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Abstract: - Nitrogen dioxide (NO₂) is a highly toxic atmospheric pollutant, necessitating sensing 

materials that combine high efficiency, selectivity, and rapid response. In this work, cadmium 

sulfide (CdS) quantum dots (QDs) were synthesized via a wet-chemical precipitation route and 

extensively characterized using XRD, Raman, UV-Vis absorption, PL/TRPL, XPS, FESEM–

EDX, BET–BJH, and HRTEM. The QDs crystallize in the cubic phase with a particle size of 4–5 

nm, exhibiting strong quantum confinement and high surface activity. Time-resolved PL 

measurements revealed a long decay lifetime of 7.11 µs, indicative of effective trap-assisted charge 

retention that favors gas sensing. Experimentally, the CdS QD sensor delivered a notable NO2 

response of 78% at 125 °C (at 40 ppm), with fast response and recovery times of 6 s and 24 s, 

along with excellent selectivity and operational stability. Density functional theory (DFT) 

calculations using the 𝐺𝐺𝐴 + 𝑈 method showed that adsorption is strongly site-dependent: NO2 

binds most strongly at the S site (Eads = –0.88 eV, charge transfer = +2.595 e), while N-on-Cd 

exhibits weak physisorption (–0.14 eV, +0.040 e). Optical conductivity derived from ε₂(ω) 

indicated enhanced σ(ω) for Cd-site adsorption, supporting rapid activation, whereas S-site 

chemisorption governs sensitivity. These synergistic effects highlight CdS QDs as promising 

candidates for high-performance NO₂ sensing. 
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1. Introduction  

The combustion of fossil fuels, various industrial processes, and vehicle exhaust are the main 

sources of nitrogen dioxide (NO2), a highly toxic atmospheric pollutant.  NO2 causes respiratory 

conditions and environmental deterioration even at trace levels by producing acid rain and 

photochemical smog. [1-2]. Therefore, accurate and real-time NO2 monitoring is crucial for public 

health and environmental safety. [3]. To achieve accurate NO2 detection, a variety of sensing 

technologies have been investigated, such as electrochemical, optical, and metal oxide 

semiconductor (MOS)-based systems. Among these, MOS sensors based on ZnO, SnO2, WO3, and 

In2O3 have shown exceptional chemical stability and sensitivity [4-5]; however, their high 

operating temperatures (>200 °C) lead to increased energy consumption, limited long-term 

stability, and device degradation [3,6]. While optical sensors are precise but require complicated 

instrumentation, making them unsuitable for portable or low-cost applications, electrochemical 

sensors are small and inexpensive but have short operational lifetimes and cross-sensitivity [7]. To 

overcome these limitations, two-dimensional (2D) materials like MoS2, WS2, and graphene oxide 

have been proposed. Their high surface area and adjustable band structures make them attractive. 

However, their practical use is limited by problems with reproducibility and environmental 

instability.  Conducting polymers, like polyaniline and polypyrrole, are flexible and can work at 

room temperature. However, they have poor selectivity and are easily damaged by humidity [8-

10]. 

In recent years, QDs have emerged as a new frontier in gas-sensing materials, bridging these 

requirements through their unique physicochemical characteristics [11]. CdS QDs have attracted 

a lot of attention among these materials due to their tunable bandgap, high surface-to-volume ratio, 

and strong surface reactivity, all of which are caused by quantum confinement effects. [12]. These 

properties not only enhance the adsorption of gas molecules but also facilitate quick and efficient 

charge transfer between the gas and the semiconductor surface [13]. In n-type semiconductors such 

as CdS, exposure to oxidizing gases like NO2 typically results in electron withdrawal from the 

conduction band, causing a measurable increase in resistance [13]. The nature of this modulation 

is significantly influenced by surface states, the arrangement of defects, and the strength of 



interactions between the gas and the surface. Therefore, a detailed comprehension of these charge-

transfer processes at the atomic level is essential for enhancing sensitivity, selectivity, response 

time and stability [13]. The creation and characterization of CdS-based nanostructures for gas 

sensing have improved substantially, however there is still a lack of microscopic knowledge 

regarding charge redistribution, adsorption energetics, and electronic structure modification after 

NO2 exposure [14]. Previous investigation has mostly concentrated on macroscopic response 

behavior without clarifying the underlying electrical interactions that cause sensitivity 

enhancement.  To address this gap, the current work combines first-principles DFT calculations 

with experimental NO2 sensing analysis to understand the charge transfer kinetics at the CdS–NO2 

interface. By providing atomic-scale insights into adsorption mechanisms and interfacial 

electronic interactions, this combined experimental–theoretical approach establishes a mechanistic 

understanding that permits the conceptual design of CdS-based QD systems for highly effective 

and stable NO2 detection under ambient conditions. 

2. Materials and Methods 
2.1 Materials 

All reagents used in the present study was analytical grade and required no further purification.  

Sigma-Aldrich supplies the sodium sulfide (Na2S·9H2O, ≥98%), thioglycolic acid (TGA, ≥99%), 

and cadmium chloride (CdCl2, ≥99%).  Ethanol (99.9%, Merck) was used for dispersion and 

washing.  For all solution preparations, deionized (DI) water with a resistivity of 18.2 MΩ·cm was 

used. 

2.2 Synthesis of CdS QDs: 

CdS QDs were synthesized using a wet chemical precipitation method, as illustrated in Scheme 1 

[15]. Briefly, 2 mM CdCl2 was dissolved in 100 mL of deionized (DI) water under constant 

magnetic stirring, followed by the dropwise addition of 18 mM thioglycolic acid (TGA), serving 

as a stabilizing and capping agent. After 20 minutes of stirring, 30 mM Na2S solution was rapidly 

introduced, leading to the immediate formation of a pale-yellow CdS colloidal suspension. The 

mixture was further stirred for 1 hour to ensure complete precipitation. The obtained CdS QDs 

were separated by centrifugation, repeatedly washed with DI water and ethanol, and dried in an 



oven at 80 °C for 6 hours to obtain a fine yellow powder. The successful synthesis and structural 

purity of CdS QDs were further confirmed using various characterization techniques. 

  

Scheme 1. Schematic illustration of experimental synthesis of CdS QDs via a wet-chemical 

precipitation route. 

2.3 Computational Details: 

The Quantum ESPRESSO (QE) package was used to perform first-principles calculations [16,17]. 

