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Abstract: Samarium-doped strontium hexaferrites (SmSrHF’s) of the formulae SrFe12-xSmxO19 

(x=0.00, 0.01, 0.05, and 0.09) were synthesized by the auto-combustion method using urea as a fuel. 

The microstructural properties of SmSrHF’s were investigated by X-ray diffraction (XRD) and field 

emission scanning electron microscopy (FE-SEM). The spectral data indicated that the synthesized 

nanomaterials have a crystalline size range from 30 to 35 nm and possess a pure hexagonal crystal 

structure. Elements present in the compounds were verified by energy-dispersive X-ray spectroscopy 

(EDX), and thermal stability was determined by thermogravimetric analysis (TGA). The vibrating 

sample magnetometer (VSM) was used to study the hysteresis loop, which showed that the saturation 

magnetization(Ms) is from 36 to 40 emu/g and the remanence (Mr) increases from 20 to 22 emu/g, as 

the substitution of samarium ions increases. The modified electrode was prepared by using synthesized 

nanomaterials to study the electrochemical behavior. Two simple techniques, such as cyclic 

voltammetry (CV) and differential pulse voltammetry (DPV), connected with a modified electrode, 

gave a long linear range. The result showed a range from 20 to 100 μmolL−1, a sensitivity of 0.0113 

μAμM−1cm-2, and LOD is 6.667 µML-1. The modified electrode was also employed to detect the 

presence of folic acid, a biologically important molecule in the sample.  

Keywords: hexaferrites; auto-combustion; cyclic voltametry; TGA; Folic acid; DPV; vibrating sample 

magnetometer; peak current. 
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1. Introduction 

In modern times, strontium ferrite oxides play an important role in various sectors. They 

are used in multiple technologies in magnetic memories [1], chemical sensing [2], computer 

technologies [3], telecommunication [4], electrical conductivity [5], generator rotors in electric 

vehicles [6], energy [7], magnetization [8], electrochemical energy storage [9], and 

transformers [10]. Efficient heat dissipation in electronic devices is hindered by high power 

consumption and heat flux, which are essential for 5G technology [11], bioimaging, and 
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biosensing [12]. In view of their importance, a number of nanomaterials have been synthesized 

and their properties studied. The literature review shows that strontium ferrites are the best hard 

magnetic materials suitable for high-frequency applications and thermal-stability composites 

[13]. Owing to its high magnetic coercivity, high electrical resistivity, low conductive loss, 

fairly high mechanical hardness, and chemical stability [14]. Strontium ferrites and mixed 

ferrite nanoparticles are widely investigated, and their properties are tuned by doping transition 

metals. Presence of a very small amount of elements with large ionic radii in the spinel lattice 

can greatly improve the structural, electric, and magnetic properties of M-type strontium 

hexaferrites (M-SrHF’s) [15]. Research in the recent decade indicated that the rare-earth 

element samarium (Sm) is widely used as a dopant to promote numerous heterogeneous 

catalytic reactions. The synthesized Sm doped MnOxTiO2 catalyst was used for the selective 

catalytic reduction of NOx with NH3. The samarium in the catalyst can enhance the surface 

area and thus increase the surface active sites, which results in NOx conversion [16]. The 

magnetic properties of rare-earth-element-substituted ferrites provide insight into cations that 

can influence crystal and surface structural properties [17,18]. The optical properties of 

nanocomposites containing rare-earth elements are critical due to the presence of multiple 

unpaired 4f electrons and their ionic radii [19]. Therefore, selecting a new dopant type and the 

amount of dopant to achieve the specific target are very important.  

Folic acid is an essential component of prenatal vitamins that occurs in many cereals 

and pastas. Folic acid is very important for DNA synthesis and repair. It has excellent curative 

properties and helps treat low levels of vitamin B9 in the human body, which is important for 

making red blood cells and maintaining brain health. Deficiency of folic acid in animals causes 

various health issues, including anemia, poor growth, and reproductive problems, and in 

humans, its deficiency leads to several health issues, including megaloblastic anemia, which 

causes fatigue and weakness. There are recent reports on using ionic liquids to design highly 

sensitive electrochemical sensors [20]. Its deficiency also causes neural tube defects during 

early pregnancy. Therefore, the detection of folic acid in the biological system is very important 

[21].  

The effect of Ce3+, Gd3+, and Er3+ substitution in strontium hexaferrite, their structure, 

magnetic properties, and catalytic properties have been studied in our laboratory [22,16,17]. In 

continuation, in the present investigation, Sm3+ doped strontium hexaferrite has been prepared 

by an auto-combustion technique using low-cost and easily available urea as a fuel. The present 

synthetic method has numerous benefits over the other conventional methods. In addition, these 

Sm3+ doped strontium hexaferrites enable the detection of biologically important molecules 

like folic acid. The electrochemical parameters, including scan rate at different concentrations, 

sensitivity, linear range, limit of detection (LOD), and differential pulse voltammetry 

parameters, were also studied. 

