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ABSTRACT 

 

Understanding how alkali ions influence the vibrational and electronic properties of graphene 

quantum dots (GQDs) is essential for advancing carbon-based materials in electrochemical 

applications. In this study, density functional theory (DFT) simulations were performed to 

evaluate the effects of Li⁺, Na⁺, and K⁺ adsorption on GQDs. Raman analysis revealed systematic 

shifts in the D and G bands, consistent with trends observed in operando experiments. Among 

the investigated systems, GQD#Li⁺ exhibited the strongest interactions, including a D-band shift 

of +2.04 cm⁻¹, the highest ID/IG ratio, and the most favorable adsorption energy (−2.18 eV). 

Frontier orbital and electron density analyses showed significant charge redistribution and 

modulation of HOMO, LUMO, and Fermi levels upon ion adsorption. Overall, the results indicate 

that alkali ions effectively tune the structural and electronic properties of GQDs, with lithium 

demonstrating the greatest potential for applications in energy storage, interfacial ion modulation, 

and nanoscale sensing. 

 

Keywords: Graphene Quantum Dots. Raman. Density Functional Theory. 

 

RESUMO 

 

Compreender como os íons alcalinos influenciam as propriedades vibracionais e eletrônicas de 
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pontos quânticos de grafeno (GQDs) é fundamental para o avanço de materiais à base de carbono 

em aplicações eletroquímicas. Neste estudo, simulações baseadas em teoria do funcional da 

densidade (DFT) foram realizadas para avaliar os efeitos da adsorção de Li⁺, Na⁺ e K⁺ em GQDs. 

A análise Raman revelou deslocamentos sistemáticos nas bandas D e G, consistentes com 

tendências observadas em experimentos operando. Entre os sistemas investigados, o GQD#Li⁺ 

apresentou as interações mais fortes, incluindo um deslocamento de +2,04 cm⁻¹ na banda D, o 

maior índice de desordem ID/IG e a energia de adsorção mais favorável (−2,18 eV). As análises 

dos orbitais de fronteira e da densidade eletrônica mostraram redistribuição significativa de carga 

e modulação dos níveis de HOMO, LUMO e Fermi após a adsorção. No geral, os resultados 

indicam que íons alcalinos modulam eficazmente as propriedades estruturais e eletrônicas dos 

GQDs, com o lítio apresentando maior potencial para aplicações em armazenamento de energia, 

modulação interfacial e nanosensoriamento. 

 

Palavras-chave: Pontos Quânticos de Grafeno. Raman. Teoria do Funcional da Densidade. 

 

RESUMEN 

 

Comprender cómo los iones alcalinos influyen en las propiedades vibracionales y electrónicas de 

los puntos cuánticos de grafeno (GQDs) es fundamental para el avance de los materiales basados 

en carbono en aplicaciones electroquímicas. En este estudio, se realizaron simulaciones de teoría 

del funcional de la densidad (DFT) para evaluar los efectos de la adsorción de Li⁺, Na⁺ y K⁺ en 

los GQDs. El análisis Raman reveló desplazamientos sistemáticos en las bandas D y G, 

consistentes con las tendencias observadas en experimentos operando. Entre los sistemas 

investigados, GQD#Li⁺ mostró las interacciones más fuertes, incluyendo un desplazamiento de 

la banda D de +2.04 cm⁻¹, la mayor razón ID/IG y la energía de adsorción más favorable (−2.18 

eV). Los análisis de los orbitales frontera y de la densidad electrónica evidenciaron una 

redistribución significativa de carga y una modulación de los niveles HOMO, LUMO y de Fermi 

tras la adsorción iónica. En conjunto, los resultados indican que los iones alcalinos ajustan de 

manera efectiva las propiedades estructurales y electrónicas de los GQDs, destacándose el litio 

por su mayor potencial en aplicaciones de almacenamiento de energía, modulación interfacial de 

iones y sensado a escala nanométrica. 

 

Palabras clave: Puntos Cuánticos de Grafeno. Raman. Teoría del Funcional de la Densidad. 