Ultrasoft pseudopotentials with valence electronic configurations of Cd: 4s24p64d¹5s², S: 3s23p4, 

N: 2s22p3, and O: 2s22p3 were used to model electron–ion interactions [18]. The Perdew–Burke–

Ernzerhof (PBE) functional was used in the GGA+U approach to treat exchange–correlation 

effects [19, 20]. Brillouin zone sampling was carried out using a 16 × 16 × 1 Monkhorst–Pack k-

point grid [21] with Marzari–Vanderbilt smearing of 0.046 eV to improve convergence, and a 

plane-wave cutoff energy of 816 eV was used. Optimized norm-conserving pseudopotentials were 



used to assess the optical properties, and the epsilon.x module was used for analysis [22,23]. The 

Hubbard U correction parameters were set to US = 4.2 eV for the S 3p orbitals and UCd = 4.0 eV 

for the Cd 4d orbitals [24,25], ensuring an accurate representation of electron localization and 

improved alignment with experimental observations. The geometry optimization was considered 

converged when the residual pressure reached –0.054 GPa and the total residual force was reduced 

to 0.04 eV Å⁻¹, confirming full structural relaxation. Bader charge analysis was performed using 

the Henkelman group’s Bader code to quantitatively evaluate charge transfer between the gas 

molecule and the CdS sensing surface [26]. 

 

Figure 1. Optimized structures of a) bulk cubic CdS with highlighted (111) plane, b) Top view, 

and c) Side view of the CdS (111) surface. 

The CdS surface was modeled as a periodic slab sliced along the (111) crystallographic orientation 

(Figure 1) [27]. The bulk CdS crystal structure represents cubic crystal geometry, with Cd and S 

atoms tetrahedrally attached (Figure 1a). The separation along the (111) plane yields a polar 

surface with alternating Cd- and S-terminated layers (Figure 1b), exposing both Lewis acidic (Cd) 

and Lewis basic (S) active sites, which are critical for gas adsorption and sensing performance. To 

avoid false interactions between periodic replicas, a vacuum layer of around 15 Å was introduced 

along the direction corresponding to the surface (Figure 1c). To avoid artificial interactions 

between periodic slab images, a vacuum layer of approximately 15 Å was introduced along the 

surface normal direction. Similar vacuum separations have been employed in previous CdS surface 



adsorption studies to ensure sufficient decoupling between periodic replicas and reliable 

convergence of surface energetics [27]. Test calculations confirmed negligible changes in total 

energy and electronic structure upon further increasing the vacuum thickness, indicating that 15 Å 

provides adequate separation for accurate adsorption modeling.  The slab was built with enough 

atomic layers to maintain bulk-like properties in the center while allowing full structural relaxation 

near the surface. The CdS (111) surface was selected because it is the thermodynamically stable 

and commonly exposed facet in cubic zinc-blende CdS nanocrystals. XRD and HRTEM analyses 

of the synthesized QDs indicate a dominant (111) orientation, confirming that this surface is 

representative of the experimentally prepared material. Therefore, modeling the CdS (111) surface 

provides a realistic and physically meaningful framework for investigating NO2 adsorption 

behavior. This computational model offers a realistic environment for studying adsorption 

energetics, charge transfer mechanisms, electronic structural changes and sensing properties 

related to NO2 sensing on the CdS (111) surface. 

The adsorption energy (Eads) was calculated using the following relation:  

																																																										𝐸!"# = 𝐸$%&!' − 𝐸#()*!+, − 𝐸-!#																																							(1)						 

where Eads is adsorption energy, ETotal is total energy of system (surface + gas), Esurface total energy 

of surface (slab) and Egas total energy of gas (NO2) [28]. To determine the reaction kinetics, the 

activation energy (𝐸𝑎)for adsorption and desorption processes was obtained using the climbing-

image nudged elastic band (CI-NEB) method, which identifies the minimum energy pathway 

between the initial and final states of the reaction. The activation barrier corresponds to the energy 

difference between the transition state and the respective initial or final configuration:  

																																																𝐸!!"# = 𝐸$. − 𝐸/.	,			𝐸!",# = 𝐸$. − 𝐸0.																																						(2) 

where ETS is the energy of the transition state along the reaction coordinate determined from the 

NEB calculations, EIS corresponds to the energy of the gas molecule approaching the surface, and 

EFS represents the energy of the adsorbed configuration.	[29] 



Charge transfer during gas adsorption was determined through Bader charge analysis [30], 

enabling accurate evaluation of electron redistribution between the gas molecule and the CdS 

sensing surface. 

																																																										∆𝑄 = 𝑄&%&!' − 𝑄#()*!+, 																																																										(3)						 

Where, Qtotal is Total charge after gas adsorption and Qsurface is charge of surface before gas 

adsorption. 

The complex dielectric function (ε(ω)) was evaluated according to: 

                                                      𝜀(𝜔) = 	 𝜀1(𝜔) + 𝑖𝜀2(𝜔)                                               (4) 

Where 𝜀1(𝜔) and 𝜀2(𝜔) are real and imaginary parts of dielectric function. The GGA+U 

computational approach enables an enhanced understanding of the material’s optical behavior. 

namely 𝜀2(𝜔)[31]  

																																		𝜀2(𝜔) = 	
,!ℏ

45!6!
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Where, Mcv(k) is initial Brillouin zone which give by, 

																																																						𝑀+; =	 〈𝑢+<|𝑒. ∇|𝑢;<〉																																																															(6) 

where 𝐞 denotes the electric field vector, indicating the direction associated with the electric 

potential. where uck and uvk denote the periodic parts of the Bloch wave functions corresponding 

to the conduction and valence bands, respectively, and ℏω78 = 𝐸7< − 𝐸8< 	represents the interband 

transition energy at a given k-point. [31] 

The real component of the dielectric function, ε1(ω), was derived from the imaginary component 

ε2(ω) through the Kramers–Kronig transformation [32]. Mathematically,  

																																								𝜀1(𝜔) = 1 +	
2
𝜋 𝑃J
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?

@

𝑑𝜔=																															(7) 



where P represents the integral's principal value, and η represents an infinitesimal number. 

The optical constants, together with absorption coefficient α(ω), loss function L(ω), extinction 

coefficient κ(ω), refractive index n(ω), reflectivity R(ω), and optical conductivity σ(ω), were 

determined using the real and imaginary components of the dielectric function, ε1(ω) and ε2(ω).  

Their values were calculated using the standard relations listed below, with symbols given in 

standard notation. [33]  
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In sensing prospective the sensing response (S) and characteristic time (τ) (is inverse of the rate 

constant and indicates how quickly a gas molecule adsorbs (response) or desorbs (recovery) from 

the sensor surface.) were calculated using following equations [34]  

                                                             	𝑆 = 𝑒
#∆%&#
'( 																																																																											(14)                                                     

                              𝜏),#K%J#, =	
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Where ∆Eg is band gap energy, Eads adsorption energy, 1
L)

 attempt frequency (1012), k is Boltzmann 

constant and T is working temperature respectively.     

2.4 Gas Sensing Measurement: 

Gas-sensing performance was evaluated with a static sensing setup (Figures S1).  Electrical 

connections were built to a base plate containing an integrated heating element for temperature 

control.  A chromel-alumel (Cr-Al) thermocouple connected to a digital controller kept the 

temperature under control.  The target gas was put into the chamber with a precision syringe.  

Aluminum electrodes were used to make an ohmic contact, and the sensor received a continuous 

DC bias.  The resulting current response was measured with a digital picoampmeter.  After each 

measurement cycle, dry air was evacuated into the chamber to restore baseline conditions. 

