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Abstract
Luminescent antimony doped tin oxide nanoparticles have drawn tremendous attention from researchers due to its low cost, 
chemical inertness and stability. Herein, a quick, facile and economic hydrothermal/solvothermal method was utilized for 
the preparation of antimony doped (1%, 3%, 5%, 7% and 10%) tin oxide nanoparticles. The antimony doping in a reasonable 
range can change the properties of SnO2. As such, a lattice distortion increases with increase in doping, which is evidenced 
through crystallographic studies. It was found that the highest photocatalytic degradation efficiency of malachite green (MG) 
dye of about 80.86% was achieved with 10% Sb-doped SnO2 in aqueous media due to small particle size. Moreover, 10% 
Sb-doped SnO2 also showed the highest fluorescence quenching efficiency of about 27% for Cd2+ of concentration 0.11 µg/
ml in the drinking water. The limit of detection (LOD) comes out as 0.0152 µg/ml. This sample selectively detected the 
cadmium ion even in the presence of other heavy metal ions. Notably, 10% Sb-doped SnO2 could appeared as a promising 
sensor for fast analysis of Cd2+ ions in real samples.
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Introduction

With the growth of modern society, different pollutants (e.g., 
nitroaromatic compounds (NACs), toxic gases, metal ions) 
discharged into an environment. Metals ions are widely dis-
tributed in different geographical regions [1]. Certain metal 
ions are essential for growth of human beings, while oth-
ers can cause serious problems even at trace concentration. 
Cadmium is highly toxic causing serious health problems 
such as cancer, bone degeneration, and kidney disorder. An 
International agency for Research and Cancer (IARC) stated 
that Cd at high concentration is carcinogenic and can cause 
chronic renal failure [2, 3]. Even at low concentration, Cd 
can cause causing damage of kidney, fragile bone, and lung 

damage. So, there is need to develop a selective and sensitive 
method for the detection of cadmium.

Various technologies like gas chromatography-mass 
spectrometry (GC-MS), liquid chromatography-mass spec-
trometry (LC-MS), energy dispersive X-ray spectroscopy 
(EDX), surface enhanced raman spectroscopy (SERS), high-
performance liquid chromatography (HPLC), electron capture 
detection (ECD), proton transfer reaction mass spectrometry 
(PTR-MS), nuclear quadrupole resonance (NQR), neutron 
activation analysis (NAA) and ion mobility spectrometry 
have been used for the detection of cadmium [4–6], however 
these are highly expensive and require highly sophisticated 
instruments [5]. Hence, these techniques cannot be utilized for 
on-site field testing. Instead, fluorescence-quenching-based 
chemical detection proved to be simple, sensitive, rapid and 
less expensive method for the quick detection of cadmium 
ions [4]. Due to economic and selective detection by fluores-
cent material it has become the major concern to be utilized 
on large scale.

Besides metal ions, hazardous dyes discharged from vari-
ous textile industries into water can cause serious water pol-
lution. Dyes have serious environmental and human health 
issues due to their carcinogenic and toxic effects [7, 8]. So, 
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as a remedy of dye effluents various methods have been 
utilized like adsorption on high surface area support, sedi-
mentation, chemical coprecipitation, ion exchange method 
and biological membranes [9]. But, these methods are not 
preferred to large extent due to their expensive equipment’s, 
time consumption and conversion of main pollutant into 
secondary pollutant, which can be even more hazardous. In 
addition to these methods, some biochemical and physio-
chemical methods can be utilized for decolourization of dyes 
from the textile industries due to their inflexibility towards 
chemical oxidation and photocatalytic stability. However, 
recently researchers have set their focus on the utilization of 
semiconductor metal oxide for degradation of dyes.