 

Esta obra está bajo una Licencia CreativeCommons Atribución- NoComercial 4.0 Internacional 

 

 

INTRODUCTION 

 

The intensification of global energy challenges has driven the pursuit of more effective 

and sustainable energy storage solutions. In this context, supercapacitors emerge as ideal 

alternatives due to their low cost, long cycle life, high power density, and outstanding cycling 

stability (CAI; MOMEN; et al., 2021; CAI; ZOU; et al., 2021; ZHANG et al., 2014; ZOU et al., 
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2021). These characteristics make them promising not only for conventional applications but also 

for integrating renewable energy systems and smart grids, thereby contributing to the global 

energy transition. The choice of electrode material has a direct impact on its electrochemical 

properties. Therefore, for the development of high-performance supercapacitors, it is crucial to 

explore new materials that not only optimize charge storage capacity but also ensure higher 

energy efficiency and long-term stability (DENG et al., 2021). 

In the current context, nanostructured materials such as graphene quantum dots (GQDs) 

emerge as a promising option to meet the increasing demand for advanced energy storage 

solutions. GQDs exhibit a range of distinct characteristics that make them particularly suitable 

for applications in supercapacitors and other next-generation energy storage devices (XIAO; 

MOMEN; LIU, 2021). Among these characteristics, notable features include the remarkable 

surface area, which significantly enhances the electrical charge storage capacity, graphene's 

exceptional electrical conductivity that allows efficient electron transfer during charge and 

discharge processes, robust structural stability ensuring durability and resistance to repeated 

cycles, ease of manufacturing and functionalization enabling precise adjustments to material 

properties as required by specific applications, and environmental compatibility, promoting 

sustainable practices in energy storage technology production (GUO et al., 2021; LI, Lin et al., 

2021; XIAO; MOMEN; LIU, 2021). 

Raman spectroscopy is an important technique for investigating the properties of carbon 

nanostructures, as well as their structure and electronic characteristics (LEE et al., 2012; LIU, J. 

et al., 2013; TUNG et al., 2023; WANG, H. et al., 2014). In this context, the main bands of 

graphene were G and D. The G band, around 1580 cm⁻¹, reflects the planar vibration of sp² carbon 

atoms in the graphene structure (COMPAGNINI et al., 2011; LEE et al., 2012; WANG, H. et al., 

2014; WANG, Y. ying et al., 2008) and the D band, around 1200–1350 cm⁻¹, is associated with 

structural defects and disturbances located near defects or edges of graphene (COMPAGNINI et 

al., 2011; MALARD et al., 2009; SIMON; GOGOTSI, 2020; TUNG et al., 2023; WU et al., 

2018a). 

The integration of Raman spectroscopy with in operando techniques represents a robust 

and insightful methodology for characterizing graphene-based materials during the charging and 

discharging processes of supercapacitors. This combined approach facilitates the real-time 

monitoring of structural and electronic transformations within the material under various 

polarization conditions. Despite the recognized utility of this technique, there remains a 
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substantial gap in the literature concerning a comprehensive understanding of the behavior of the 

G and D bands in the Raman spectra of graphene during dynamic operational regimes. While it 

is well established that these bands are acutely sensitive to structural modifications, the degree of 

disorder, and the presence of defects, the precise impact of direct interactions between electrolyte 

ions and graphene on the spectral shifts and intensity changes of these bands throughout the 

charge–discharge cycles has yet to be thoroughly elucidated. 

In this context, the fundamental role of computational simulations in contemporary 

research becomes evident, particularly those based on density functional theory (DFT). The use 

of programming and modeling tools enables a rigorous initial screening of materials and 

phenomena, thereby optimizing experimental design and conserving time and resources that 

would otherwise be expended in purely experimental approaches. DFT, in particular, offers 

notable advantages, such as its ability to provide detailed descriptions of electronic interactions 

and vibrational properties at the atomic level. This theoretical framework delivers predictive 

insights into the behavior of the G and D bands of graphene in the presence of various ionic 

species at the electrode/electrolyte interface of supercapacitors under operational conditions 

(CAPELLE, 2006; DAVID S. SHOLL; JANICE A. STECKEL, 2009) 

This work performed a theoretical study of GQD and GQD modified by the adsorption of 

Li⁺, Na⁺, and K⁺ ions, using density functional theory (DFT) simulations to understand the shift 

in the G and D bands during Raman analysis operating in supercapacitors. The Raman spectrum 

simulation was carried out using the Gaussian software with the CAM-B3LYP exchange-

correlation functional and a 6-311++G basis set, while the energy shift calculations were 

performed using the Quantum ESPRESSO software (BPE and PAH). The simulation considers 

the atomic structure of the material and predicts the behavior of the HOMO, LUMO, and Fermi 

energies. 