2. Materials and Methods 

All chemicals are analytical grade, Samarium nitrate hexahydrate, Sm(NO3)3.6H2O, 

Ferric nitrate nanohydrates, Fe(NO3)3.9H2O, Strontium nitrate, Sr(NO3), and urea, (CH4N2O), 

and distilled water, which were used as such, the solvents used after distillation. 
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2.1. Syntheses of SrFe12-xSmxO19 (x=0.00, 0.01, 0.05, and 0.09) nanoparticles.  

Synthesis of samarium-doped strontium hexaferrite by the auto-combustion method. 

The precursors and organic fuels used were of analytical grade. The metal precursors used were 

samarium nitrate hexahydrate, Sm(NO3)36H2O, iron (III) nitrate nanohydrates, Fe(NO3)39H2O, 

strontium nitrate, Sr(NO3)2 and urea, (CH4N2O) were taken in aqueous solution in a cylindrical 

petri dish placed into a furnace to attain a temperature of 500 °C for five minutes. The reaction 

mixture releases a large amount of N2O and CO2 gas and heat [23]. The sintered powders were 

ground in a mortar and pestle. The powder was mixed with a binder, polyvinyl pyrolidone 

(C6H9NO)n. The pellets are sintered in a furnace at 1200 °C for 4h and then gradually cooled 

to room temperature. The synthesized nanoparticles were characterized using FTIR, XRD, 

VSM, DSC/TG, and their electrochemical behavior was evaluated. 

2.2. Electrochemical analysis: Apparatus and Procedure.  

Folic acid obtained from Sigma-Aldrich was dissolved in ethanol to prepare 10 mM 

standard stock solutions and stored in the dark. SrFe12-xSmxO19 (x= 0.09) was dissolved in 

double-distilled water to form 5 mM solutions. Phosphate buffer solution (PBS) was prepared 

by the standard method. All experiments were performed at room temperature. 

The electrochemical experiments were carried out using a Model CHI-660C 

electrochemical work station. All experiments were carried out in a conventional three-

electrode system. The electrode system contained a working carbon paste electrode with a 

homemade cavity of 3 mm in diameter, a platinum wire as the counter electrode, and a saturated 

calomel electrode as the reference electrode.  

3. Results and Discussion 

3.1. Powder X-ray diffraction. 

The X-ray pattern of the synthesized SrFe12-xSmxO19 (x=0.00, 0.01, 0.05, and 0.09) 

nanoferrites is shown in Figure 1. The planes (110), (114), (200), and (203) compared with the 

JCPDS card number 24-1207, which matches the hexagonal phase. XRD studies give the lattice 

parameter, which gradually increases from 0.510 to 0.572 cm-1, and the increase in Sm3+ ion 

concentration, which increases the lattice parameter due to the substitution of larger Sr2+ (0.112 

nm) with smaller Sm3+ ions (0.1098 nm) [24]. 

 
Figure 1. XRD pattern of SrFe12-xSmxO19 (x=0.00, 0.01, 0.05, and 0.09). 
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The unit cell of the hexagonal system is calculated by the relation V cell = 0.866 a2c, 

where a and c are the lattice parameters sustained for the hexagonal system. Using the Debye-

Scherrer equation to determine the average crystalline size of the synthesized nanoparticle. 

From the XRD profile, the average size of the nanoferrite crystallites was determined using the 

Debye-Scherrer equation, and the results are presented in Table 1. The values of the c/a ratio 

were reported in Table 1, and the hypothetical X-ray thickness (dx) of each sample was 

determined.  

Table 1. Crystallite size (D), lattice constant (a and c), cell volume (V), and X-ray density (qx-ray) of  SrFe12-

xSmxO19 (x=0.00, 0.01, 0.05, and 0.09) nanoferrites. 

Composition 
Crystallite 

size (D) /nm 

Lattice 

constant (a)/Å 

Lattice 

constant (c)/ Å 

(c)/(a) 

Å 

Cell volume 

(V)/Å3 

X-ray density 

(qx-ray)/g cm-3 

SrFe12O19 31.02 5.87 22.3 3.913 691.38 0.510 

SrSm0.01Fe11.99O19 30.63 5.88 23.0 3.916 691.38 0.580 

SrSm0.05Fe11.95O19 30.39 5.88 23.0 3.916 691.38 0.576 

SrSm0.09Fe11.91O19 30.29 5.88 23.0 3.916 691.38 0.572 

X-ray thickness is in the range 0.510 to 0.572 cm-1. The decrease in the X-ray thickness 

was more because of the doping of the Sm3+ ion with a larger molecular weight (104.116 amu) 

and with the ion volume (0.1034 nm) when compared to the Sr2+ ion with a smaller molecular 

weight (87.62 amu) and the largest ion radius (0.112 nm). 

