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ABSTRACT  
 

 

In this study, we report the synthesis of Tin Oxide Quantum Dots using a co-

precipitation method, with an emphasis on SnO, the lesser-studied monoxide 

phase of tin. While extensive research has been conducted on SnO2 due to its 

superior chemical stability and wide-ranging applications in gas sensing and 

catalysis, limited attention has been paid to SnO, which presents unique optical 

and electronic properties. Here, SnO quantum dots were synthesized under 

controlled pH and drying conditions. X-ray diffraction confirmed the formation 

of tetragonal SnO with an average crystallite size of ~13 nm. UV-Vis absorption 

spectra revealed distinct peaks at ~400 nm, 290 nm and 240 nm, with systematic 

red/blue shifts observed under varying pH and thermal conditions. 

Photoluminescence emission spectra showed characteristic peak growth 

correlated with absorption edge excitations. Scanning tunneling microscopy 

confirmed particle sizes around 20 nm. The results suggest that SnO QDs have 

significant potential for use in optoelectronic devices, Li-ion batteries and gas 

sensors.
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INTRODUCTION 

Since the discovery of size-dependent 

properties in nanomaterials, quantum dots (QDs) have 

gained remarkable attention due to their unique optical, 

electronic, and catalytic characteristics. Among 

various types of QDs, metal oxide-based quantum dots 

have shown considerable potential, especially in fields 

such as optoelectronics, catalysis, and energy storage 

devices. Tin-based oxides, particularly tin(IV) oxide 

(SnO2) and tin(II) oxide (SnO), are of special interest 
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due to their semiconducting nature and wide range of 

applications [1]. 

SnO2, a well-known n-type wide-bandgap 

semiconductor, has been extensively studied and 

widely applied in gas sensors [2], solar cells [3, 4], 

photocatalysts [5], supercapacitors [6] and lithium-ion 

batteries [2] due to its stability and availability. In 

contrast, tin (II) oxide (SnO), a p-type narrow-bandgap 

semiconductor, has remained relatively underexplored, 

mainly due to its lower stability and synthesis 

challenges. However, recent studies suggest that SnO 

exhibits promising photoelectronic properties such as 

higher carrier mobility and favorable band alignment, 

which could surpass those of SnO2 in certain 

applications [7, 8]. 

Several synthesis methods have been 

employed for fabricating SnO nanostructures, 

including hydrothermal [9], sonochemical [10], 

combustion, sol-gel [11] and co-precipitation 

techniques. Among these, the co-precipitation method 

offers a simple, low-cost, and scalable approach for 

producing quantum dots with controlled size and 

morphology [12]. 

The aim of this research is to synthesize SnO 

quantum dots using the co-precipitation method and to 

investigate their structural and optical properties. 

Furthermore, the effects of various synthesis 

parameters such as pH, temperature, and drying 

atmosphere on the phase formation and quantum 

confinement behavior of SnO QDs are systematically 

studied.  

 

EXPERIMENTAL  

 

Sample synthesis 

SnO Quantum dots were synthesized via a 

controlled co-precipitation technique. A 0.005 M 

aqueous solution of Tin (II) chloride dihydrate Merck, 

SnCl₂·2H₂O (99%, 107815) was prepared in 150 mL of 

deionized water. Subsequently, 7 mL of concentrated 

HCl (37%, Merck, 100317) was added dropwise under 

constant stirring until the pH reached 1. Then 

Ammonium hydroxide (25%, Merck, 1336-21-6) was 

dropped to adjust the pH to target values between 8 and 

10. The resulting precipitate was centrifuged at 3500 

rpm for 10 minutes, thoroughly washed with deionized 

water and ethanol and then dried under varied thermal 

and atmospheric conditions (e.g., vacuum, air, and 

furnace drying). A total of 20 samples (coded s1–b4) 

were synthesized with varying synthesis temperatures, 

pH levels and drying environments. Table 1 

summarizes the synthesis parameters. 