 

EXPERIMENTAL PROCEDURE 

 

For this study, all simulations with GQD were performed using the Gaussian 16 

software(FRISCH, M. J. et al., 2009) employing Density Functional Theory (DFT) methodology 

(FRISCH, Michael J.; POPLE; BINKLEY, 1984; KOHN; SHAM, 1965). Initially, a graphene 

sheet was optimized in vacuum using the CAM-B3LYP exchange-correlation functional and a 6-

311++G(d,p) basis set (FRISCH, Michael J.; POPLE; BINKLEY, 1984; YANAI; TEW; 
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HANDY, 2004). The initial geometry of the graphene sheet was optimized. Subsequently, 

lithium, sodium, and potassium ions were individually added to the GQDs. The simulations were 

re-optimized to compute vibrational frequencies and subjected to DFT quantum mechanics 

calculations at the CAM-B3LYP/6-311++G(d,p) level. During geometry optimization, it was 

observed that there were no imaginary frequency modes, indicating that the simulations reached 

minimum energy points. To correlate theoretical results with experimental data, scaling factors 

were adjusted using a correction factor (KASHINSKI et al., 2017). Starting from the optimized 

simulations, results from Raman spectroscopy were obtained, including analysis of the D and G 

bands, as well as the electronic structure of the systems under study. The intensity ratios between 

the D and G modes are a significant characteristic of graphene structures. Specifically, the ID/IG 

ratio (where ID and IG represent the intensities of the D and G bands, respectively) is a crucial 

parameter related to the defect density in the graphene crystal lattice (FERRARI; BASKO, 2013).  

The frontier orbitals (HOMO/LUMO) were simulated using the same functional and basis set for 

each ion-GQD system, providing a detailed characterization of the electronic and structural 

properties of these materials. The results for the density of states and Fermi energy were extracted 

using the Multiwfn software (LU; CHEN, 2012). 

All simulations for periodic graphene were performed using the Quantum ESPRESSO 

software package. Structural optimization was carried out through stationary point energy (SCF) 

calculations, followed by computations of electronic density, band structure, and density of states. 

Additionally, theoretical Raman spectroscopy spectra were obtained, with particular attention 

given to the analysis of the D and G bands. The atomic coordinates of pristine graphene were 

defined using a 4×4 supercell containing 32 carbon atoms arranged in a hexagonal lattice, with a 

C–C bond length of 1.421 Å and a bond angle of 120°, in accordance with values reported in the 

literature and recent studies based on density functional theory (DFT).(TAYYAB et al., 2020). 

The intensity ratios between the D and G modes are a significant characteristic of 

graphene structures. Specifically, the 

 

𝐼𝐷

𝐼𝐺
  (1) 

 

where 

 

ID and IG represent the intensities of the D and G bands, respectively, is a crucial parameter related to the 

defect. density in the graphene crystal lattice(FERRARI; BASKO, 2013). 
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From the optimization, the total adsorption energy ΔEads was calculated for each structure 

according to the equation: 

 

ΔEads=Ex+#G – (EG + Ex+)  (2) 

 

where 

 

Ex+#G is the total energy of each structure after ionic adsorption, EG is the total energy of isolated graphene 

structures and Ex+ corresponds to the ion’s total energy. 

 

The Highest Occupied Molecular Orbital (HOMO) and Lowest Unoccupied Molecular 

Orbital (LUMO) were simulated using the same functional and basis set for each ion-GQD 

system, providing a detailed characterization of the electronic and structural properties of these 

materials. 

 

RESULTS AND DISCUSSIONS 

 

The Raman spectra obtained through DFT simulations were performed for GQD and GQD 

modified by the adsorption of Li⁺, Na⁺, and K⁺ ions, respectively, named GQD#Li⁺, GQD#Na⁺, 

and GQD#K⁺. The comparison between GQDs and GQD#Li⁺, GQD#Na⁺, and GQD#K can be 

seen in Figure 1 (a-c), respectively.  The simulations provided valuable insights into how ion 

adsorption alters the behavior of the D and G bands in the Raman spectrum of graphene, as well 

as the electron density distributions and frontier molecular orbitals, enabling a direct correlation 

among these properties. 
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Figure 1. Comparison between Raman Spectra of GQD and (a) GQD#Li⁺, (b) GQD#Na⁺, and (c) GQD#K⁺. 

 
Source: Authors. 

