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CHAPTER 7 

EFFECT OF Co2+ SUBSTITUTION ON  

STRUCTURAL, OPTICAL, MAGNETIC AND  

ANTIBACTERIAL ACTIVITIES OF SnO 2 NANOPARTICLES 

7.1 Results and Discussion 

7.1.1 Structural Studies 

           XRD patterns of the pure and Co - doped SnO2 samples annealed at 500oC  

which is demonstrated in Figure 7.1, show the presence of the reflection planes      

(1 1 0), (1 0 1), (2 0 0), (2 1 1), (2 2 0), (0 0 2), (3 1 0), (1 1 2), (3 0 1), (2 0 2) and 

(3 2 1)  at diffraction peaks 2• = 26.73°, 33.89°, 38.01°, 51.93°, 54.92°, 57.73°, 

62.10°, 64.90o, 66.12°, 71.41° and 78.65°. The position of XRD peaks is analysed to 

study the effect of Co doping and the major (101) peak is shifted towards lower 2• 

value, as shown in Figure 7.2. All the reflection peak positions of sample display the 

tetragonal rutile structure of SnO2 which were confirmed from the International 

centre for diffraction data card number 77–0451. From the XRD patterns, we 

observe that the impurities such as Co clusters or cobalt oxides or Co-Sn or Co-Sn-

O phases did not produce the other diffraction peaks. It proves the formation of 

single phase sample and no secondary phases in host lattice.  

 From the full width at half maximum (FWHM) of the diffraction peaks, the 

average crystallite size of the Co doped SnO2 nanocrystals can be estimated by the 

Scherrer formula [1],   

                                                                                                                                   (1) 
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where ! is the wavelength of X-ray radiation, " is the full width at half maximum 

(FWHM) of the peaks at the diffracting angle •.  

 

 

Figure 7.1. XRD spectra of pure and cobalt doped SnO2 nanoparticles. 

 

 

        Figure 7.2.  (101) peak shifting towards lower 2• value. 
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Table 7.1.  Particle size, lattice parameter and cell volume of  

Sn1-xCoxO2   nanoparticles annealed at 500°C 

 
Dopant 

Concentration 

% 

Crystallite 

Size (nm) 

Lattice Parameters 

(Å)  c/a 
Cell Volume 

(Å3) 
a=b c 

0 12.57 4.7354 3.1855 0.6727 71.431 

1 14.19 4.6882 3.1642 0.6749 69.547 

2 14.53 4.7025 3.1721 0.6746 70.148 

3 18.54 4.7251 3.1816 0.6733 71.033 

4 17.28 4.7178 3.1791 0.6739 70.758 

 

The microstrain can be measured using the formula [2] 

                                                                                                                                  (2) 

The lattice constants (a = b, and c) are estimated by  

                                                                                                                (3) 

where d is the lattice spacing and h, k and l are miller indices. The calculated 

values of crystallite sizes of the samples using Scherrer formula vary from 12 to 19 

nm. The variations in the lattice parameters (a,c) and cell volume have also been 

studied for different doping concentrations and are presented in Table 7.1. The 

strong and relatively sharp diffraction peaks observed in XRD spectrum indicates the 

enhanced crystallinity in our sample [3]. Since ionic radius and valence of Co2+ (0.58 

Å) are smaller than that of Sn4+ (0.69 Å), Co ions may replace the Sn4+ site in the 

SnO2 system [4]. The size, micro strain, defects and dislocations of nanoparticles 

create small changes in 2• values and the peak broadening [5]. The structural change 
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acquired from the diffraction peaks demonstrates the inclusion of Co2+ ions into the 

SnO2 lattice, which indicates that the crystal lattice has no noticeable change due to 

Co doping. i.e. the tetragonal crystal system of SnO2 lattices is not changed by the 

incorporation of Co2+ ions but there is a slight shift in Braggs’ reflections towards 

lower angle and the increment in peak intensity by dopant ions.  The crystalline size 

of Co doped SnO2 nanoparticles is greater than that of pure SnO2 nanoparticles. This 

reveals the improvement in crystallinity of the TM doped SnO2 nanoparticles.  At the 

same time, the occupation of Co in Sn sites may create the point defects and change 

in stoichiometry owing to the charge imbalance and the distortion in crystal structure 

of the host compound. 