 

Instrumental analysis 

To characterize the structural and optical 

properties of the synthesized samples, several 

instrumental techniques were employed:  

X-ray Diffraction (XRD):  

The sample characterization was done using 

X-ray diffraction (XRD- X’Pert Pro MPD- 

PANalytical) diffractometer with Cu Kα radiation (λ = 

1.5406 Å) over a 2θ range of 15° to 80°. β is the Full 

Width at Half Maximum (FWHM) and θ is the Bragg’s 

diffraction angle[7]. The average crystallite size (D) 

was calculated using the Scherrer equation (1): [13] 

D=0.9λβcosθ       (1)  

Data were analysed by Expert App. Lattice 

constants were calculated using Equation (2), suitable 

for tetragonal crystal systems: 

 a-2+b-2+c-2=d2      (2)  

Scanning Tunneling Microscopy (STM):  

STM (SS3-Pars Nano system), was used to 

study surface morphology and estimate the particle size 

distribution of the synthesized samples. 

UV–Visible Spectroscopy (UV–Vis): 

 Absorption spectra were recorded using a 

T70 UV–Vis Spectrometer and photoluminescence 

spectroscopy (PL) (PG Instruments Ltd). The band gap 

energy (Eg) was calculated from the absorption edge 

using the following relation (3): 
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Eg=h(c/λ) = hν            (3)  

Using Planck's constant 

h=4.13567×10−15 eV.s and the speed of light 

c=2.99792458×108 m.s-1, Equation simplifies is (4): 

Eg(eV)=1240 (eV.nm) /λmax(nm)      (4)  

As the absorption edge shifts to shorter 

wavelengths (blue shift), the band gap increases. This 

is attributed to quantum confinement effects, 

analogous to a particle-in-a-box model, where smaller 

particles exhibit discrete energy levels [14]. 

Particle Size from Band Gap:  

The particle radius (R) was estimated from the 

calculated band gap energy using Equation (5), derived 

from the effective mass approximation: 

∆Eg= Eg nano - Egbulk = ħ2п2 / 2MR2      (5)  

Here, Eg nano and Egbulk are the band gaps of 

the nanoparticle and bulk material respectively, ћ is the 

reduced Plank constant, R is the radius of nanoparticles 

and M is the reduced mass of exciton defined by: 

1/M = 1/me* + 1/mh*        (6) 

where me* and mh* are the effective masses 

of electrons and holes, respectively [7]. 

 

Table1: sample codes and synthesis conditions 

Drying atmosphere 
Drying 

temperature 
pH 

Synthesizes 

temperature 
Sample cods 

Oven 30 8 30 s1 

Oven 30 8.5 30 s2 

Oven 30 9 30 s3 

Oven 30 9.5 30 s4 

Oven 30 10.5 30 s5 

Oven 150 8 30 t1 

Vacuum 50 8 30 a1 

Vacuum 90 8 30 a2 

Vacuum 150 8 30 a3 

Vacuum 50 9 30 a4 

Vacuum 90 9 30 a5 

Vacuum 150 9 30 a6 

Vacuum 50 10 30 a7 

Vacuum 90 10 30 a8 

Vacuum 150 10 30 a9 

Air 30 8 7 b1 

Air 30 8 30 b2 

Air 30 8 65 b3 

Air 30 8 85 b4 
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Tauc Plot and Band Gap Nature:  

The type of electronic transition and band gap 

value was determined using the Tauc relation (7): [15] 

(αhν)n =B(hν-Eg)   (7)  

The parameter n in Equation (6) is determined 

by the nature of the electronic transition and may take 

values of 0.5, 2, 1.5, or 3, which correspond to, allowed 

direct, and allowed indirect, forbidden direct and 

forbidden indirect transitions, respectively. The 

constant B is a material-dependent factor associated 

with the transition type and the directness of the optical 

band gap [15, 16]. 

Urbach Energy (Eu):  

Urbach energy, which quantifies the degree of 

structural disorder and tail states in the band gap, was 

calculated using the exponential Urbach relation (8): 

[15] 

α = α0 exp[E/Eu]  (8) 

Here, α0 is a constant, E is photon energy and 

Eu is the Urbach energy (The energy difference 

between the excitonic absorption edge and the 

conduction band edge). Therefore, the Urbach energy 

can be determined from the inverse of the slope of the 

linear region of the plot of ln(α) versus photon energy 

(hν) [17]. 

Activation Energy (Ea):  

Activation energy (Ea) represents the 

minimum energy barrier that must be overcome for a 

chemical reaction to proceed, often associated with 

bond dissociation and molecular rearrangement. 