 

Table 1 shows the detailed variation in intensities of the D and G bands, respectively, 

comparing GQD with the modifications GQD#Li⁺, GQD#Na⁺, and GQD#K⁺. For GQD, the D 

band was calculated at 1318.62 cm−1, and the G band at 1617.55 cm−1, values that are consistent 

with predictions reported by Wu et al (WU et al., 2018b). GQD#Li⁺ presents D-band at 1320.66 

cm−1, and G-band at 1612.10 cm−1, showing shifts compared to GQD of 2.04 cm−1 and -5.45 cm−1, 

respectively. GQD#Na⁺ exhibit shifts of -1.05 cm−1 for D-band (1317.57 cm−1) and of -5.21 cm−1 

for G-band (1612.34 cm−1). Simulations for GQD containing potassium ions display a D band at 

1317.23 cm−1 and a G band at 1613.33 cm−1, with shifts of -1.39 cm−1 and -4.22 cm−1, 

respectively. 

Many researchers in the field of carbon-based materials are striving to clearly identify and 

interpret the D and G bands through operando Raman spectroscopy. Despite significant advances, 

there remains a notable gap in the literature regarding the reliable detection of these bands under 

operando conditions, largely due to the complex interplay between structural defects, charge 

transfer, and dynamic interfacial processes. This challenge is widely recognized as fundamental 
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for understanding material behavior in realistic environments, and addressing it is considered 

crucial for both fundamental science and the development of advanced electrochemical 

technologies (BA et al., 2022; HONG et al., 2013; RABELO et al., 2023; VICENTINI; DA 

SILVA; et al., 2021). 

In the study by Vicentini et al. (2021, ACS Applied Materials & Interfaces), polished 

graphite was employed as an electrode in a highly concentrated aqueous NaClO₄ electrolyte 

(WiSE). Spectroscopic analyses under non-polarized conditions revealed the D band at 

approximately 1310 cm⁻¹ and the G band centered between 1582–1584 cm⁻¹. Upon application 

of potentials up to 1.8 V, a blue shift of the D band of up to +6 cm⁻¹ was observed, along with 

the splitting of the G band towards the 1615 cm⁻¹ region (E2G’), a phenomenon attributed to ion 

intercalation within the graphitic layers(VICENTINI; VENÂNCIO; et al., 2021). In a 

complementary study, Vicentini et al. (2021, Journal of Energy Chemistry) investigated 

polycrystalline graphite in aqueous Li₂SO₄, Na₂SO₄, and K₂SO₄ electrolytes, finding that the D 

band varied from 1308 to 1313 cm⁻¹ depending on the cation and applied potential, with positive 

shifts of up to +4 cm⁻¹ during dynamic operation, while the G band remained centered between 

1580–1585 cm⁻¹. The reversible shifts observed during charge/discharge cycles were correlated 

with modulation of the electrostatic potential at the interface, which is sensitive to the nature of 

the cation in solution(VICENTINI; DA SILVA; et al., 2021). 

Several additional experimental studies complement this overview across different carbon 

materials. Venâncio et al. (2022, Journal of Energy Storage) compared activated carbon (AC), 

multiwall carbon nanotubes (MWCNTs), and graphite electrodes using a TEABF₄ organic 

electrolyte. For AC, the D and G bands were found at ~1350 cm⁻¹ and ~1580 cm⁻¹, respectively, 

with no significant presence of the 2D band. In MWCNT electrodes, these values were positioned 

between 1355–1360 cm⁻¹ (D) and near 1582 cm⁻¹ (G). In the case of graphite electrodes, splitting 

of the G band was observed (E2G2(i): 1584 cm⁻¹, E2G2(b): 1615 cm⁻¹), attributed to the 

intercalation of BF₄⁻ anions; this splitting was accompanied by gradual shifts under different 

applied potentials, reflecting adsorption and ion insertion processes(VENÂNCIO et al., 2022). 

Raissa Venâncio et al. (2023, Energy Storage Materials) also reported Raman spectral variations 

for AC and MWCNTs in TEABF₄/propylene carbonate, where increasing potential led to a blue 

shift of the D band up to 1366 cm⁻¹, demonstrating the impact of local electric fields and ionic 

adsorption on the vibrational modes of carbon and revealing transient doping mechanisms 

promoted by electrochemical polarization(VENÂNCIO et al., 2023). 
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The GQD#Li⁺ material exhibited a D-band shift of 2.04 cm⁻¹ relative to the reference 

material, a value that is in excellent agreement with the findings reported by Vicentini et al. In 

their operando Raman spectroscopy study using 785 nm excitation and an applied potential of 

0.4 V in a supercapacitor containing Li₂SO₄, they also observed a 2.04 cm⁻¹ shift in the D-band 

(VICENTINI; DA SILVA; et al., 2021). 