The bond length of pure and Co - doped SnO2 has been calculated using the 

following formula [5] 

                                                                                                            (4) 

where u is a positional parameter. 

                                                                                                                                 (5) 

The microstrain and bondlength of pure and Co - doped SnO2 nanoparticles are 

shown in Table 7.2. The relations between various structural parameters are given in 

Figure 7.3. The volume of the unit cell for the tetragonal system is determined using 

the following relation  

V = a2 x c.                                                                                                                 (6)  
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Figure 7.3. Relations between (a) crystallite size and strain with Co 

concentration and (b) cell volume and bond length versus concentration of Co. 
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Table 7.2.  Microstrain and bond length of pure and Co - doped SnO2 nanoparticles 

 

 

 

 

 
 

7.1.2 Functional Group Analysis 

The presence of OH groups, inorganic and organic compounds are identified 

by fourier transform infrared spectroscopy (FT-IR) technique. The FTIR spectra in 

the wavenumber range 4000–400 cm• 1 of synthesized samples are shown in Figure 

7.4. In our spectrum, O–H stretching vibration assigns the absorption peak appeared 

at 3413 cm-1. This is due to the occurrence of some readsorption of water from the 

ambient atmosphere. The band in the sample around 1699 cm-1 may be appeared due 

to the bending mode of O-H bonds in absorbed water on the sample surface [6]. This 

result shows that the rapid adsorption of water from the atmosphere takes place by 

the high surface area of the nanostructured materials. The peak appeared at 653 cm• 1 

corresponds to the O–Sn–O functional groups of SnO2, which proves the existence 

of SnO2 as crystalline phase [7].   

The changes in the position, size and shape of IR peaks indicate the 

successful incorporation of Co ion in SnO2 lattice. Moreover slight changes are 

observed for Co doped sample because of small amount of dopant concentration. 

The small shift in the peaks is produced by the difference in the bond length which  

occurs due to the replacement of Sn by Co ions. 

Sample Microstrain 
× 10#3 lines#2/m4 

bond length 
(l) nm 

SnO2 2.8467 3.1428 

Sn0.99Co0.01O2 2.4778 3.1065 

Sn0.98Co0.02O2 2.4517 3.1168 

Sn0.97Co0.03O2 1.9924 3.1345 

Sn0.96Co0.04O2 2.0458 3.1285 
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   Figure 7.4.  FT-IR spectra of SnO2 (S) and Sn0.98Co0.02O2 (S1). 

In our FTIR spectrum, there is no noticeable peaks due to Co clusters. These 

results conclude that the Co ion is occupying the Sn position of SnO2 matrix and 

single phase formation of Co doped SnO2 which coincides with the XRD results. 

7.1.3 Morphological Studies 

Morphological properties and chemical microanalysis of Sn1-xCoxO2 (x = , 

0.01 and 0.04) nanoparticles have been studied using scanning electron microscope 

(Figure 7.5 (a), (b) and (c)) and EDAX (Figure 7.6 (a), (b) and (c). The most 

important characterization studies of nanoparticles are on morphology, because of 

the influence of morphology on the properties of nanoparticles. Samples should be in 

the powder form for SEM analysis. It is clear from the SEM images that the 

homogeneous structure almost exists in synthesized samples and the particles are in 

nano range. The pure SnO2 image displays the well separated nanoparticles from 

each other and the shape of the particles which are in spherical form. But Co doped 
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SnO2 images confirm the existence of smaller individual nanoparticles but in large 

spherical agglomerated form. This result indicates that the Co2+ ions disperse well in 

the SnO2 matrix and the surface character of the primary nanoparticles is varied by  

Co - doping into SnO2 [8]. This proves the nanostructured behaviour of investigated 

samples. The presence of Co in SnO2 nanocrystals in the required stoichiometry is 

also analysed by the important technique EDAX.  We observe the peaks for the 

elements tin, oxygen and cobalt in EDAX spectra. No impurities were also detected 

in spectra. The results of XRD and EDAX prove that Co is successfully doped in 

SnO2 nanocrystals. 