According to the Arrhenius equation, a decrease in Ea 

leads to an increased reaction rate, as temperature 

contributes to overcoming this energy barrier 

regardless of whether the reaction is endothermic or 

exothermic. In this study, Ea was determined using the 

Arrhenius-type relation for samples synthesized at 

various temperatures, reflecting the particle growth 

kinetics. Lower Ea values correspond to faster 

nucleation and growth processes, indicative of fewer 

energetic constraints during synthesis [17]: 

E= -RT ln (d/a)    (9) 

• E is activation energy, 

• T is the synthesis temperature in Kelvin, 

• d is the average crystallite size, 

• a is the intercept, 

• R= (8.314 J/K.mol) is the gas constant. 

 

RESULTS AND DISCUSSIONS  
 

Characteristics of nanocatalysts 

XRD Analysis: 

Figure 1(A) shows the XRD pattern of sample 

s1, matched with JCPDS cards 01-084-2157 

(Sn₆O₄(OH)₄) and 00-006-0395 (SnO) [10]. The 

presence of the intermediate phase Sn6O4(OH)4 

indicates partial conversion. Additional peak near 2θ ≈ 

33° corresponds to SnO. The peaks are slightly shifted 

compared to the reference, suggesting lattice 

contraction, typical of nanoscale materials. The 

average crystallite size was calculated as 34 nm using 

Equation (1). Lattice parameters obtained from 

Equation (2) were: (a = b = 7.924 Å, c = 9.100 Å). 

These are slightly smaller than reference values (a = b 

= 7.9268 Å, c = 10.25 Å), confirming lattice shrinkage 

due to size reduction [18]. 

Figure 1(B) corresponds to sample a1, 

primarily SnO with minor SnO₂ impurities, matched 

with JCPDS 01-085-0423 and 00-003-0439, 

respectively. The lattice constants for SnO were: (a = b 

= 3.6857 Å, c = 3.3133 Å) 

Compared to reference values (a = b = 3.7986 

Å, c = 4.8408 Å), the diffraction peaks shifted to higher 

angles, suggesting lattice expansion. Crystallite sizes 

were calculated as: (SnO: ~13 nm, SnO₂: ~7 nm) 

Figure 1(C) illustrates the XRD pattern of 

sample t1, indicating complete transformation to pure 

SnO2 phase after annealing at 100 °C. The pattern 

perfectly matches JCPDS card 00-001-0657, 

confirming the formation of single-phase tetragonal 

SnO2. The calculated lattice constants were: (a = b = 
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4.742 Å, c = 3.190 Å). Average crystallite size was 

found to be ~4 nm, suggesting quantum-sized SnO2 

particles [19]. 

 

STM Morphology: 

Figure 2 displays the STM image of sample 

a1. The average particle size was found to be 

approximately 20 nm, consistent with XRD findings 

and indicating relatively uniform size distribution [7]. 

 

Optical Characterization and Band Gap Analysis 

Effect of Temperature at pH 8:  

(Figure 3) A blue shift of the ~228 nm peak 

indicates size reduction; disappearance of the ~296 nm 

shoulder suggests SnO₂ formation; shifting of the 

~369 nm peak implies broader size distribution. 

 

 

Figure 1: XRD patterns of the synthesized samples: (a) Sample s1, (b) Sample a1, and (c) Sample t1. 

 

 

 

Figure 2: STM image of sample a1 showing nanoparticle morphology. 
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Figure 3. UV-Vis absorption spectra of samples A) a4, a5, and a6 (pH = 9). B) a1, a4, and a7 (T = 50 °C). C) 

b1, b2, b3, and b4. 

 

Effect of pH at 50 °C:  

(Figure. 3B) Increasing pH from 8 to 10 

causes a blue shift of the 238 nm peak (larger Eg), while 

the 296 nm shoulder remains static and the 369 nm 

feature red-shifts (lower Eg). 

Effect of Synthesis Temperature:  

(Figure. 3C) The blue-shifts 244 nm peak 

with temperature, indicating smaller particle sizes. 

Emergence of absorption shoulders at higher 

wavelengths aligns with a narrowed size distribution. 

Table 2 collected detailed of results. 