The GQD#Na⁺ material exhibited a shift of -1.05 cm⁻¹ in the D-band, positioning it at 

1317.57 cm⁻¹. Similar results were reported by Weaving et al., who, using operando Raman 

spectroscopy during sodiation and desodiation processes in sodium hard carbon cells, also 

observed that the D-band is located near 1317 cm⁻¹ during both the charging and discharging 

steps (WEAVING et al., 2020). 

The simulations performed for GQD containing potassium ions revealed the D-band at 

1317.23 cm⁻¹, corresponding to a shift of -1.39 cm⁻¹ relative to the reference material. A similar 

result was reported by Vicentini et al., who observed a shift of approximately -1 cm⁻¹ in the D-

band when employing operando Raman spectroscopy with 514 nm excitation under an applied 

voltage of 1 V in supercapacitors containing K₂SO₄ (VICENTINI; DA SILVA; et al., 2021). 

The intensity ratio between the D and G bands, ID/IG, serves as an indicator to estimate 

the degree of disorder and the presence of structural defects in the material (FERRARI; BASKO, 

2013; LEE et al., 2012). Table 1 shows the ID/IG ratio of GQD, GQD#Li⁺, GQD#Na⁺, and 

GQD#K⁺. The disorder ratios for GQD, GQD#Li⁺, GQD#Na⁺, and GQD#K⁺ were 0.30, 0.36, 

0.33, and 0.31, respectively. GQD is a material with high crystallinity, and the results indicate 

that cations have a slightly higher disorder ratio compared to GQD. The adsorption energy of 

each ionic species adsorbed on the GQD surface was calculated using Equation 1, as shown in 

Table 1. The adsorption energy was determined for lithium, sodium, and potassium ions, 

presenting values of -2.18, -1.51, and -1.15 eV, respectively. Lithium ions induced stronger 

electrostatic interactions due to their higher nuclear charge and smaller ionic radius. 

Consequently, lithium ions show a greater affinity with the graphene surface compared to sodium 

and potassium ions, making lithium the most suitable ion for applications in nanostructured 

energy storage devices (CHMIOLA et al., 2010; LI, Linlin et al., 2013; LIU, W. et al., 2020; 

PATTARAPONGDILOK; PARASUK, 2020). 
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Table 1. Raman Shift of D and G band, ID/IG, and adsorption energy of GQD, GQD#Li⁺, GQD#Na⁺, and GQD#K⁺. 

 GQD GQD#Li⁺ GQD#Na⁺ GQD#K⁺ 

Raman Shift of D 

band (cm−1) 

1318.62 1320.66 1317.57 1317.23 

Raman Shift of G 

band (cm−1) 

1617.55 1612.10 1612.34 1613.33 

ID/IG 0.30 0.36 0.33 0.31 

Adsorption Energy 

(eV) 

- -2.18 -1.51 -1.15 

Source: Authors. 

 

The Highest Occupied Molecular Orbital (HOMO) and Lowest Unoccupied Molecular 

Orbital (LUMO) frontier molecular orbitals allow visualization of lithium, sodium, and potassium 

ions interacting on the graphene surface (SIMON; GOGOTSI, 2020; XU et al., 2011; ZHAO et 

al., 2018). Variations in the Fermi energy can alter the density of states available for electronic 

transitions, directly affecting phonon normalization and, consequently, the frequencies observed 

in the D and G bands of the Raman spectrum (LEE et al., 2012; MADITO, 2021; XU et al., 2011). 

Table 2 shows the variations in the energy levels of the HOMO, LUMO, and Fermi for the 

materials GQD#Li⁺, GQD#Na⁺, and GQD#K⁺. GQD exhibits a HOMO of -6.20 eV, a LUMO of 

-1.52 eV, and a Fermi of -3.86 eV, resulting in an energy gap of 4.67 eV, which characterizes it 

as a semiconductor. The addition of lithium shifted the HOMO to -8.84 eV, the LUMO to -4.19 

eV, and the Fermi to -6.52 eV. Similarly, sodium incorporation resulted in a HOMO of -8.70 eV, 

a LUMO of -4.06 eV, and a Fermi of -6.38 eV. The addition of potassium showed a HOMO of -

8.61 eV, a LUMO of -3.96 eV, and a Fermi of -6.28 eV. Comparing the data, it was possible to 

note that the introduction of ions onto the graphene surface led to significant variations in the 

electronic parameters. 