To resolve the afore discussed issues, there is need to 
develop such materials, which can act both as photocatalyst 
and as sensor. Semiconductor is one of the potential candi-
dates which act as sensor and photocatalyst. Among various 
available semiconductors, SnO2, ZnO, Fe2O3 and CeO2 are 
the most frequently used semiconductor due to their photo-
chemical stability, low cost, non-toxicity and simple prepara-
tion [9]. Among these, SnO2 can be utilized for the purpose 
of photocatalytic degradation of dyes and sensing of heavy 
metal ions, effectively. According to Bouras et al. (2014), 
the SnO2 material has good chemical and thermal stability. 
SnO2 is widely utilized as a semiconductor material owing 
to its remarkable physical and chemical properties. Further, 
SnO2 is an n-type semiconductor which is widely utilized 
in different areas like transparent electrodes, photocatalysts, 
batteries, transistors, fluorescence sensors, gas sensors,  
and other devices [10]. Notably, the bandgap and chemical 
stability of SnO2 is equivalent to that of a popular photo-
catalyst, titanium dioxide (TiO2). Therefore, SnO2 was cho-
sen as a superior photocatalyst in the current examination. 
Additionally, SnO2 has no negative health consequences 
whether inhaled or injected because it is poorly absorbed 
by the human body. A green technology, photocatalytic oxi-
dation of organic contaminants in the presence of semicon-
ductors like tin oxide (SnO2) appears to be a very promising 
method for treating water. The first obstacle limiting the 
widespread technological application of SnO2 is its large 
band gap (3.6 eV) [11], which needs UV irradiation for pho-
tocatalytic activation. However, the solar radiation mainly 
constitutes from the UV, visible, and infrared radiations with 
percentage of 5–7%, 46%, and 47%, respectively. As, UV 
light only makes up a small portion of the sun energy (5%) 
compared to visible light (45%) so it can’t provide the suf-
ficient energy for the photocatalytic activity of SnO2 [12]. 
Therefore, large SnO2 band gap and non-availability of UV 
radiations through sun light will limit its effectiveness. To 
achieve the great photocatalytic efficiency, the band gap of 
SnO2 must be shifted in such a way that it shows the optical 
absorbance in the visible light. Such modulation in band gap 
can be achieved through the doping. At the end, it should be 

mention here that the shift in SnO2 optical response from 
the UV to the visible spectral range will have a profoundly 
positive impact on the photocatalytic activity of the studied 
material. For the purpose of shifting optical absorbance in 
the visible region of solar spectrum various attempts has 
been utilized like coupling of SnO2 with gold [13], but this 
method proved to be unsuccessful for this purpose. Hence, 
a number of researchers have moved towards the doping of 
semiconductor metal oxide material with particular metal 
for shifting optical absorbance. A variety of dopants can be 
utilized for the modification of band gap resulting in large 
change in physical and chemical properties. In literature 
various reports have been demonstrated in which band gap 
has been tuned by introducing particular dopants with par-
ticular yield. As an example, tungsten doped tin oxide [14, 
15], indium doped tin oxide [16], fluorine doped tin oxide 
[17, 18], antimony doped tin oxide [19–22] and zinc doped 
tin oxide [23, 24] have band gap tuned to 4.05–4.22 eV, 
3.62–4.03 eV, 3.7–3.8 eV, 3.1–3.9 eV and 3.58–3.97 eV, 
respectively. With doping optical properties get changed by 
amplifying band gap and luminescent centres in the visible 
region. Most common dopant used for SnO2 is antimony 
(Sb). In this trivalent Sb3+ ions can easily replace tetravalent 
Sn4+ leading to the shifting the fermi level towards the con-
duction band (CB) [25]. The mechanism of photocatalytic 
degradation is based on excitation of SnO2 resulting in for-
mation of electron-hole pair production, which further pro-
duce highly reactive OH● and O2

●− for the degradation of 
organic and inorganic pollutants [26, 27]. However, proper 
reactor design and optimized conditions are necessary for 
efficient photocatalytic activity.

To the best of our knowledge, Sb-doped SnO2 nanostruc-
tures have not been explored to act as photocatalyst for dye 
degradation and luminescent sensor for detection of heavy 
metal ions through sensing. So, here our main focus is to 
investigate and present the effect of doping on the morpho-
logical, optical, photocatalytic and sensing applications. For 
the investigation of photocatalytic activity Sb-doped SnO2 
have been utilized using malachite green (MG) as a test con-
taminant in the aqueous media. Additionally, Sb-doped SnO2 
can be effectively used for selective detection of Cd2+ with 
the lowest concentration upto 10 ppb even in the presence 
of other heavy metal ions.

Experimental Section

Materials

All the chemical reagents and solvents are of analyti-
cal grade and can be utilized without further purification. 
Tin(IV) chloride pentahydrate (SnCl4.5H2O), trisodium 
citrate dihydrate (C6H5Na3O7.2H2O), antimony trioxide 
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(Sb2O3), cadmium sulphate (CdSO4) and ethanol (C2H5OH) 
were purchased from Sigma-Aldrich, India. Malachite Green 
(MG) dye was purchased from Merck Pvt. Ltd. India.