The crystalline structure, the Co ion distribution of the powders, particle size  

and the presence of parasitic phases are evaluated by transmission electron 

microscopy (TEM). Figure 7.7 illustrates TEM images taken for pure and Co doped 

SnO2 nanoparticles. It is observed from Figure 7.7 that SnO2 grains have an almost 

agglomerated spherical morphology with a particle size of 14-45 nm for pure SnO2 

and 18-48 nm for Co doped SnO2, which shows the same particle size in both cases. 

The agglomeration is due to the presence of magnetic interactions between the 

particles [9].  

SAED pattern of Co doped SnO2 particles is presented in Figure 7.8 and it 

shows the purity of the sample because it does not exhibit the additional diffraction 

rings of the secondary phases. The good crystalline nature of the sample is also 

proved by SAED pattern. Table 7.3 shows the interplanar distance ‘d’ which is 

calculated by taking reciprocal values for the distance of each ring from the centre in 

SAED pattern. 
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(a) 

 

(b) 

 

(c) 
 

Figure 7.5. SEM images of (a) SnO2; (b) Sn0.99Co0.01O2; (c) Sn0.96Co0.04O2   
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(a) 

  

(b) 

 

(c) 
  Figure 7.6. EDAX spectra of (a) SnO2; (b) Sn0.99Co0.01O2; (c) Sn0.96Co0.04O2
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(a) 

 

(b) 

Figure 7.7. TEM micrograph of (a) SnO2 and (b) Sn0.98 Co0.02O2 nanoparticles. 
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(a) 

 

 

(b) 

 

Figure 7.8. SAED pattern of (a) SnO2 and (b) Sn0.98 Co0.02O2 nanoparticles. 
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Table 7.3.  Interplanar distance of  SnO2 nanoparticles and Sn0.98Co0.02O2 

nanoparticles annealed at 500 °C 

 

Planes 

(hkl) 

d values from 

XRD (Å) 

d values from TEM (Å) 

SnO2 Sn0.98 Co0.02O2 

(110) 3.359 3.322 3.311 

(101) 2.652 2.617 2.625 

(200) 2.375 2.347 2.352 

(211) 1.769 1.736 1.745 

7.1.4 Band gap Analysis 

Analysis of optical absorption spectra is one of the most productive tools for 

determining the optical band gap of the obtained nanopowders. Pure SnO2 

nanoparticles show an absorption peak at 310 nm and their band gap energy is found 

to be 4 eV. The band gap of the as-prepared SnO2 nanoparticles (4.0 eV) is larger 

than the value of 3.62 eV for the bulk SnO2. Figure 7.9 shows the UV-Visible 

absorption spectra of cobalt doped SnO2 nanoparticles in various concentration of 

1%, 2%, 3% and 4% which show absorption edges at 367 nm, 382 nm, 387 nm and 

428 nm correspond to band gap energy 3.38 eV, 3.25 eV, 3.21 eV and 2.90 eV 

respectively (Table 7.4). But the sharp absorption peak is not exhibited by Co doped 

samples because of Co ‘d’ states extending into the band gap region resulting from 

the overlapping of orbitals. The band gap is found to be particle size dependent and 

decreases with increasing particle size. The above results confirm that the well red 

shift is occurred by increasing the dopant concentration due to the high incorporation 

of Co within SnO2. 
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     Figure 7.9. Absorbance spectra of Co doped SnO2 nanoparticles. 