2.5 Material Characterization 

The formation and properties of CdS QDs were confirmed using a range of characterization 

techniques. X-ray diffraction (XRD) was performed using a Bruker AXS D8 ADVANCE 

diffractometer (Germany) to determine the crystalline phase and estimate the crystallite size. 

Crystal structure and lattice fringes were further investigated using high-resolution transmission 

electron microscopy (HRTEM) and selected area electron diffraction (SAED) on a JEOL JEM-

2100 Plus instrument. Field-emission scanning electron microscopy (FESEM; FEI Nova 

NanoSEM 450) coupled with energy-dispersive X-ray (EDAX/EDS) analysis, was used to 

investigate surface morphology and determine elemental composition. Raman spectroscopy, 

carried out using a Renishaw micro-Raman spectrophotometer, was used to analyze vibrational 

characteristics and further validate the structural features. The elemental composition and chemical 

states were examined using X-ray photoelectron spectroscopy (XPS; PHI 5000 VersaProbe III). 

UV–Visible absorption spectra were recorded using a JASCO V-750 spectrophotometer in the 

range of 200–800 nm to evaluate the optical absorption characteristics and estimate the optical 

bandgap. Steady-state photoluminescence (PL) spectra were recorded using an FLS100 

spectrometer to probe electron–hole recombination behavior, whereas time-resolved 

photoluminescence (TRPL) measurements were performed to determine carrier lifetime dynamics 

and evaluate recombination kinetics. Finally, surface area and pore size distribution were analyzed 



via the Brunauer–Emmett–Teller (BET) method using a Beckman Coulter Nova 1200e sorption 

analyzer, based on nitrogen adsorption at liquid nitrogen temperature with a precision of 98%. 

 

3. Results and Discussion 
3.1 Characterization details 

The structural properties of CdS QDs were examined using X-ray Diffraction (XRD) (Figure 2a). 

The diffraction pattern exhibits peaks at 2θ values of 27.05°, 44.42°, and 52.03°, corresponding to 

the (111), (220), and (311) planes of the cubic zinc blende structure [35], consistent with the 

standard reference (PCPDF#00454). The peaks are well matched to the pure face-centered cubic 

(fcc) phase with space group F-43m and lattice parameter a=5.818 Å. The absence of extra peaks 

confirms the high purity of the QDs, free from detectable impurities. 



 

Figure 2. a) XRD pattern, b) Williamson Hall plot, c) Raman spectra, d) UV Vis absorption 

spectra, e) Tauc plot, f) EMA model, g) PL excitation spectra, h) PL emission spectra, i) 

Fluorescence decay spectra of CdS QDs.  

The average crystallite size, estimated using the Debye Scherrer formula [36]: 

                                                                                  𝐷 =	 "#
$%&'(

                                                             (16) 

Where, k is shaping constant, λ is wavelength of source (Cu Kα = 1.54 Ǻ), β is full width half 

maxima (FWHM) and θ is diffraction angle, an overall average of 4.61 nm. The broad nature of 

the peaks reflects the small particle size and good crystallinity. Using the Williamson-Hall (W-H) 

method, which considers contributions from both crystallite size and lattice strain [36]: 

                                                                         𝛽𝑐𝑜𝑠𝜃 = 4𝜀𝑠𝑖𝑛𝜃 + "#
)

                                                     (17) 



the crystallite size (D) and microstrain (ε) were simultaneously estimated (Figure 2b). The W-H 

analysis gives an average crystallite size of 4.34 nm and microstrain 4.4, and a dislocation density 

of 5.3 × 10⁻² nm⁻², confirming high crystallinity with minor lattice distortions.  

The room temperature Raman spectrum of CdS QDs is shown in the figure 2c, fitted with 

Lorentzian function. It shows well resolved peaks at 300.81 and 600.80 cm−1 corresponding first 

order (1 LO) and second order (2 LO) scattering of longitudinal optical phonon modes. We 

observed perceptible asymmetry in the line shape due to phonon confinement effect. The peak has 

also slightly shifted to lower frequency as compared with the LO mode of bulk CdS which is 

observed at 305cm−1[37] 

UV-Vis absorption spectra of CdS QDs as shown in the figure 2d, The absorption peak of the bulk 

CdS was found to be around 512 nm which corresponds to energy band gap around 2.42 eV. The 

synthesized CdS QDs are blue shifted in comparison to the energy band gap of the bulk CdS 2.42 

eV [37]. Due to quantum size confinement effect is blue shift of the optical absorption edge around 

450 nm which shows that the formation of particles in the nanometer size regime.  The optical 

band gap (Eg) of the materials was estimated using the Tauc plot method (figure 2e) [38], based 

on the equation: 

																																																																	(𝛼ℎ𝜈)N = 𝐴[ℎ𝜈 − 𝐸-\																																																	(18)					

where α is the absorption coefficient, h is Planck’s constant, ν is the photon frequency, A is a 

proportionality constant, Eg represents the band gap energy, and γ denotes the nature of the 

electronic transition (γ = 1/2 for direct transitions and γ = 2 for indirect transitions). By 

extrapolating the linear region of the plot, the estimated band gap values are 2.72 eV for CdS QDs 

indicates the formation of nanosized quantum dots with size-dependent quantum confinement 

effects. The wavelength of the maximum exciton absorption decreases as the particle size 

decreases because of quantum confinement of the photogenerated electron-hole pairs [39]. L. Brus 

proposed the effective mass approximation model (EMA) to explain the theory of blue shift, which 

gives energy bandgap of CdS QDs as shown in the below equation [40]: 

                                       𝐸!
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                       (19)   

Where ℏ is Plank constant, R is the radius of QDs, me is effective mass of electron, mh is effective 

mass of hole, ϵ is the dielectric constant of the material. In the equation the coulomb term of 



electron hole interaction was small compared to the electron hole confinement kinetic energy, 

which gives support to the blue shift. Using the provided value of me and mh of 0.2m and 0.8m 

where m is mass of free electron, we back calculated the QDs size to be 4.2 nm as shown in figure 

2f [41]. 

The optical behavior of CdS QDs was studied using excitation, emission, and time-resolved 

photoluminescence (TRPL) spectroscopy. The PL excitation spectrum (Figure 2g) closely 

corresponds to the absorption edge seen in the UV-Vis analysis, showing effective photon 

absorption and demonstrating strong electronic coupling between the excitation and absorption 

processes.  The emission spectra (Figure 2h) shows a broad band ranging from 440 to 530 nm, 

with greatest intensity around 500 nm. The red shift of the PL emission peak at 496 nm (Fig. 2h) 

compared to the excitation-related feature at 450 nm (Fig. 2g) can be attributed to defect-assisted 

radiative recombination. In CdS quantum dots, sulfur vacancies and surface trap states introduce 

shallow energy levels within the band gap. Radiative transitions from these localized states to the 

valence band occur at lower photon energies, resulting in a red-shifted emission relative to near-

band-edge recombination.  The blue shift seen in comparison to bulk CdS (515 nm) indicates the 

creation of nanoscale QDs due to quantum confinement phenomena.  The broad spectral profile 

indicates the presence of shallow defect-related states that contribute to radiative recombination.  