 

Table 2. HOMO, LUMO, and Fermi level of GQD, GQD#Li⁺ , GQD#Na⁺, and GQD#K⁺. 

 GQD GQD#Li⁺ GQD#Na⁺ GQD#K⁺ 

HOMO (eV) -6.20 -8.84 -8.70 -8.61 

LUMO (eV) -1.52 -4.19 -4.06 -3.96 

Fermi level (eV) -3.86 -6.52 -6.38 -6.28 

Source: Authors. 

 

The electron density surfaces for the HOMO and LUMO orbitals of the materials GQD, 

GQD#Li⁺, GQD#Na⁺, and GQD#K⁺ are presented in Figure 2. 
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Figure 2. Orbitals of (a) HOMO - GQD, (b) LUMO - GQD, (c)HOMO - GQD#Li⁺, (d) LUMO - GQD#Li⁺, (e) 

HOMO - GQD#Na⁺, (f) LUMO - GQD#Na⁺, (g) HOMO - GQD#K⁺, and (h) LUMO - GQD#K⁺. 

 
Source: Authors. 
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The image depicts a graphene surface with an ion positioned above the central hexagonal 

ring. Carbon and edge hydrogen atoms are shown in gray, while green and red regions indicate 

areas of high and low electron density, respectively. Lithium, sodium, and potassium ions are 

represented in violet. Comparing the electron density surface for the HOMO orbital, the GQD 

surface exhibits a uniform distribution of electron density across the entire structure, as shown in 

Figure 2 (a). The HOMO orbital of graphene surfaces containing the positive ions Li⁺, Na⁺, and 

K⁺ exhibits a region of lower electron density near the ion and higher electron density on the 

graphene surface, due to electron transfer between the ion and the graphene surface (ZHAO et 

al., 2018), as shown in Figures 2 (c), (e), and (g), respectively.  Figures 2 (b), (d), (f), and (h) 

show the electron density distribution patterns for the LUMO orbital of GQD, GQD#Li⁺, 

GQD#Na⁺, and GQD#K⁺, respectively. GQD exhibits a uniformly distributed electron density 

across the entire surface. The GQD containing positive ions, Li⁺, Na⁺, and K⁺, demonstrates 

regions of higher electron density on the graphene surface near the ions, which can be attributed 

to charge transfer between the ions and the graphene surface (ZHAO et al., 2018). 

 

CONCLUSIONS 

 

In this work, DFT-based simulations were employed to investigate, at both vibrational 

and electronic levels, the effects of Li⁺, Na⁺, and K⁺ adsorption on the structural, spectroscopic, 

and electronic properties of graphene quantum dots. The variations observed in the D and G 

Raman bands, as well as in the ID/IG disorder ratio, demonstrated that ion–surface interactions 

induce subtle but systematic structural perturbations, consistent with trends reported in operando 

Raman studies of carbon-based materials. Among the investigated systems, GQD#Li⁺ exhibited 

the most pronounced Raman shifts, the strongest adsorption energy, and the largest modifications 

in electronic parameters, highlighting lithium as the most effective cation in promoting charge 

redistribution and electronic reorganization at the GQD surface. 

The analysis of frontier orbitals and electron density maps revealed the fundamental 

mechanism governing the vibrational behavior: charge transfer from the cation to the GQD 

followed by electrostatic stabilization, which modifies the HOMO, LUMO, and Fermi levels and 

directly influences Raman-active phonon modes. The strong agreement between simulated results 

and experimental tendencies observed in polarized carbon electrodes reinforces the validity of 

the computational model and confirms the predictive capacity of DFT in describing ion-induced 
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doping, adsorption mechanisms, and vibrational modulation. 

Overall, the results indicate that alkali cation adsorption is an effective strategy for tuning 

the electronic and vibrational properties of graphene quantum dots. Among the studied materials, 

GQD#Li⁺ emerges as the most promising candidate for applications in energy storage devices, 

electrochemical sensors, and charge-modulated nanosystems. The findings presented here 

provide valuable insights for the rational design of functionalized carbon nanomaterials and offer 

a solid foundation for interpreting operando Raman spectroscopy in complex electrochemical 

environments. 
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