Synthesis of Sb‑doped SnO2 Nanostructures

Tin chloride pentahydrate (SnCl4.5H2O, 8mmol (0.90256 g)) 
and trisodium citrate dihydrate (C6H5Na3O7.2H2O, 8 mmol 
(2.064 g)) were dissolved in 30 ml of ethanol:water (1:1). 
The resulting solution was magnetically stirred for 1 h fol-
lowed by pouring in a Teflon-lined stainless steel autoclave. 
The autoclave was properly sealed, heated in vacuum oven 
by maintaining temperature to be 180 °C for 24 h and cooled 
to room temperature. Afterwards, the obtained precipitates 
were collected from the autoclave and rinsed with ethanol 
& distilled water mixture several times for the removal of 
impurities. Later, these precipitates were annealed at 600 °C 
for 2 h. Similar procedure was adopted for the synthesis of 
Sb-doped SnO2 nanostructures, with the only variation of 
addition of antimony trioxide (Sb2O3) to tin (IV) chloride 
pentahydrate solution before the addition of trisodium citrate 
dihydrate (C6H5Na3O7.2H2O). The concentration of Sb was 
varied from (1–10) mol%. Finally, Sb-doped SnO2 samples 

were collected. This whole procedure of synthesis is shown 
through a Scheme 1.

Characterizations

Various analytical techniques were opted for the investigation 
of synthesized sample via its crystallographic, morphological, 
compositional and optical analysis. For the record of crystal-
lographic parameters of the prepared samples, Powder X-ray 
Diffractometer XPERT PRO [CuKα X-ray (λ = 1.5406Å), 
1800 W (45 kV, 40 mA)] in 2θ range 10° to 60° keeping step 
size of 0.013° at scan speed of 0.001° sec–1 was used. The 
morphological investigations were performed on JEOL, JEM 
2100 PLUS high resolution transmission electron micro-
scope (HRTEM) and JEOL, JSM-6510LV scanning electron 
microscope (SEM). Energy dispersive spectroscope (EDS) 
attached with SEM, was used for the chemical and elemen-
tal composition of the prepared samples, respectively. JEOL 
JEM-2100 plus high-resolution transmission electron micro-
scope (HRTEM) is used to characterize the morphology of 
the sample. For the functional group analysis, Fourier Trans-
form Infrared Spectroscopy (FTIR, PerkinElmer spectrom-
eter) was recorded in the range 4000–400 cm−1. UV-Visible 

Scheme 1   Schematic diagram showing synthesis of undoped and Sb-doped SnO2
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spectrophotometer (Shimadzu UV-Vis 1600) was used for 
absorption/degradation studies, while Shimadzu RF-5301PC 
spectrofluorometer was opted for photoluminescence studies.

Photocatalytic Experiment

At room temperature, the photocatalytic degradation of mala-
chite green (MG) experiments were performed using pure and 
Sb-doped SnO2 as a nano-photocatalyst under UV irradiation 
exposure. UV-Visible illumination was provided by an assem-
bly of 4 UV tubes of 18 W each as a light source. To carry 
out this experiment, firstly a stock solution (1 L) of dye was 
prepared by dissolving 3 mg of MG dye in aqueous media. 
Then 20 mg of nano-photocatalyst (each) was added into 100 
ml of MG solution followed by stirring in dark for 1 h to reach 
adsorption-desorption equilibrium. After this the equilibrated 
solution was exposed to UV irradiation for 60 min. Samples 
of 3–5 ml (each) were collected after every 10 min of UV 
exposure from photocatalytic chamber. These were analysed 
using UV-Visible absorption spectrophotometer to calculate 
the remnant dye concentration via monitoring the absorption 
maxima peak (λmax = 617 nm).

Concentration Dependent Luminescence Quenching 
Behaviour of Sb‑doped SnO2 Nanostructure Via 
Adding Different Concentration of Cd2+ Ion

Stock solution of SnO2 and Sb-doped SnO2 (1 mol%, 3 mol%, 
5 mol%, 7 mol% and 10 mol%) were prepared by dissolving 
10 mg of respective component in 10 ml of DMF. The stock 
solution of cadmium was prepared by dissolving 10 mg of cad-
mium sulphate (CdSO4) in 10 ml of DMF solvent (1000ppb). 
Various concentrations of Cd2+(5 ppb, 10 ppb, 15 ppb, 20 
ppb, 25 ppb) were prepared from stock solution with careful 
quantitative dilution. The fluorescence detection of Cd2+was 
done using Sb-doped SnO2 NPs suspension in DMF at room 
temperature. For the purpose of proper analysis, 100 µl por-
tion of Sb-doped NPs solution was added in 1ml of different 
concentrations of Cd2+ (0–25 ppb) with addition of 1.9 ml of 
dilution with continuous stirring and allowed to stand at room 
temperature for 15 min. The photoluminescence intensity of 
the resulting solution was recorded on spectrofluorometer at 
excitation wavelength 340 nm (λex = 340 nm).