Time-resolved PL analysis (Figure 2i) reveals an average carrier lifetime of approximately 7.11 

µs, which is considerably longer than the microsecond-scale lifetimes (1.3–1.7 µs) reported for 

PbS-based quantum dots in the literature [42]. The prolonged lifetime observed here suggests 

enhanced carrier localization and reduced non-radiative recombination pathways, possibly 

associated with surface passivation and trap-state-mediated recombination. The decay profile was 

best fitted using a bi-exponential function, indicating the coexistence of fast band-edge 

recombination and slower trap-assisted processes. Such microsecond-scale lifetimes strongly 

suggest that the recombination process is mostly mediated by surface trap states rather than direct 

band-edge transitions.  This finding is consistent with prior studies that linked long-lived PL 

emissions to sulfur vacancy-derived deep trap states on the CdS surface.  The longer lifetime is 

beneficial for charge separation and charge-carrier retention, which could improve sensing and 



photocatalytic activity; nevertheless, excessive trap-state dominance may result in greater 

nonradiative losses [43]. 

 

Figure 3. a-b) Low-magnification TEM image, c) HRTEM images, d) SAED pattern, e–f) 

Intensity-profile of HRTEM images, g) Particle-size histogram h) N2 adsorption–desorption 

isotherms, and i) BJH pore-size distributions of CdS QDs.  

The morphological and compositional characteristics for CdS QDs were investigated using 

FESEM and EDS. The low-magnification FESEM image (Figure S2a) reveals irregularly shaped, 

agglomerated nanoparticles, typical of high surface energy in nanoscale systems. At higher 

magnifications (Figures S2b–c), CdS QDs exhibit a rough and porous morphology with fissures 



likely arising from rapid nucleation and growth. The highest-resolution image (Figure S2d) shows 

nanoscale ridge-like and layered features, suggesting a crystalline or partially ordered structure. 

EDS analysis (Figure S2e) confirms the presence of only cadmium and sulfur, with atomic weight 

percentages of Cd = 44.46% and S = 55.54%, consistent with near-stoichiometric CdS 

composition. Elemental mapping (Figure S2f), along with the individual Cd (Figure S2g) and S 

(Figure S2h) maps, demonstrates a uniform and co-localized distribution of the constituent 

elements across the material. These observations validate that the wet-chemical synthesis route 

effectively yields homogeneous, phase-pure CdS QDs without detectable elemental segregation. 

 

Figure 4. a) XPS survey spectrum of CdS QDs, b) deconvoluted Cd 3d, c) deconvoluted S 2p, d) 

C1s spectra of CdS QDs 

The shape and crystallinity of the CdS QDs were investigated using high-resolution transmission 

electron microscopy (HRTEM).  Agglomerated nanoparticles are visible in the low-magnification 

TEM picture (Figure 3a), which is characteristic of quantum dots because of their high surface 



energy.  Interconnected nanocrystals with uneven borders are seen in the medium-magnification 

image (Figure 3b).  Distinct lattice fringes with interplanar spacings of 0.336 nm and 0.362 nm, 

which correspond to the (111) crystal planes of cubic CdS, can be identified at higher resolution 

(Figure 3c). The high crystallinity of the quantum dots is confirmed by the concentric diffraction 

rings indexed to the (311), (220), and (111) planes in the selected-area electron diffraction (SAED) 

pattern (Figure 3d) [44].  The predicted fringe spacings of 0.362 nm and 0.336 nm, which further 

support the preferred CdS (111) crystal orientation, are validated by intensity-profile studies 

calculated from the HRTEM lattice areas (Figures 3e–f) [45].  A smaller size range centered around 

4–5 nm is shown by the particle size distribution (Figure 3g), which was fitted using a Gaussian 

model. HRTEM and SAED data confirm that the synthesized CdS QDs are well-crystallized, with 

consistent lattice parameters and a relatively uniform nanoscale size distribution, in agreement 

with XRD and Raman analyses. 

The nitrogen adsorption-desorption isotherm of CdS QDs (Figure 3h) shows a type IV profile with 

a H3-type hysteresis loop at higher relative pressures (P/P₀ > 0.85), which is characteristic of 

mesoporous materials generated through interparticle aggregation [46].  BET analysis showed a 

surface area of 5.895 m2/g and a total pore volume of 0.0158 cm2/g, indicating a moderately porous 

surface.  The BJH pore-size distribution (Figure 3i) shows an average pore diameter of about 3.38 

nm, indicating the occurrence of tiny mesopores toward the lower mesoporous limit.  This well-

defined nanoscale porosity allows for rapid gas diffusion while also providing a huge number of 

active adsorption sites.  Surface characteristics, along with quantum-confined particle size, 

improve surface reaction kinetics and charge transfer during gas interaction, leading to improve 

NO₂ sensing performance. [47]  

X-ray photoelectron spectroscopy (XPS) was used to analyze the composition and oxidation states 

of the synthesized CdS QDs, as illustrated in Figure 4(a–d).  The synthesis of CdS QDs without 

any significant impurity peaks is confirmed by the survey spectrum (Figure 4a), which shows the 

existence of Cd 4d, Cd 3d, S 2p, S 2s, C 1s, and O 1s signals [48].  Cadmium is mostly found in 

the +2-oxidation state, as confirmed by the high-resolution Cd 3d spectrum (Figure 4b), which 

shows two peaks at roughly 405.0 eV (3d3/2) and 411.8 eV (3d1/2), separated by 6.78 eV, indicating 

of Cd2+ in CdS QDs. This verifies that cadmium exists primarily in the +2-oxidation state. The S 

2p spectrum (Figure 4c) shows the characteristic sulfide doublet at 161.3 eV (2p3/2) and 162.6 eV 



(2p1/2), equivalent to S2- in CdS.  A small peak near ~160 eV indicates sulfur-rich or 

nonstoichiometric species, probably caused by adsorbed S-H groups [48].  The C 1s spectra 

(Figure 4d) exhibits peaks at 284.6 eV (C-C/C=C), 285.7 eV (C-O), and 283.3 eV, corresponding 

with C-S or C-Cd bonding, suggesting that organic surface ligands utilized during synthesis are 

partially connected to the QDs.  These carbon and oxygen-related characteristics are attributable 

to residual capping agents or adsorbed species on the surface. The Cd 3d, S 2p, and C 1s spectra 

confirm the effective synthesis of Cd2+-S2- CdS QDs with surface ligand components [48]. 

3.2 Theoretical understanding of NO2 adsorption  

To gain more understanding of the adsorption mechanism at the CdS-NO2 interface, the most 

stable configuration of NO2 adsorbed via its nitrogen atom onto the CdS (111) surface was studied. 

After relaxing, the nitrogen atom stabilizes at an equilibrium distance of 2.89 Å from the nearest 

surface Cd atom, with little structural change. The intrinsic N-O bond lengths (1.21-1.23 Å) are 

similar to gas-phase values, showing minimal deformation of the NO2 molecule during adsorption. 