Generally, it is possible to modify the band gap of the material by 

synthesizing the particles with narrow size distribution and size in the nanometer 

range. Therefore we can prepare several samples of the same material with different 

band gap by using different experimental techniques. Semiconductor nanoparticles 

with dimensions in the order of the bohr exciton radius will produce unique optical 

properties, that strongly depend on the size. The quantum confinement effect is the 

important phenomenon in semiconductor nanoparticles. If the band gap increases 

with decreasing particle size then absorption edge will be shifted to a higher energy 

simultaneously and vice versa. The absorption edge appears red shifted upon particle 

growth, indicating that the particles are in the quantum system. The defective energy 

levels are generated in the band gap of tin oxide by doping the transition metal ion 

cobalt. It creates additional energy levels which are located in the band gap of tin 



 

156 

 

 

 

oxide nanoparticles. Therefore, the incidence of red shift appears due to the sp-d 

exchange interaction between the conduction band or valence band electrons of tin 

oxide and localized d electrons of the Co2+ ions substituted at Sn4+ ions [10]. Similar 

decrease in the band gap energy and red shift have been observed previously in Fe-

doped SnO2 and Co and Mn doped SnO2 [11,12]. The band gap energy Eg for the 

SnO2 nanoparticles can be found by extrapolation to the zero absorption coefficient 

which is calculated from tauc relation  �Ù�D�í = �#(Eg # �D�í)1/2. The intercept of the 

tangent to the plot will give a good approximation of the band gap energy for the 

direct band gap material (Figure 7.10).   

 

Table 7.4. Band gap energy of  Sn1-xCoxO2 nanoparticles annealed at 500°C. 

Concentration Band gap (eV) 

X = 0.00 4.00 

X = 0.01 3.38 

X = 0.02 3.25 

X = 0.03 3.21 

X = 0.04 2.90 
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(a) 

 

        (b) 
 

(c) 

 

(d) 
 

(e) 

Figure 7.10. Tauc plots of (a) SnO2; (b) Sn0.99Co0.01O2; (c) Sn0.98Co0.02O2;  

(d) Sn0.97Co0.03O2; (e) Sn0.96Co0.04O2 
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7.1.5 Photoluminescence Studies 

Photoluminescence spectroscopy (PL) is used to analyse about the 

crystallinity and the defected structure in nanocrystals.  Photoluminescence happens 

in a material by two promising methods (i) Band–band emission and (ii) excitonic 

emission. The electron in conduction band is directly recombined with a hole in the 

valance band in band - band emission. On the other hand, the direct recombination 

does not take place in the excitonic emission but it involves the use of defects and 

vacancies on the surface of the material. The second type of emission is used to find 

out the structural defects, impurities and it is also used to calculate the efficiency of 

charge carrier trapping and charge transfer within the material system. 

The crystalline defects created during the growth and the interaction between 

oxygen vacancies and interfacial tin vacancies produce the photoluminescence 

effect. The interaction between dopant atoms and the tin oxide causes the increase in 

the emission spectral intensities when the dopant concentration is increased. The 

interaction of dopant into the lattice also affects the local disorder, the oxygen 

vacancies and distribution. More number of tin and oxygen vacancies lead to the 

significant number of trapped states. The origin of this spectrum in Co doped SnO2 

nanomaterials may be due to the following factors such as self-trapped excitons,  

surface states and intrinsic defects in SnO2 nanoparticles, which may be Sn 

vacancies (VSn), oxygen vacancy (VO) , interstitial tin (Sni), interstitial oxygen (Oi) 

and substitution of O at Sn position (OSn) [13-15]. 

Figure 7.11 shows room temperature PL spectra of SnO2 samples doped with 

different Co content (1-4 %). Our doped samples show UV emission 355-370 nm, 
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weak blue emission 450-480 nm (inset figure) and strong red emission (645 nm). 

The UV emission peak can be endorsed to a near band edge transition coming from 

the radiative recombination of electrons in the conduction band and holes in the 

valence band. The emission in blue wavelength range of visible region is due to the 

electron transition mediated by the defect levels in the band gap. The defect levels 

are connected with oxygen vacancies or tin interstitials resulting from the nanoscale 

SnO2 [16]. The red emission may be proposed due to transitions associated with tin 

interstitials. However there is not proper report for the observed emission upto date.  

 

Figure 7.11.  PL spectra of Co doped SnO2 nanoparticles 

On the other hand the probable reasons for emission at 645 nm are due to 

varied defect levels located in between the conduction and valance bands of SnO2. 