Result and Discussion

X‑ray Diffraction Analysis

Figure 1 exhibits an experimental powder X-ray diffrac-
tion pattern for the synthesized samples. Tetragonal Rutile 
structure of SnO2 have been evaluated through the well 
indexing of all the diffraction peaks [JCPDS no. 41-1445, 

a = b = 0.4738 nm and c = 0.3187 nm, space group P42/nm 
(136)]. The peaks appeared at 26.74°, 32.87°, 36.11° and 
58.70° can be indexed to the lattice planes of (110), (101), 
(200) and (002), respectively [28–30]. Pure and single phase 
Sb-doped SnO2 sample formation has been confirmed with-
out any impurity due to absence of extra diffraction peak. 
The comparison with the previous studies shows the forma-
tion of desired nanoparticles [31, 32]. Table 1 represent cal-
culated crystallographic parameters of the sample through 
XRD data and Debye’s Scherrer formula. The decrease in 
the values of lattice constant (a = b, c) as well as crystal-
lite size (D) with increase in the Sb doping concentration 
proved the suppress in the growth of larger SnO2 crystallites 
[33]. The shrinkage or expand in the lattice can be explained 
through Vegard’s Law, according to which the substitutional 
incorporation of the dopant ions in the host lattice leads 
to shrinkage, while dopant incorporation in the interstitial 
sites between Sn and O leads to expansion [34, 35]. From 

Fig. 1   XRD diffractogram of undoped and Sb-doped (1–10  mol%) 
SnO2
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the results of Table 1, it can be predicted that there is sub-
stitutional doping of antimony ions into SnO2 host lattice.

FT‑IR Analysis

The Fourier Transform Infrared Spectroscopy (FT-IR) is 
used for the estimation of functional groups, detail of chemi-
cal bonding in existed elements and presence of impurities 
even in low levels. Figure 2 shows the FT-IR spectra of SnO2 
as well as Sb (1,3,5,7,10 mol%) doped SnO2 in the trans-
mission mode. For pure sample the characteristic peak at 
637 cm− 1 is assigned to O-Sn-O stretching vibration mode 
and the band in the 2500–3500 cm− 1 belong the O-H stretch-
ing. The peak at 1628 cm− 1 corresponds to C = C stretch-
ing. Role of Sb in SnO2 by FTIR confirmed by Zhang et al. 

Figure 2, shows a small shift from 637 cm− 1 with increase 
in Sb doping concentration, which confirms the substitution 
in the SnO2 by Sb, explained by Hooke’s law. It is clear that 
the bonds formed by heavy atoms vibrate at lower frequen-
cies and with lower mass vibrate at higher vibrational fre-
quency. As the atoms of Sb are heavier than Sn ones (121.7 
vs. 118.7 g/mol), resulting in shifting of Sn-O absorption 
band towards lower wave number after substitution of Sn  
by Sb. So, FTIR studies clearly confirms that Sb has taken 
place of Sn atoms after doping in SnO2 nanostructure.

HR‑TEM Analysis

Crystal structure and difference in microstructure have been 
further studied by High Resolution Transmission Electron 
Microscopy (HR-TEM). Figure 3 represents TEM micro-
graph, which depicts porous and hollow structure of pure 
SnO2 nanoparticles. The images show grains like morphol-
ogy with 10–15 nm size.

Morphological and Compositional Analysis

EDS spectra of Sb-doped SnO2 samples have been recorded 
for the investigation of elemental composition as shown in 
Fig. 4a, b. The presence of Sb, Sn and O in the synthesized 
sample can be confirmed by presence of peaks of tin (Sn), 
oxygen (O) and antimony (Sb) in the spectra. Detailed analy-
sis of the EDS spectrum of undoped SnO2 samples reveals 
that tin (Sn) and oxygen (O) have weight% (atomic %) 

Table 1   Crystallographic parameters of pure and Sb-doped SnO2 
from XRD patterns

Specimen Lattice  
parameter 
a = b (Å)

Lattice 
parameter 
c (Å)

Crystallite 
size D (nm)