The Cd atom interacting with the adsorbate shifts slightly outward by 0.05-0.10 Å, but the 

surrounding S atoms move by less than 0.02 Å, indicating negligible lattice disturbance.  This 

structural stability is also corroborated by the charge density difference isosurface (insight Figure 

5a), which shows electron accumulation (yellow) and depletion (blue) regions with weak 

interaction caused mostly by long-range charge redistribution rather than strong bond formation. 

Charge density difference mapping gives additional details on the electronic effects of adsorption.  

The pristine CdS (111) surface 2D electron density pattern (Figure S3c) demonstrates consistent 

charge dispersion prior to contact.  After attaching NO2 to the Cd site (Figure 5c), electrons 

accumulate around the NO2 molecule and depletion near the surface Cd atoms.  These polarization-

induced changes extend slightly beyond the surface and into the vacuum region, suggesting an 

indirect, surface-mediated electron-transfer mechanism that is more typical of weak physisorption 

than chemisorption [49]. 



 

Figure 5. Charge density difference isosurface for N adsorption on the a) Cd site, b) S site, 2D 

charge density deference map c) on Cd site, d) on S site and theoretical response-recovery time 

profiles for N on e) Cd site, f) S site of the CdS (111) surface.  

To understand the better adsorption behavior of NO2 at the S-terminated CdS (111) surface, we 

determined the best possible geometry of the nitrogen-mediated configuration (N-on-S).  



Relaxation causes the nitrogen atom to approach the surface S at a shorter distance (3.01 Å) than 

in the N-on-Cd arrangement, indicating greater orbital overlap.  Minor intramolecular deformation, 

including asymmetric elongation of N-O bonds and 1-2°, indicates a shift towards chemical 

interaction.  The surface sulfur atom shifts inward by 0.06-0.12 Å, while surrounding Cd atoms 

experience modest lateral displacements, indicating local lattice relaxation and partial electronic 

rehybridization (Figure 5b). 

Charge-density-difference analysis (Figure 5d) shows significant electron accumulation in the S-

N contact region and depletion around the S-3p orbitals, demonstrating direct charge donation 

from the CdS surface to NO2 molecules.  The complementary 2D Charge-density-difference map 

(Figure 5c) indicates localized polarization that reaches slightly beyond the surface, indicating 

more selective and localized bonding than the diffuse interaction seen in the N-on-Cd example. 

The nitrogen atom receives residual forces of 0.041-0.048 eV Å-1, while surface sulfur and nearby 

Cd atoms show values of 0.02-0.03 eV Å-1. Subsurface atoms are hardly impacted (<0.01 eV Å-1). 

These results demonstrate that the N-on-S arrangement promotes a more powerful and chemically 

selective adsorption mechanism, which is controlled by direct lone-pair donation and localized 

structural adaptation [49]. 

Optimized structures for O-on-Cd and O-on-S adsorption configurations show two different 

interactions between NO₂ and the CdS (111) surface. In the O-on-Cd configuration (Figure S3a), 

the oxygen atom approaches the surface Cd site, forming a fairly strong Cd-O coordination. The 

Cd-O distance contracts dramatically from its original vertical position, and local relaxation 

spreads into the first coordination shell, leading nearby S atoms to move somewhat outward. 

Surface Cd acts as an electron-deficient Lewis center, interacting with NO2 oxygen.  In contrast, 

the O-on-S configuration (Figure S3b) maintains a substantially larger equilibrium gap between 

the O atom and the surface S, with the molecule positioned higher above the surface plane and 

causing relatively minor distortion.  The low displacement of S atoms suggests that S sites do not 

have a strong interaction with O-terminated NO2. Force analysis confirms the various interaction 

strengths.  In the O-on-Cd instance, the Cd atom directly engaged shows moderate residual forces 

of 0.05-0.07 eV Å-1, but surrounding S atoms show relatively small force components as 

equilibrium is established.  In the O-on-S example, forces are less than 0.02 eV Å-1, indicating a 

slight physisorptive interaction that is not affecting the CdS lattice.  Charge-density-difference 



isosurface plots (Figure S3a) show well-defined charge accumulation around the oxygen atom, as 

well as depletion near the surface Cd, indicating partial hybridization of O-2p orbitals with 

electron-deficient Cd states. The 2D Charge-density-difference slice after adsorption on Cd (Figure 

S3d) shows localized and asymmetric charge redistribution centered along the Cd–O axis. In 

contrast, the 2D charge map of the pristine surface (Figure S3d) and the O-on-S configuration 

(Figure S3e) display only weak, diffuse polarization without a distinct bonding lobe, confirming 

the absence of significant orbital overlap or chemical bonding in the O-on-S configuration [50]. 

Table 1. NO₂ adsorption on CdS (111) at different binding sites. 

Substrate Adsorption 
Site 

Shortest 
Molécule–

Surface Distance 
(Å) 

Adsorption 
Energy (eV) Interpretation 

CdS 
(111) 

N on Cd 2.89 Å −0.14 Very weak physisorption; 
weak charge transfer. 

N on S 3.01 Å −0.88 Strongest adsorption; 
chemisorption 

O on Cd 2.59 Å −0.32 

Weak-to-moderate 
bonding; O interacts 

weakly with Cd, limited 
hybridization. 

O on S 2.61 Å −0.57 

Moderate adsorption; O–
S interaction stronger 
than O–Cd but weaker 

than N–S. 

The adsorption energies (Table S1) (Figure S4a) show that NO2 interacts more strongly with 

surface sulfur atoms than cadmium.  N-on-S has the highest adsorption energy (-0.88 eV), followed 

by O-on-S (-0.57 eV), O-on-Cd (-0.32 eV), and N-on-Cd (-0.14 eV).  Because oxygen has a higher 

electron affinity, it adsorbs slightly more strongly than nitrogen at the same site.  The low 

magnitudes of Eads indicate weak chemisorption or physisorption, which matches the minimal 

structural and electronic perturbations observed [51].  The interaction trend (N-on-S > O-on-S > 

O-on-Cd > N-on-Cd) shows that NO2 preferentially adsorbs at S-rich surface regions, significantly 

contributing to the valence band. This site selectivity is highly relevant for sensing applications, 



as stronger adsorption at S sites induces more pronounced charge redistribution, thereby enhancing 

the sensitivity of CdS-based sensors toward NO2. 

The adsorption properties of NO2 on various CdS (111) surface binding sites are shown in Table 

1.  Despite a slightly greater molecule–surface separation (3.01 Å), nitrogen adsorption on the S 

site has the highest adsorption energy (–0.88 eV), showing chemisorption driven by substantial 

N–S electronic hybridization.  On the other hand, nitrogen adsorption on the Cd site confirms 

physisorption and restricted charge interaction with a shorter separation of 2.89 Å and very weak 

binding (–0.14 eV). When it comes to oxygen adsorption, the O-on-Cd configuration shows 

moderate interaction (–0.32 eV, 2.59 Å), while the O-on-S model shows stronger adsorption (–

0.57 eV) with an equivalent separation of 2.61 Å.  These results demonstrate that the active site 

and adsorption atom have a substantial impact on adsorption behavior, with sulfur sites often 

encouraging stronger contact and more noticeable electronic disturbance than cadmium sites.  This 

offers important information about how adsorption preferences affect charge transfer properties 

and sensing efficiency. 

