicted in Fig 6.10. 

The ring breathing vibrational mode of melamine is observed at 680 cm
-1

. Additionally, the peak 

at 584 cm
−1 

shows bending of C–N–C and twisting of NH2 group. Peak 736 cm
−1 

produces out-

of-plane vibrations. These three 584, 680, and 736 cm
−1 

peaks of melamine comprise difference 

of 10 cm
−1 

only with present experimental results [10] providing consistency of present work. 

The Raman spectra of f-GQD-mel are also evaluated in order to understand effect of SERS on 

melamine. Here, it is noteworthy that all three adsorption sites provide similar Ead with similar 

structural properties which will result in similar Raman spectra. Hence, only one site is studied 

for SERS.  

 

The melamine and f-GQD interaction is illustrated through peak shift of melamine from 680 to 

685 cm
−1

, 736 to 742 cm
−1

. Vibrational modes of pristine melamine and f-GQD-mel are given in 

Table 6.5. The efficiency of SERS is defined through enhancement factor (EF) of Raman 

signals. The EF is evaluated through Eq. (6.3) and is presented in Table 6.5. The peak intensity 

of 736 cm
−1 

of melamine is 0.046 which increases to 1.843 with highest EF of 39.890 among all. 

The melamine peak 584 cm
−1 

enhances by 396% in f-GQD-mel. The EF of other peaks is also 

evaluated and mentioned in Table 6.5 for detail understanding. 

Figure 6.10: Plot of Raman spectra of (a) pristine melamine and (b) SERS of f-GQD-mel. 
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Table 6.5. Evaluated Raman wavenumbers of melamine and f-GQD-mel in cm
-1

 together with EF. 

 

 

 

 

 

 

 

 

 

For instance, peak 536 cm
−1 

increases from 0.299 to 7.127 providing the EF of magnitude 

23.766. The present study shows large increment in SERS of melamine when adsorbed over f-

GQD allowing GQDs potential candidature for the detection of melamine. 

6.5. Conclusions 

In conclusion, with the aim of sensing and detection of organic compound melamine, density 

functional theory based first-principles calculations were performed with two models of 

graphene quantum dots (GQDs). The first model consists of oxygen and sulphur doped GQD and 

other model comprises epoxy, hydroxyl and carboxyl groups functionalized GQD. The 

structural, electronic and vibrational properties are studied for melamine, oxygen doped GQD, 

sulphur doped GQD along with melamine adsorption over these O/S-GQDs. To comprehend the 

efficacy of adsorption, adsorption energy (Ead) is calculated for melamine adsorbed over oxygen 

doped GQD and sulphur doped GQD resulting in the physisorption. The HOMO-LUMO, MESP 

and MPA are also studied to show chemical enhancement mechanism in SERS. The detection of 

melamine was investigated through surface enhanced Raman scattering (SERS). It is found that 

melamine is more sensitive to the oxygen existence GQD as compared to sulphur contributing in 

the increment of Raman intensities. The ideal peak obtained at 688 cm
-1 

is increased by 348.4% 

with oxygen doped GQD substrate, however, it is increased by 48% with sulphur doped GQD as 

a substrate which is greater with respect to Ag substrate. 

Melamine f-GQD-mel EF 

336 337 14.438 

504 508 16.165 

536 533 23.767 

584 589 4.868 

680 688 1.022 

736 742 39.890 

992 995 2.617 
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In the next study of melamine with pristine and f-GQD, structural, electronic, and vibrational 

properties were studied with hollow, bridge and top sites. The Ead of −0.16 eV is found for 

melamine on hollow site of GQD which enhances to −0.53 eV for melamine over f-GQD. The 

Raman intensity of melamine is remarkably enhanced with the f-GQD as compared to GQD. 

Mathematically, SERS effect is evaluated through enhancement factor (EF). The EF is found to 

be 39.89, highest at peak value of 736 cm
-1

. It is concluded that the evaluated enhancement 

factor in melamine over both doped and functionalized GQD is higher as compared to silver 

nanoclusters presenting their superiority for SERS detection of melamine.  
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