Pure SnO2 4.7636 3.1949 33.58
1 mol% Sb-SnO2 4.7564 3.1929 33.46
3 mol% Sb-SnO2 4.7330 3.1834 32.15
5 mol% Sb-SnO2 4.7318 3.1823 29.16
7 mol% Sb-SnO2 4.7225 3.1821 28.21
10 mol% Sb-SnO2 4.7211 3.1815 26.63
Std. JCPDS 41- 1445 4.7382 3.1871 ------

Fig. 2   FTIR spectra of a pure; 
b 1 mol%; c 3 mol%; d 5 mol%; 
e 7 mol% and f 10 mol% Sb-
doped SnO2 samples
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values 58.66% (13.56%) and 41.34% (86.44%), respectively. 
Whereas, analysis of EDS spectrum of 10% Sb-doped SnO2 
shows sample comprises of tin (Sn), oxygen (O) and anti-
mony (S) have weight% (atomic%) values 40.80% (9.31%), 
49.36% (87.56%) and 9.84% (3.13%), respectively. The 
morphological features of as-prepared samples were inves-
tigated by SEM, as shown in Fig. 5a-f. As confirmed by 
SEM images, pure SnO2 comprises irregular nanosheet like 
morphology, grown in very high density. The morphology of 
1% Sb-doped SnO2 is shown in Fig. 5b. Compared with the 
undoped sample, the products are composed of SnO2 flakes 
like morphology, in place of nanosheet. 3% Sb-doped SnO2 
nanostructures, as shown in Fig. 5c consist of dense flakes 
of longer length of SnO2. Mix morphology of small SnO2 
nanorods has been observed in the case of 5% Sb-doped 

SnO2 (Fig. 5d). By, increasing the Sb dopant concentration 
from 5 to 7%, the morphology comprises only SnO2 mixture 
of small spheres and nanorods, in place of nanorods along 
with spheres (as observed in 3% Sb doped SnO2), as seen in 
Fig. 5e. Maximum dopant concentration of Sb (10 mol%) 
in SnO2 host lattice results in SnO2 increase in the number 
of spheres and increase in the length of nanorods (Fig. 5f) 
as compared to nanorods observed in the case of (Sb: SnO2 
7%). Interestingly, from SEM images, it has been observed 
that the morphology of SnO2 nanosheets changes first into 
flakes, then from flakes to dense flakes and finally results 
into nanorods of longer length along with small spheres, 
after the doping of Sb element into pure SnO2. The basic 
reason behind this is the substitutional incorporation of 
Sb ions into SnO2 host lattice, which modifies the local 

Fig. 3    h-TEM micrograph of 
synthesized pure sample of 
SnO2

Fig. 4   EDS spectra of a pure SnO2; b 10 mol% of Sb-doped SnO2



455Journal of Fluorescence (2024) 34:449–463	

1 3

structure of host lattice, thereby leading to the variation in 
the surface energy of some crystal planes, which further 
changes their growth rate. Therefore, antimony serves as a 
structure-modifying agent in the growth of nanorods. It can 
be observed from Fig. 5a–f that the diameter and thickness 
of various morphologies of nanostructures is reduced gradu-
ally with the increase in the amount of Sb doping, which is 
the result of suppression of grain boundary migration and 
increasing the energy barrier for grain growth.

Optical Analysis

Optical properties have been investigated via UV-Vis 
absorption spectra of undoped SnO2 and Sb-doped SnO2 
(1,3,5,7,10 mol %) recorded in the wavelength range of 250 
to 650 nm. Figure 6a represents the plot of absorbance ver-
sus wavelength as an absorption spectra recorded at room 
temperature for all samples. Here, the presence of impurity 
centres can greatly influence the absorbance of light by 
nanoparticles. Due to photo-excitation of electrons from 
valence band to conduction band, all the doped samples 

show absorbance around 280–320 nm. For the detailed 
analysis of presence of defects in a synthesized pure and 
doped sample, PL emission spectra has been recorded by 
providing excitation wavelength at 350 nm as shown in 
Fig. 6b. From 0 to 7 mol% Sb dopant concentration, the 
intensity of strong bands at 419 nm gradually increases, 
however at higher doping concentrations, such 10 mol%, a 
steady decrease in intensity has been observed. Sb3+ ions 
can easily take the role of Sn4+ ions at lower concentrations 
(1 to 7 mol%). However, in order to compensate for the − 1 
charge of the substituted Sn site, oxygen vacancies must 
also be created somewhere in the lattice, which raises the 
defect levels and improves the material visible emission in 
the fluorescence spectra. At higher Sb dopant concentra-
tions (10 mol%), the excited electrons may transition from 
the valence band to new energy levels that have been cre-
ated by the dopant near to the conduction band. Notably, 
the rate of recombination of photogenerated charge carriers 
decreases and photocatalytic activity increases when the 
excited electrons and excited holes are retained by oxygen 
vacancies and dopant Sb ions, respectively.