The Bader charge analysis (Table S2) shows that electron flow from CdS to NO2 is very site-

dependent. N-on-S has the highest electron gain by the NO2 molecule (+2.595 e), indicating 

substantial chemisorption due to effective overlap between the nitrogen lone-pair orbital and the 

S-3p states. In contrast, N-on-Cd exhibits negligible charge gain (+0.040 e), indicating a weak 

contact similar to physisorption [52]. Oxygen-mediated adsorption is also weak, with O-on-Cd and 

O-on-S yielding just +0.053 and +0.048 e, respectively, due to oxygen's strong electronegativity, 

which limits additional electron transfer. Bader charge analysis reveals that the N-on-S 

arrangement significantly improves NO2 sensing responsiveness. This occurs when electrons are 

extracted from the CdS surface, causing charge depletion and increased resistance, which is 

consistent with CdS behavior as an n-type semiconductor. The substantial charge transfer predicted 

for S-site adsorption indicates significant electron withdrawal from the n-type CdS surface, 

resulting in pronounced resistance modulation. This theoretical finding directly correlates with the 

experimentally observed high NO₂ sensitivity, as greater electron depletion from the conduction 

band enhances the change in resistance. In contrast, the comparatively small charge transfer at Cd 

sites explains the weaker resistance modulation but contributes to faster response–recovery 

dynamics. 



Table 2. Calculated activation energies for adsorption and desorption (𝑬𝒂𝒂𝒅𝒔	and 𝑬𝒂𝒅𝒆𝒔), 

response time (𝝉𝒓𝒆𝒔𝒑𝒐𝒏𝒔𝒆), recovery time (𝝉𝒓𝒆𝒄𝒐𝒗𝒆𝒓𝒚) at 125 °C, and sensing response (S) for 

different NO2 adsorption configurations on the CdS surface slab. 

Site 𝑬𝒂𝒂𝒅𝒔 𝑬𝒂𝒅𝒆𝒔 
𝝉𝒓𝒆𝒔𝒑𝒐𝒏𝒔𝒆 

at 125 °C (s) 

𝝉𝒓𝒆𝒄𝒐𝒗𝒆𝒓𝒚 

at 125 °C (s) 
S 

N on Cd 0.03 eV 0.10 eV 2.40 × 10
-4

 1.84 × 10
-3

 3×10
13

 

O on Cd 0.09 eV 0.21 eV 1.64 × 10
-3

 0.34 5.4×10
4
 

O on S 0.24 eV 0.38 eV 0.9 2.2 3.3×10
9
 

N on S 0.34 eV 0.36 eV 26 62 1×10
4
 

Table 2 shows that adsorption configuration significantly affects adsorption activation energy 

(𝐸!!"#), desorption activation energy (𝐸!",#), characteristic time (τ), and sensing response (S) for 

different NO2 adsorption configurations on the CdS (111) surface. The results indicate that the 

adsorption configuration strongly influences both the thermodynamic stability and the kinetic 

behavior of the sensing process. Nitrogen adsorption on the Cd site (N on Cd) exhibits the highest 

sensing response (3×1013), indicating that Cd atoms serve as the most active adsorption centers for 

NO2 detection. In contrast, nitrogen adsorption on the S site (N on S) shows significantly lower 

sensing response (1×104), suggesting comparatively weaker interaction with the surface. Oxygen-

based adsorption configurations demonstrate intermediate sensitivity, where O on S (3.3×109) 

shows substantially higher sensing response than O on Cd (5.4×104), further highlighting the 

crucial role of Cd surface sites in enhancing sensing performance [52]. 

The reaction kinetics were analyzed using activation energies obtained from the climbing image 

nudged elastic band (CI-NEB) calculations, which determine the minimum energy pathway 

between the initial and final adsorption states. The NEB energy profiles presented in Figure S5a 

reveal the transition states and corresponding activation barriers for NO2 adsorption on different 

surface sites. Among the investigated configurations, the N on Cd arrangement exhibits the lowest 

adsorption activation energy (𝐸!!"# = 0.03 eV) shown in Figure 5e, resulting in an ultrafast 

response time of 2.40×10−4 and a recovery time of 1.84×10−3 s at 125 °C. In comparison, O on Cd 

and O on S configurations possess moderately higher activation barriers (0.09 - 0.24 eV) (Figure 



S5b-S5c), leading to slower response times of 1.64×10−3 s and 0.9 s, respectively. The N on S 

configuration exhibits the highest adsorption barrier (0.34 eV) shown in Figure 5f, which results 

in the slowest response and recovery times of 26 s and 62 s, respectively, indicating stronger 

adsorption but slower reaction kinetics. The theoretical response–recovery behavior derived from 

the Cl-NEB-based kinetic analysis, where the evolution of the reaction coordinate with time clearly 

distinguishes the adsorption and desorption processes for different adsorption sites. These results 

demonstrate that Cd surface atoms provide highly active adsorption centers with rapid sensing 

kinetics, whereas S sites contribute to relatively stronger adsorption but slower recovery behavior. 

The combined analysis of adsorption energetics and reaction kinetics indicates that the CdS (111) 

surface possesses favorable characteristics for efficient NO2 sensing at elevated temperatures such 

as 125 °C [52]. 

The projected band structure of the pristine CdS (111) surface (Figure S6a) shows a distinct 

bandgap with no defect-related mid-gap states, indicating inherent electronic stability.  The 

valence band maximum (VBM) is primarily made up of S-3p states, whereas the conduction band 

minimum (CBM) is formed by Cd-5s/5p orbitals [49].  The Fermi level is near to the CBM, as 

expected given CdS n-type nature. N-on-Cd introduces mild N-2p contributions near the VBM 

upon NO2 adsorption via nitrogen (Figures 6a and 6b), creating shallow acceptor-like states with 

a little downward shift in the Fermi level.  N-on-S, on the opposite hand, causes stronger N-2p/S-

3p hybridization, resulting in localized states just above the VBM, lowering the effective bandgap 

and producing a more noticeable Fermi-level shift, which is a sign of increased carrier localization 

and electron withdrawal [49]. For oxygen-dependent adsorption (Figures S6b and S6c), O-on-Cd 

produces deeper O-2p-derived impurity states near the VBM through hybridization with Cd 

orbitals, narrowing the bandgap and decreasing the Fermi level.  O-on-S causes the most severe 

disruption to the band structure, resulting in the creation of deep mid-gap states, reduced band 

dispersion, large charge redistribution, and the greatest downward Fermi-level shift.  This points 

to dominating carrier trapping and the most evident acceptor behavior across all adsorption 

methods [52]. 