The above results imply that the optical property is enhanced by Co - doping, which 

is also confirmed by UV spectra. The intensity of red peak replicates the 
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concentration of oxygen defects in the samples. Hence the PL study confirms the 

presence of oxygen defects and it is also investigated in VSM studies. 

7.1.6 Magnetic Properties 

Magnetization versus magnetic field (M#H) curves for Sn1#xCoxO2 (x = 0.01, 

0.02, 0.03, and 0.04) samples at room temperature with a maximum applied field of 

±1.5 T are used to identify the effect of Co doping on magnetic properties of SnO2 

NPs. Hysteresis loops shown in Figure 7.12 can be observed clearly in doped 

samples where as 1% Co doped SnO2 sample shows the perfect RTFM behaviour. 

But 2% and 3% Co doped samples show the weak ferromagnetism at low applied 

magnetic fields with diamagnetic behaviour with further application of magnetic 

field. 4% Co doped sample shows the very weak ferromagnetism with paramagnetic 

contribution. Hysteresis phenomenon is exhibited by all the samples with small 

variations in its magnetization values beside its coercive fields. This happens due to 

the different stoichiometric ratios of dopant ions and the intrinsic nature of 

investigated samples since the structural studies already investigate the absence of 

any secondary phases. 

Two characteristics surface sites: fivefold coordinated Sn4+ ions and two fold 

coordinated O2- ions are existing in pure SnO2 surface. With an accumulation of Co 

ions into the host SnO2 matrix, the excess negative charge is introduced into the 

SnO2 lattice and it creates imbalance in the total charge of the system. For 

maintaining the charge balance, an amount of O2- ions are exited from the lattice and 



 

161 

 

 

 

they form oxygen vacancies. These oxygen vacancies are occupied near the Co ions 

[17].  

The magnetic polarization is created by the interaction of the localized spins 

of the Co ion with the charge carriers which are bound to oxygen vacancies and 

forms the bound state This is referred as bound magnetic polaron (BMP) model [18]. 

A number of BMPs overlap and combine into an extended ferromagnetic domain, 

which ultimately create the long range ferromagnetic ordering of the investigated 

samples. The magnetic moment is originated due to the conversion of spin–spin 

coupling between Co ions and its neighbouring O atoms from antiparallel to parallel, 

which attributes to the hybridization and electron transfer between oxygen vacancy 

state and Co-3d state [19]. The saturation magnetization values (Ms) observed for the 

samples are attributed to the large amount of induced defects and oxygen vacancies 

formed in the sample with Co doping. The observed values of coercivity (Hc), 

saturation magnetization (MS), remanent magnetization (MR) are listed in Table 7.5.  

Suppose if the doping concentration Co is increased, then the antiferromagnetic 

super-exchange interaction occurs among adjacent cobalt ions. This will reduce the 

magnetization in nanostructured materials. 
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Figure 7.12.  M-H plots of Co doped SnO2 powder samples at different Co dopant 

concentrations (S1: Sn0.99Co0.01O2; S2: Sn0.98Co0.02O2; S3: Sn0.97Co0.03O2;  

S4: Sn0.96Co0.04O2) 

 

Table 7.5.  Magnetic properties of  Sn1-xCoxO2 nanoparticles 

annealed at 500°C. 

 

Co  Content Coercivity 
Hc (Oe) 

Magnetization 
(Ms) × 10-3 emu/g 

Retentivity 
(M r) × 10-3emu/g 

X = 0.01 948.66 4.1382 1.9231 

X = 0.02 500.24 1.0776 0.6204 

X = 0.03 670.00 0.7628 0.4425 
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7.1.7 Evaluation of antibacterial activity 

The antibacterial activity of SnO2 nanoparticles and Co doped SnO2 on the 

microorganism gram negative bacteria E. coli and P. aeruginosa  has been studied 

(Figure 7.13).  The gram negative bacterium E. coli and P. aeruginosa are having 

complex cell wall. In Gram negative bacteria, its cell wall is composed of a thick 

layer as well as outer membrane which covers the surface membrane. Due to this 

complex cell wall, E. coli and P. aeruginosa show resistance to mostly available 

drugs [20]. The protection layers of bacteria are ruptured by using metal oxide 

nanoparticles. The generation of hydrogen per oxide H2O2,  reactive oxygen species 