Fig. 5   SEM image of a Pure SnO2; b 1 mol %; c 3 mol %; d 5 mol %; e 7 mol% and f 10 mol % antimony doped SnO2 nanostructures



456	 Journal of Fluorescence (2024) 34:449–463

1 3

Photocatalytic Degradation of Malachite Green Dye 
by Undoped and Sb‑doped SnO2 Samples

To investigate photocatalytic activity of undoped and Sb 
doped (1%, 3%, 5%, 7% and 10%) SnO2 samples towards 
organic pollutants, malachite green (MG) was selected as a 

test contaminant in aqueous medium under UV exposure. 
As shown in recorded spectra (Fig. 7a-f) the absorption 
peak situated at 617 nm shows highest absorbance, which 
was utilized for observing the remnant dye concentration 
for different duration of UV exposure in the presence of 
photocatalyst [undoped and Sb-doped SnO2]. To examine 

Fig. 6   a UV-Vis absorption spectra of pure SnO2 and Sb-doped SnO2 (1 mol%, 3 mol%, 5 mol%, 7 mol% and 10 mol%), b PL emission spectra 
of SnO2 and Sb-doped SnO2 (Sb: 1%, 3%,5%,7% and 10%)

Fig. 7   Absorption spectra of malachite green dye degradation as a function of time in presence of a pure SnO2; b 1%Sb doped SnO2; c 3%Sb 
doped SnO2; d 5%Sb doped SnO2; e 7%Sb doped SnO2; f 10%Sb doped SnO2
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photocatalytic performance of undoped and Sb-doped 
SnO2 time dependent absorption spectra of dye solu-
tion was recorded with time gap of 10 min of UV light 
exposure. Here, we can see a clear decrease in intensity 
of absorption maxima (λmax = 617 nm) of dye solution for 
undoped and Sb-doped samples with the passage of time 
under UV exposure. For further detailed investigation of 
degradation percentage for aqueous solution of malachite 
green (MG) dye by undoped and Sb-doped SnO2 samples, 
a plot of degradation percentage by different samples as 
a function of UV exposure time was drawn as shown in 
Fig. 8a. Additionally, for quantitative investigation of deg-
radation percentage a plot in form of histogram was drawn 
(Fig. 8b), which shows increase in degradation percentage 
with increase in UV exposure and maximum degradation 
efficiency was shown by 10% Sb-doped SnO2, which is 
80.86% with in 60 min of UV exposure followed by 59.8%, 
57.73%, 54.70%, 51.83% and 43.06% for 7%, 5%, 3%, 1% 
and 0% Sb-doped SnO2, respectively. Here, it was depicted 
that degradation percentage increase with both increase in 
UV exposure time as well as doping percentage of Sb. The 
main reason behind the excellent degradation percentage of 
10% Sb-doped SnO2 was its specific morphology of flakes, 
this may result in formation of large no of active sites for 
the adsorption of reactant species and oxygen molecules 
resulting in their effective transport. For the calculation of 
degradation percentage by photocatalyst the following equa-
tion can be utilized:

where, Ao and A represents absorbance of dye solution 
at 0 min and particular time interval of UV exposure,  
respectively. Figure 9 represents the schematic mecha-
nism of degradation of dye by photocatalyst (SnO2). Basi-
cally, degradation of dye molecules depends on amount 
of hydroxyl radical (OH●). So, photocatalytic efficiency  

Degradation % = Ao − A∕Ao × 100

depends on percentage of hydroxyl radical (OH●) pre-
sent in the reaction. In the mechanism upon UV expo-
sure electrons get excited from VB to CB creating holes 
(h+) behind as shown by Eq. (1). These electron-hole pair 
participate separately in the formation of hydroxyl free 
radical (OH●). On the basis of photocatalytic mechanism, 
Eqs. (2), (3) and (4) represents the formation of hydroxyl 
free radical (OH●) via photo-oxidation of H2O by holes 
(h+) and photo-reduction of O2 by electron (e−) under UV 
exposure, respectively. This hydroxyl free radical (OH●) 
further react with malachite green (MG) dye results in 
breaking of its chemical bonds and turned into harmless 
degraded product as shown in Eq. (5).