Figure 6. Projected band structure of N adsorption on a) Cd site b) S site, Partial density of state 

of N adsorption on c) Cd site d) S site, e) imaginary part of dielectric function f) optical 

conductivity of CdS (111) surface.  



The projected density of states (PDOS) of the pristine CdS (111) surface (Figure S6d) reveals a 

distinct semiconductor profile with a low DOS at the Fermi level (0 eV).  The valence band is 

dominated by Cd-5s/4d/4p and S-3s/3p states, whereas the conduction band is predominantly 

composed of Cd-5s/5p orbitals.  There are no N or O contributions, which confirms the absence 

of defect-induced mid-gap states. Nitrogen adsorption (Figures 6c and 6d) results in the formation 

of new Fermi-level occupied states. For N-on-Cd, a sharp N-2p peak at 0 eV generates defect-

induced states that might reduce the bandgap or cause partial oxidation, with minor N-2s 

contributions and minimal disruption to Cd and S states. In N-on-S, N-2p states form around the 

Fermi level and hybridize with S-3p/3s orbitals, resulting in modest electronic disruption while 

keeping the original valence band structure [49]. Oxygen adsorption (Figures S6e and S6f) 

introduces vacancy donor-like states above the Fermi level.  O-on-Cd exhibits a prominent O-2p 

peak at  +0.3 eV, while O-on-S exhibits a larger peak at +0.5 eV, indicating increased disturbance 

near the conduction band edge.  These changes indicate the possibility of higher Fermi-level 

movement and enhanced carrier concentration.  The Cd and S orbital frameworks remain relatively 

intact in all configurations, with the principal electronic changes resulting from N-2p and O-2p 

interactions [52]. 

In Figure S7a, the real part of the dielectric function (ε₁(ω)) for pristine CdS shows a large positive 

range from 0-3 eV, with peaks at 3.5 eV and 8.5 eV, followed by a minimum near 10 eV and a 

progressive climb approaching at 30 eV Adsorption on Cd sites (N-on-Cd and O-on-Cd) modestly 

increases ε1 in both peak regions and the high-energy range (10-20 eV), showing higher surface 

polarizability due to small charge transfer.  Adsorption on S sites results in smaller changes, 

indicating weaker interactions with the surface. In Figure 6e, the imaginary part (ε₂(ω)) related to 

optical absorption reveals dominant peaks at 4.5 eV and 9.5 eV for pristine CdS, with a secondary 

feature about 6.5 eV.  NO2 adsorption causes an increase in ε₂ at 13 eV for Cd-site adsorption, 

indicating more permitted transitions due to NO2-induced electronic states.  S-site adsorption 

results in a smaller perturbation.  These improvements suggest more efficient photoexcited charge 

creation, which is useful for optoelectronic and photoelectrochemical NO2 sensing [53]. 



 

Figure 7. Mechanism of NO₂ Interaction and Charge Transfer on a) Cd site b) S site of CdS 

(111) surface. 

The refractive index (n(ω)) (Figure S7b) rises sharply from 0-8 eV and peaks at the band-edge 

transition (4-5 eV).  NO2 adsorption on Cd sites causes a moderate rise in n(ω) in the 8-20 eV 

region, indicating improved polarizability, while S-site adsorption had no effect.  At more than 20 



eV, all curves converge (n = 0.8-0.9), demonstrating the supremacy of intrinsic lattice response 

[54]. The extinction coefficient (κ(ω)) (Figure S7c) is zero below the bandgap and has 

characteristic CdS peaks about 7-8 eV.  Cd-site adsorption enhances these peaks and maintains 

greater κ at more 20-eV due to NO2-induced optical transitions, meanwhile S-site adsorption has 

minimal effect. Reflectivity spectra (Figure S7d) indicate minor variations for Cd-site adsorption 

but a larger decrease (14-16 eV) for S-site adsorption, indicating higher local surface polarization. 

The loss function shown in figure S7e confirms these trends: N-on-S has a sharper and more 

intense primary plasmon peak (15 eV), indicating better charge-transfer coupling, whereas N-on-

Cd broadens and weakens the plasmon signal [53]. The absorption coefficient (α(ω)) of pristine 

CdS shown in figure S7f substantial intrinsic absorption between 5-12 eV.  Cd-site adsorption 

broadens the spectrum and boosts high-energy absorption (15–25 eV), suggesting additional 

optical transition pathways.  In contrast, S-site adsorption decreases high-energy absorption due 

to electronic charge localization [53]. 

The optical conductivity σ(ω) (Figure 6f) shows the effects of adsorption geometry on sensing 

efficiency.  Pristine CdS shows significant σ(ω) in the 8-12 eV range due to intrinsic inter-band 

transitions [55].  NO₂ adsorption on Cd sites considerably increases σ(ω) at 15-25 eV, indicating 

the creation of delocalized electronic states and increased charge mobility. This allows fast 

sensing, especially under light activation.  Adsorption on S sites reduces σ(ω) above 15 eV due to 

increased charge localization from chemisorption, which enhances electron trapping and improves 

sensitivity in dark environments.  Thus, Cd-site interactions promote rapid response and recovery, 

whereas S-site adsorption improves detection sensitivity. 

Figures 7a and 7b show all of the NO₂ adsorption mechanisms on the Cd and S sites of the CdS 

(111) surface. In the N-on-Cd configuration (Figure 7a), NO₂ interacts weakly with the surface 

through shallow coupling with Cd-5s states with indirect electron donation via Cd-S-3p surface 

hybrid orbitals [56]. This interaction has a small activation energy (Ea = 0.14 eV) and barely any 

charge transfer (ΔQ ≈ +0.040 e), resulting in little change of n-type conductivity through 

conduction-band interference. As a result, this pathway allows for a rapid but low-intensity sensing 

response controlled by weak physisorption. In comparison, the N-on-S system (Figure 7b) shows 

substantial orbital coupling between NO₂ frontier orbitals and surface S-3p states, showing direct 

electron donation via the lone pair on the S-3p orbitals [56].  This results in significant charge 



transfer (ΔQ = +2.595 e) and greater adsorption energy (−0.88 eV), as well as considerable band-

edge rehybridization, hole production, and partial shift towards p-type surface conductivity.  The 

strong chemisorption property promotes high sensitivity and more stable sensing behavior, 

especially under extended exposure or high temperature conditions.  

In this study, S-site adsorption dominates sensing performance through strong, direct electron 

donation via S-3p lone-pair orbitals, making it the main pathway governing effective NO₂ 

detection on CdS, while Cd-site adsorption supports fast but weak response due to indirect charge 

coupling (111). The strong S-site chemisorption and significant charge transfer correlate with the 

high experimental response observed at 125 °C, whereas the comparatively weaker Cd-site 

interaction explains the rapid response–recovery behavior due to lower activation barriers. Thus, 

the synergistic contribution of fast Cd-site activation and strong S-site chemisorption governs the 

overall NO2 sensing performance of CdS QDs. In summary, Cd sites facilitate relatively weak but 

kinetically favorable adsorption, contributing to rapid response–recovery behavior, whereas S sites 

promote stronger chemisorption with significant charge transfer, governing the enhanced 

sensitivity and resistance modulation of the CdS QD sensor. 