(ROS), efflux mechanisms leading to the release of constituent ions, large surface 

area and small particle size of the nanoparticles are some mechanisms for the 

antimicrobial activity [21-25]. The chemical and biological activities are enhanced 

by the high surface area of metal oxide nanoparticles. The nanoparticles penetrate 

the bacterial membrane cell with the help of the active oxygen species generated by 

the presence of pure SnO2 and Co doped SnO2 nanoparticles which interact with 

bacterial cell. Hence the bacteria is inactivated [26].  The higher concentration of Co 

doped SnO2 nanoparticles is significant in bactericidal effect (Table 7.6). 

Nanostructures react through the above mechanisms with bacterial cells and zone of 

inhibition (ZOI) around nanomaterials is formed. The size of ZOI depends on the 

bactericidal potency of nanomaterials.  The enhancement of ZOI depends on the 

synthesis procedure, reaction parameters of nanoparticles  and  modification of  the 

surface. In our present work, the pure SnO2 nanoparticles have shown least 

antibacterial activity which might be due to the low concentration of SnO2 
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nanoparticles and difficult to diffuse into agar gel plate. So there is no ZOI in pure 

SnO2 nanoparticles with E. Coli. The zones of inhibition are noticeable as the highest 

doping concentration of Co into SnO2 nanoparticles. 

 

 

 

  

 

Figure 7.13. Antibacterial activity of sample SnO2 against (a) Pseudomonas 

aeruginosa  and Sn0.96Co0.04O2  against (b)  E. Coli and (c) Pseudomonas aeruginosa 
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Table 7.6. Antibacterial activity of pure and Co-doped SnO2 nanoparticles  

at different concentrations (50, 100 $g/mL) 

Diameter of zone of inhibition (mm) for different concentrations ($g/mL) 

Organism Sample 50 •g/mL 100 •g/mL Streptomycin 

50 •g/mL 

E.coli SnO2 Nil Nil Nil 

Pseudomonas aeruginosa 4mm Nil 10mm 

E.coli Sn0.96Co0.04O2 

 

5mm 9mm 15mm 

Pseudomonas aeruginosa 7mm 8mm 10mm 

 

7.2 Conclusion 

SnO2 nanopowders including transition metal cobalt are successfully 

synthesized by microwave-assisted solvothermal method from tin(II) chloride, cobalt 

(II) chloride and urea and the characterization techniques are performed for 

analyzing the phase, functional group, microstructure, composition, band gap amd 

magnetic nature of our samples. The rutile phase tetragonal crystal structure is 

identified for pure and Co doped SnO2 through XRD analysis and further confirms 

that there is no existence of a CoO (Co cluster) peak. The presence of functional 

groups is observed from FTIR analysis and this study confirms that Co2+ is 

occupying Sn4+ position. The formation of agglomerated structure of the tiny 

spherical shaped particles is confirmed by the SEM picture. From the TEM images 

of powder nanoparticles, we can conclude that the grains have particle size of 14-45 

nm for pure SnO2 and 18-48 nm for Co - doped SnO2, which show the same particle 

size in both cases. The optical band gap of Co - doped SnO2 nanoparticles is 

calculated using Tauc relation and it decreases continuously with the increase of Co - 

doping in SnO2. The presence of room temperature ferromagnetism has been 
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confirmed by the magnetization studies. The surface diffusion of Co ions, the 

distribution of defects such as oxygen vacancies or vacancy clusters and nanometric 

size of the materials may be reasonable for the ferromagnetic properties. The oxygen 

vacancies and tin interstitials truly take part an important task on PL emission in the 

visible range. The antibacterial studies have been investigated against standard 

bacterial strains and showed the enhanced antimicrobial activity in 4 % Co - doped 

samples, which is due to the large surface area, small particle size and lower band 

gap energy of the prepared nanoparticles.  

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 