(1)SnO
2
+ h� �→ SnO

2
(e−CB + h+VB)

(2)h+ + H
2
O �→ H+ + OH⋅

Fig. 8   a Plot showing variation 
in degradation of dye percent-
age as a function of time for 
undoped and different Sb% 
doped SnO2 samples; b Quan-
titative variation in degradation 
% as a function of time

Fig. 9   Proposed Schematic mechanism for Photocatalytic degradation 
of malachite green dye
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Fig. 10   PL emission spectra of the aqueous suspension of a  pure 
SnO2; b 1 mol%; c 3 mol%; d 5 mol%; e 7 mol% and f 10 mol% Sb-
doped SnO2 samples in the presence of Cd2+ at different concentra-
tions; g calibration fitting curve of the linearity of Stern–Volmer plot 

for Cd2+ at different concentrations in the aqueous suspension of pure 
SnO2; h 1 mol%; i 3 mol%; j 5 mol%; k 7 mol% and l 10 mol% Sb-
doped SnO2 samples
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The Quenching Effect of Cd2+ Ion on PL 
of Luminescent Undoped and Sb‑doped SnO2

In the present evaluation, the optical response of pure and 
antimony-doped SnO2 samples have been utilised with respect 
to the change in fluorescence against different Cd2+ ion con-
centrations (0, 5, 10, 15, 20 and 25 ppb) in the aqueous media. 

(3)O⋅

2
+ e−CB + 2H+

�→ H
2
O

2

(4)H
2
O

2
+ e−

CB
�→ OH + OH⋅

(5)MG+ OH⋅

�→ Degraded Product

These prepared aqueous samples of undoped and Sb-doped 
SnO2 shows excellent response to Cd2+ ion. Figure 10a-f shows 
PL emission spectra of undoped and Sb-doped SnO2 through 
experiments, which were performed using different concen-
tration of Cd2+ as a analyte keeping excitation wavelength at 

Fig. 10   (continued)

Table 2   KSV, R2 and LOD (ppb) values of synthesized samples

Sample KSV R2 LOD (ppb)

Undoped SnO2 0.0106 0.9902 12.1340
1% Sb-doped SnO2 0.0156 0.9970 3.8499
3% Sb-doped SnO2 0.0099 0.9980 3.2046
5% Sb-doped SnO2 0.0107 0.9980 3.2019
7% Sb-doped SnO2 0.0077 0.9926 3.1915
10% Sb-doped SnO2 0.0125 0.9980 3.1807



460	 Journal of Fluorescence (2024) 34:449–463

1 3

Fig. 11   Bar graphs representing fluorescence quenching efficiency obtained for Sb-doped
 SnO2 solution with Cd2+ at a 5 ppb; b 10 ppb; c 15 ppb; d 20 ppb; e 25 ppb
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(λex = 350 nm). From Fig. 10, it is evaluated that there occurs a 
quenching in fluorescence intensity with the addition of Cd2+ 
as an analyte in all samples and with increase in concentration 
of quencher (Cd2+) fluorescence intensity decrease gradually 
without having appreciable change in the spectral profile of 
all samples. Figure 10g-l represents the Stern-Volmer plot of 
undoped and Sb-doped SnO2 samples, which describes the 
relationship between fluorescence intensity and analyte con-
centration. These graphs showa good linearity with regres-
sion coefficients as 0.9902, 0.9970, 0.9980, 0.9980, 0.9926 
and 0.9980 for 0%, 1%, 3%, 5%, 7% and 10% Sb-doped SnO2 
samples, respectively. The Stern-Volmer plot is between Io-I/
Io vs. analyte (Cd2+) concentration, where Io and I are fluores-
cence intensity before and after addition of analyte. IUPAC 
definition, LOD = 3σ/slope(where σ represents standard devia-
tion of linear curve), has been opted for the calculation of the 
Limit of Detection (LOD). Table 2 represents LOD, KSV and 
R2 values of Stern Volmer curves of all samples. All samples 
except pure SnO2 shows LOD value below the current limit 
(10 ppb). Among all samples LOD value of Cd2+ for 10% 

Sb-doped SnO2 sample (3.18 ppb) is lowest. In addition to the 
study of quenching of fluorescence intensity another param-
eter, quenching efficiency has also been calculated. Quenching 
efficiency has been evaluated using following equation for dif-
ferent Cd2+ concentration:

QE = Io– I/Io

Figure 11a-e represents the quenching efficiency in form 
of bar graphs for undoped and doped samples in presence 
of Cd2+different concentration range as (5, 10, 15, 20, 25 
ppb). Among all 10% Sb-doped SnO2 shows maximum fluo-
rescence quenching as 0.27 as compared to other samples 
as seen in Fig. 12, which depicts 10%-Sb doped SnO2 have 
maximum sensitivity towards Cd2+ analyte.