3.3 Experimental NO2 detection study  

The NO₂ sensing capabilities of the generated CdS QDs, including temperature response, 

selectivity analysis, concentration dependency, and response–recovery behavior, are summarized 

in Figure 8.  Figure 8a illustrates how the sensor response for NO2, NH3, and H2S varies with 

operation temperature.  The mathematical description of the experimental sensing response (S) is 

                                                              𝑆	(%) = 𝑅! − 𝑅- 𝑅!⁄ × 100                                              (20) 

Where, 𝑅! is resistance in air, and 𝑅- is resistance in gas atmosphere [57]. The response becomes 

extremely low at about 25 °C because there is not enough surface activation.  In contrast to NH3 

and H2S, which show much smaller response (48% and 32%), the response toward NO2 increases 

significantly as the temperature rises over 75 °C and reaches a maximum of 72% at 125 °C.  



 

Figure 8. Gas detection study of as synthesized CdS QDs: a) Gas response analysis; b) Selectivity 

analysis of CdS QDs; c) Concentration effect on the NO2 sensing performance of CdS QDs 125°C; 

d) Transient response and recovery times; e) Dynamic response recovery at a constant 

concentration (50 ppm); and f) Stability of the CdS QDs sensor at constant a concentration (50 

ppm)  



Its strong electron affinity, which facilitates effective electron removal from CdS QDs, is 

responsible for the improved NO2 response.  The reaction decreases at 125 °C because of increased 

thermal desorption, which shortens the gas–surface interaction time. The amazing selectivity of 

CdS QDs toward NO2 is confirmed in Figure 8b, which shows a greater response in compared to 

NH3 and H2S.  The stronger electron-acceptor nature of NO2 is responsible for this selectivity, 

which is in line with the predictions of significant charge transfer at the S site.  In ambient air, 

oxygen first adsorbs and generates O2⁻/O⁻ species by removing electrons from CdS.  When 

subjected to NO2, an extra electron is obtained via 

                                                              𝑁𝑂2	(𝑔) 	+	𝑒E → 	𝑁𝑂2E                                         (21) 

resulting in a substantial increase in resistance [58]. Conversely, reducing gases like NH3 and H2S 

donate electrons, leading to limited resistance modulation and hence lower sensing responses. The 

sensing response rises quickly from around 55% at 10 ppm NO2 to about 70% at 40 ppm, then 

increases at about 72–73% above 70 ppm, as shown in Figure 8c.  Strong gas affinity and quick 

adsorption kinetics are indicated by this quick rise, whereas saturation shows almost full 

occupancy of surface-active sites, which is in line with Langmuir adsorption behavior [59].  The 

quick response time (6 s) shown in Figure 8d indicates fast electron transfer via Cd sites, whereas 

stable chemisorption at S sites supports higher sensitivity at elevated concentration levels. 

The structural and chemical stability of CdS QDs is confirmed by Figure 8f, which shows excellent 

long-term sensing stability with the response decreasing just slightly from 78% to 74% over 30 

days.  The Figure 8e shows switching cycles exhibit good repeatability and quick response (6 s) 

and recovery (24 s).  Low-energy electron extraction is associated with the quick reaction, whereas 

recovery is driven by desorption and surface re-equilibration.  Stable and reversible adsorption–

desorption processes are confirmed by minimal hysteresis and minor drift, confirming CdS QDs 

as dependable options for high-performance NO2 detection with superior sensitivity, fast response 

dynamics, and long-term operational stability. 

As summarized in Table 3, the present CdS QD sensor demonstrates a comparatively higher NO2 

response (78% at 125 °C) than most previously reported sensing materials, particularly at moderate 

operating temperatures. The improved performance can be attributed to the quantum confinement–

induced surface reactivity and the site-dependent adsorption mechanism that enables efficient 



charge transfer and enhanced resistance modulation. These features collectively contribute to the 

superior sensitivity and rapid response behavior of the CdS QDs system. 

Table 3. Comparative study of NO2 gas sensing performance of CdS QDs with previously reported 

literature.  

No. Sensing Material Response (%) Target Gas Temp (°C) Reference 

1 Rb-ZnO/In2O3 
24.2  

(S = Ra/Rg) 
NO2 100 [60] 

2 SnS nanosheets 
17.6 

(S = Ra/Rg) 
NO2 150 [61] 

3 ZnSe/ZnO 
10.42 

(S = Ra/Rg) 
NO2 200 [62] 

4 MoS2 NWs 18.1 NO2 60 [64] 

5 
MoS2 

nanosphere/CTAB 
60 NO2 150 [63] 

6 ZnO 
1.04 and 36.17 

(S = Ra/Rg) 
NO2 150 [65] 

7 ZnO/CdO 
10 to 22.6 

(S = Ra/Rg) 
NO2 200 [66] 

8 Ce/SnO2 
42.15 

(S = Ra/Rg) 
NO2 140 [67] 

9 SnO2/rGO QDs 
4.56  

(S = Ra/Rg) 
NO2 200 [68] 

10 CdS QDs 78 NO2 125 This study 
 

Conclusions 

In this work, CdS QDs were successfully synthesized using a wet chemical method and deeply 

studied for NO2 sensing using a combination of theoretical and experimental methods. The 

synthesis of exceptionally crystalline, quantum-confined CdS QDs with enhanced surface 

reactivity was verified by structural and optical characterizations. Strong NO2 response (72% at 



125 °C for 40 ppm), quick response (6 s) and recovery times (24 s), great selectivity over NH3 and 

H2S, and excellent long-term stability were all demonstrated for the sensor. DFT band-interaction 

analysis reveals that NO2 adsorption on CdS is highly site-dependent due to differences in orbital 

alignment and charge-transfer pathways. At Cd sites, limited overlap between Cd-5s states and 

NO2 frontier orbitals leads to weak electron transfer (+0.040 e) and shallow adsorption (−0.14 eV). 

In contrast, sulfur sites provide stronger N–S orbital hybridization and better energy matching, 

enabling direct electron donation from S-3p states. This results in significantly higher charge 

transfer (+2.595 e) and stronger chemisorption (−0.88 eV). The pronounced electronic 

redistribution at S sites induces substantial band modulation, explaining the enhanced NO2 sensing 

performance. Rapid adsorption kinetics has been confirmed by characteristic time evaluation and 

theoretical sensing response, demonstrating the applicability of CdS QDs for real-time detection. 

While sensitivity is supported by higher charge localization at S sites, optical conductivity 

calculations further revealed increased carrier mobility for Cd-assisted contact. Together, the 

strong S-site chemisorption and fast Cd-site activation underpin the high sensitivity and rapid 

response of CdS QD sensors. In the end, CdS QDs are shown to be a promising material for 

selective, quick, and stable NO2 sensing applications by the collaborative experimental–theoretical 

study. 
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