The optical absorption characteristics of 

SnO2-based nanoparticles play a crucial role in 

determining their electronic structure, band gap energy 

and suitability for optoelectronic and photocatalytic 

applications. As reported by Mandari et al. (2021), 

SnO₂ nanoparticles—especially when doped with 

transition metals such as cobalt—exhibit distinct 

absorption features in the UV region, with band edge 

shifts and increased absorption intensity that are 

indicative of quantum confinement effects and dopant-

induced energy states. These features not only affect 

the optical response but also directly influence charge 

carrier dynamics, making UV-Vis spectroscopy an 

essential tool for evaluating modifications in the band 

structure and optical transitions in synthesized SnO2 

quantum dots [20]. 

Based on the fitting of the Tauc plots, the 

following approximate band gap values were 

estimated: 

• Sample a1 (SnO with minor SnO₂): ~2.8 eV 

(direct) 

• Sample t1 (pure SnO₂): ~3.6 eV (direct) 

• Sample s1 (Sn₆O₄(OH)₄ / SnO): ~2.5 eV 

These values confirm that the band gap 

increases with particle size reduction and phase 

transformation from SnO to SnO2 [16]. 

Urbach energy (Eu) provides insight into the 

degree of disorder and the presence of localized tail 

states in the band structure. It was extracted from the 

slope of the logarithmic absorption coefficient vs. 

photon energy plot using the Urbach equation [21]:A 

steeper slope (i.e., lower Eu) indicates a more ordered 

crystal lattice with fewer defects [22]. The calculated 

Eu values were: “Sample t1: ~0.12 eV, Sample a1: 

~0.18 eV and Sample s1: ~0.25 eV”. This trend shows 

that higher synthesis temperature leads to improved 

crystallinity and lower structural disorder. 

The activation energy reflects the thermal 

energy required for atomic diffusion and crystallite 

growth. The calculated values show: “Sample t1 (T = 

373 K): Lower Ea, indicating fast growth kinetics and 

higher phase purity. Sample a1 (T ≈ 298 K): 

Intermediate Ea. Sample s1 (ambient condition): 
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Higher Ea, indicating a sluggish growth process with 

intermediate hydroxide phase formation.” Lower 

activation energies result in faster nucleation and 

growth rates, consistent with the improved crystallinity 

observed in XRD and the reduced Urbach energy [23]. 

Table 3 collected summary of structural and optical 

properties samples s1, a1 and t1. 

To aim calculate Activation energy, with 

equation 8 and 9, Activation energy is the slope of 

diagram logarithm particle size based on (1000/T). So 

from data from table 4 and slope of diagram from 

figure 4, the Activation energy is (Eₐ = 5.03 kJ/mol) 

[24]. 

 

Table 2: Detailed results of UV-Vis absorption spectra of samples with their Eg and size  

Sample Peaks (nm) Eg (eV) Size (nm) 

a1 238, 296, 379 5.21, 4.19, 3.36 4–7 

a4 228, 296, 379 5.44, 4.19, 3.36 4–7 

a5 233, 361 5.32, 3.43 4–7 

a6 232, 360 5.34, 4.43 4–7 

a7 220, 296, 390 5.64, 4.19, 3.26 3–7 

 

Table 3: Summary of Structural and Optical Properties samples s1, a1 and t1. 

Sample Dominant Phase Crystallite Size (nm) Band Gap (eV) Notes 

s1 Sn6O₄(OH)₄ + SnO ~34 ~2.5 Mixed phase, low temp 

a1 SnO (+ minor SnO2) ~13 (SnO), ~7 (SnO₂) ~2.8 Partially oxidized 

t1 SnO2 (single-phase) ~4 ~3.6 Pure phase, thermally annealed 

 

Table 4: Samples b1, b2, b3 and b4 with synthesizes temperature and particle size  

Sample Code Synthesizes temperature (k) particle size (nm) 

b1 280 4 

b2 303 4 

b3 338 5 

b4 358 7 

 

 

  Figure 4: Activation energy plot based on the Arrhenius equation [24] 
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Using the absorption spectra data of sample 

a1, a plot of (αhν)² versus photon energy (hν) was 

constructed, resulting in Figure 4. Based on this plot, 

the band gap of the sample is direct. 