Sensing of 10% Sb‑doped SnO2 Towards Other 
Heavy Metal Ions and Selectivity Towards Cd2+

Figure 13a represents the quenching efficiencies of differ-
ent heavy metal ions (Cd2+, Ca2+, Hg2+, Co2+, Sr2+, Na+, 
Pb2+, K+, Zn2+, Cu2+ and Ba2+) towards 10% Sb-doped  
SnO2. From this it can be clearly seen that quenching effi-
ciency was maximum for Cd2+, whereas other heavy metal 
ions Ca2+, Hg2+, Co2+, Sr2+, Na+, Pb2+, K+, Zn2+, Cu2+ and 
Ba2+ shows very minimum effect. Therefore, 10% Sb-doped 
SnO2 can be utilised as a good fluorescent sensor to detect 
Cd2+ ions in drinking water. For the further sensing studies,  
there was a need to analyse a competing effect of heavy 
metal ions. So, to check the selectivity of 10% Sb-doped 
SnO2 towards Cd2+ in the co-existence of other heavy metal 
ions, an experiment was performed. Here, PL intensity of 
10% Sb-doped SnO2 was recorded with and without addition 
of 3 ml (25 ppb) Cd2+ aqueous solution having 3 mL (25 
ppb) aqueous solution of other heavy metal ions as shown 
in Fig. 13b. From this it can be clearly deduced that there 
occur a prominent decrease in luminescence intensity after 
addition of aqueous solution of Cd2+. Hence, it is proved 
that the presence of other heavy metal ions does not disturb 
selectivity of Cd2+ for 10% Sb-doped SnO2.

Fig. 12   Comparison of quenching efficiencies of Sb-doped SnO2 
samples at different Cd2+ ion concentrations

Fig. 13   a Selectivity bar 
diagram of the fluorescence 
quenching of 10% Sb-doped 
SnO2(3 mL) towards Cd2+ and 
other heavy metal ions with 
concentration of 25 ppb. b 
Comparison of luminescence 
intensity before and after addi-
tion of Cd2+ ion in aqueous 
solutions of other metal ions
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Conclusion

For the good yield of pure and Sb-doped SnO2 samples, a 
facile and simple hydrothermal methods is utilised. Mor-
phological, photo catalytical and sensing abilities of the 
synthesized samples sturdily depends upon doping concen-
trations. 10% Sb-doped SnO2 has been observed to have 
dye degradation efficiency 80.86%, which make it effi-
cient photocatalyst. Additionally, undoped and Sb-doped  
SnO2 have been utilised for sensing of Cd2+ in drinking 
water even at ppb level through fluorescence quenching. 
Doping of Sb upto 10% in SnO2 shows a highest quenching 
efficiency of 27% compared to other undoped and doped 
samples with Cd2+ concentration 0.11 µg/mL and limit 
of detection (LOD) as low as 0.0152 µg/mL. This work 
proves that appropriate doping in SnO2 sample make it 
efficient photocatalyst for degradation of organic pollut-
ant (dyes) in water and fluorescent sensor for the detec-
tion of heavy metal ions in drinking water even aa low 
as ppb level. Despite the fact that numerous studies have 
been conducted on the modification of the SnO2 surface 
to enhance its photocatalytic activity, there has been little  
research on the enhancement of SnO2 particle photocata-
lytic activity under visible light through doping or/and sur-
face modification. As, antimony doped SnO2 photocata-
lyst have outstanding photocatalytic activity, heavy metal 
sensing ability, high adsorption capacity, and high sta-
bility. Further, antimony doped SnO2 photocatalyst com-
plete photodegraded the biologically non-biodegradable 
POPs. Therefore, more investigation is required to develop 
similar type of photocatalysts that can selectively degrade 
the pollutants under visible light irradiation, acting as a 
complement to biological techniques, because the low tox-
icity contaminants can be easily degraded by biological 
means while many of the highly hazardous materials are 
non-biodegradable.
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