Figure 5 presents the plots of (αhν)² versus 

photon energy (hν) for samples a1, a4, and a7 

(nanoparticles synthesized by the co-precipitation 

method with pH values of 8, 9 and 10 at a heating 

temperature of 50°C). By extrapolating the data and 

intersecting with the horizontal axis, the band gap 

energy values are obtained. The results indicate that an 

increase in pH leads to an increase in the band gap 

energy. 

To calculate the edge of the energy gap, the 

Urbach energy for each sample was determined using 

relation (9). In fact, the Urbach energy is derived from 

the inverse slope of the ln (α) versus photon energy (hν) 

plot, which is presented in Figure 5. The band gap and 

Urbach energies for the samples are provided in Table 

5 [25].  

The photoluminescence spectra of samples 

a1, a4 and a7, excited at a wavelength of 230 nm, are 

shown in Figure 6, respectively. The emission 

wavelengths obtained from excitation at 230 nm that 

appear as multiples of the excitation wavelength are 

considered unreliable due to their harmonic nature. 

Initially, a comparative analysis of the PL 

spectra for samples a1, a4 and a7 under 230 nm 

excitation was conducted, followed by a detailed 

examination of each sample individually. The aim of 

this comparison was to evaluate the influence of pH on 

the luminescence behavior of the samples.  As observed 

in Table 6, a minor shoulder around 306 nm appears in 

the spectra, which transforms into a peak with 

increasing pH. Peaks, albeit small, also emerge at 362 

nm and 383 nm with rising pH. A prominent peak at 

407 nm is observed, whose intensity diminishes as the 

pH increases. A shoulder at 428 nm is initially 

presented but disappears at higher pH levels.  The most 

intense peak is observed at 460 nm, which increases in 

intensity with rising pH and is indicative of the second 

harmonic emission. Additionally, a shoulder at 484 nm 

is noted to shift towards longer wavelengths as the pH 

increases. A minor shoulder is also observed around 

532 nm.  With further increase in pH, a distinct peak 

develops at 575 nm, while another emission peak 

appears at 686 nm, which is again attributed to second-

order harmonic emission. 

 

 

Figure 5: Energy gap of sample A) a1, B) a4 and C) a7 
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Table 5: The band gap and Urbach energies for the samples (a1, a4, a7) 

 

 

Figure 6: photoluminescence with excitation (230 nm)  sample: A) a1, B) a4 and C) a7 

 

Samples a1, a4, and a7 were visually 

examined in a dark room under UV lamps which 

Visual observation with wavelengths of 360 nm and 

370 nm.[26]. Samples a1 and a7 exhibited minimal 

color change under 360 nm illumination, whereas 

sample a4 appeared distinctly purple. When exposed to 

370 nm light, samples a1 and a7 displayed a blue 

coloration, while sample a4 again exhibited a purple 

hue, confirming PL spectral shifts with pH [27, 28]. In 

the context of photoluminescence properties of SnO2 

nanoparticles, previous studies have shown that the 

aspect ratio and structural parameters significantly 

influence their optical behavior. Kolokolov et al. 

examined the synthesis of SnO2 nanoparticles with 

different aspect ratios and their corresponding 

photoluminescent properties [29]. Their study revealed 

that the photoluminescence intensity and emission 

characteristics are closely related to the particle shape 

and size, as well as the synthesis conditions, such as pH 

and temperature. These structural variations directly 

impact the electronic properties of the material, which 

in turn influence its photocatalytic efficiency. The 

observed shifts in the PL spectra were attributed to the 

quantum confinement effects and the presence of 

surface states, which are common in nanomaterials. 

Additionally, the article discusses the rapid 

degradation of organic dyes as a function of the 

nanoparticle’s PL properties, demonstrating the strong 

potential of SnO2 nanoparticles for photocatalytic 

applications [29]. 

Further insights into the improvement of 

photoluminescence and photocatalytic efficiency of 

SnO2 quantum dots have been provided by the study of 

niobium-modified SnO2 QDs (Yousefzadeh et al., 

2021). In this work, Nb incorporation led to enhanced 

visible-light absorption and stronger PL emission, 

attributed to the introduction of localized energy states 

within the band gap. These defect-related states 

facilitate more efficient charge separation and reduced 

recombination rates, thereby improving the 

photocatalytic performance under visible light. The 

findings suggest that controlled doping of SnO2 QDs is 

an effective strategy to tailor their optical and 

electronic properties, making them more suitable for 

applications in environmental remediation and 

optoelectronic devices [30]. 

Sample Eg (eV) Eᵤ (eV) 

a1 2.66 0.369 

a4 2.79 0.515 

a7 3.03 0.343 
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Table 6. Summary of Photoluminescence Peaks for Samples a1, a4, and a7 under 230 nm Excitation 

Wavelength 

(nm) 

Observation 

Type 
Behavior with Increasing pH Notes 

~306 Shoulder Converts to distinct peak Suggests increased emission efficiency 

362 Minor peak Slight increase in intensity Possibly defect-related states 

383 Minor peak Slight increase in intensity  

407 Major peak Decreases in intensity 
Dominant emission; quenched with 

higher pH 

428 Shoulder Disappears with pH increase Possibly unstable emission state 

460 Strongest peak Intensifies with increasing pH Corresponds to second harmonic 

484 Shoulder Redshifts with increasing pH 
Indicative of band structure 

modification 

532 Weak shoulder Remains relatively unchanged  

575 Emergent peak Grows in intensity with pH Related to deeper defect states 

686 Broad peak 
Present; possibly harmonic-

related 
Attributed to second-order harmonic 

 

 

CONCLUSION 

In this work, the co-precipitation method was 

successfully employed to synthesize quantum-sized 

Tin Oxide nanoparticles, including SnO, SnO2 and the 

intermediate Sn6O4(OH)4 phase. Comprehensive XRD 

analysis revealed phase evolution driven by synthesis 

temperature and pH, while STM confirmed a particle 

size range of approximately 4–20 nm. Optical 

characterization via UV–Vis spectroscopy showed 

significant quantum confinement effects, with the 

direct band gap ranging from ~2.5 eV for mixed phases 

to ~3.6 eV for pure SnO₂. Band gap values were further 

corroborated by Tauc plot fitting, confirming direct 

electronic transitions. The electro-structural disorder, 

quantified by Urbach energy (Eu), decreased from 

0.25 eV (s1) to 0.12 eV (t1), indicating improved 

crystallinity with higher annealing temperatures. The 

activation energy for particle growth was estimated at 

~5 kJ/mol, reflecting facile synthesis kinetics. 

Photoluminescence studies demonstrated pH-

dependent emission shifts, suggesting tunable 

optoelectronic properties [5, 22]. 

Our findings align well with previous reports 

on SnO2 quantum dots. For instance, Saravanan et al. 

synthesized ~2.5 nm SnO₂ QDs with a band gap of 

~3.67 eV and strong quantum confinement via a 

solvothermal route [31]. Similarly, recent reviews on 

SnO₂ QDs note band gaps in the 3.5–4.0 eV range and 

highlight their tunable optical and photocatalytic 

properties. Urbach energy analysis of various SnO2 

nanoparticles revealed values comparable to our data, 

confirming the correlation between structural order and 

optical absorption tailing. Furthermore, the importance 

of band gap tuning via oxygen vacancies or doping for 

enhanced visible-light response has been emphasized 

in recent works [28]. 

Compared to bulk SnO₂ (Eg ~3.6 eV), our 

nanoparticle systems provide broader tunability in 

optical and electronic properties. The observed 

increase in band gap with decreasing particle size is 

consistent with Brus’s quantum confinement model [5, 

28]. 
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As a hole: 

• Co-precipitation reliably produced quantum-

sized SnO and SnO2 phases. 

• XRD confirms phase evolution controlled by 

pH and thermal conditions. 

• STM and UV–Vis show size control in the 4–

20 nm range, inducing significant quantum 

confinement (blue-shifted E₉ from ~2.6 to 

>5.6 eV). 

• pH increase raises E9 and alters Eᵤ, indicating 

optimized structural/facial quality at higher 

pH. 

• Activation energy (5.03 kJ/mol) is relatively 

low, suggesting facile nucleation/drying-

driven growth. 

• PL shifts with pH suggest tunable optical 

properties, valuable for optoelectronic or 

sensing applications [11]. 
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