3.2. Fourier transform infrared measurements. 

FTIR spectra of synthesized SrFe12-xSmxO19 (x=0.00, 0.01, 0.05, and 0.09) are shown 

in Figure 2. Three peaks are expected in the region 450-480 cm-1, 500-550 cm-1 and 443 cm-1. 

The functional group of NO3
- that has been completely decomposed and thus in the synthesized 

sample, the vibrational bands of this group did not appear [25]. The two bands at 500 and 

580cm-1 are observed for the hexagonal lattice and are the direct result of metal-oxygen 

stretching vibrations [26]. Due to various ionic vibrations in the crystal lattice of a hexagonal 

structure, the metal ion-oxygen bond formation in the domains of octahedral and tetrahedral 

was obtained (2B). A small change in the position of the IR peak shows that the replacement 

of Sr2+ by Sm3+ occurs without changing the crystal structure of the composition. In this 

reaction, the OH group is absent because the band around 3500 cm-1 was not observed. 

 
Figure 2. FTIR spectra of sintered powder of SrFe12-xSmxO19 (x=0.00, 0.01, 0.05, and 0.09) nanoferrites. 

3.3. Morphological studies. 

The prepared SrFe12-xSmxO19 (x=0.00, 0.01, 0.05, and 0.09) was used to predict the 

morphology and microstructure, as shown in supplementary Figure S1. The SEM image clearly 
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showed hexagonal platelets and agglomerates with a regular shape at higher concentration, 

accompanied by a decrease in particle size. This phenomenon is an indication of the deposition 

of Sm3+. As shown in Table 1, the grain size was found in the range 1.42-2.43 µm for M-type 

hexaferrites, and the larger grain size can be accomplished by high calcination temperatures. 

Therefore, saturation magnetization is high in materials that influence the enhancement of 

permeability. It was observed that the grain size of the sample is bigger than that of the 

samarium (Sm3+) substituted hexaferrites. 

The elemental mapping by EDX for SrFe12-xSmxO19 is shown in Supplementary Figure 

S2. The EDX spectra showed the presence of Sr, Fe, Sm, and O elements. The results of EDX 

measurements show that the appearance of their corresponding peaks without any other 

characteristic peaks suggests that the prepared samples are not contaminated during the 

synthetic process. 

3.4. DSC –TGA studies. 

A thermogravimetric experiment was performed using 10 mg at a heating rate of 5° 

/min in static air. The results obtained in TGA indicate three stages of weight loss. The 

degradation graph shows a weight loss curve ranging from 70 to 115 °C due to the loss of 

lattice water molecules. The second step, an exothermic reaction occurs, 264 °C due to 

decoposion of organic molecules (PVP) and produces a broad degradation curve up to 600 °C 

for the formation of ferrite nanoparticles [27-29]. 

3.5. Magnetic measurements. 

The measurements of magnetization were applied using a magnetic field of 8 Oe with 

a maximum field of 70 Oe at room temperature using a vibrating sample Magnetometer (VSM). 

Figure 3 shows the MH-loops for M-type hexagonal ferrites SrFe12-xSmxO19 (x=0.00, 0.01, 

0.05, and 0.09). The magnetic properties like retentivity (Mr), saturation magnetization (Ms), 

squareness ratio (Mr/Ms) and coercivity (Hc), are extracted from hysteresis curves and 

presented as a function of Sm doping [30,31] as shown in Figure 3. 

The electronic configuration of the substituted cations (or doped material) affects the 

magnetic properties of substituted hexagonal ferrites. Electronegativity of substituted 

samarium (Sm3+) is 1.17. Each Fe3+ ion has five unpaired electrons, and in the hexagonal 

ferrites, five different sub-lattices are occupied by a total of 12 Fe3+, in which the crystal 

structure contains three octahedral sites (12k, 2a, and 4f2), one tetrahedral site (4f1), and one 

trigonal bipyramidal site (2b). Among the 12 Fe³⁺ ions, four exhibit spins aligned in the 

downward direction, with two Fe³⁺ ions occupying the 4f1 tetrahedral site and two Fe³⁺ ions 

occupying the 4f2 octahedral site. The remaining eight Fe³⁺ ions, located at the 12k, 2a, and 2b 

sites, have their spins aligned in the upward direction. (6 Fe3+), 2a (1 Fe3+), and 2b (1 Fe3+).  

Table 2.  Saturation magnetization (Ms), retentivity (Mr), coercivity (Hc), and magnetic moment (µB) of type 

hexaferrites for all compositions of SrFe12-xSmxO19 (x=0.00, 0.01, 0.05, and 0.09). 

Sample Name 
Sample 

symbol 

Ms 

(emu/g) 

Mr 

(emu/g) 
Mr/Ms Hc(Oe) nβ(uβ) 

SrSm0.01Fe11.99O19 SF1 36.051 20.137 0.55 4873 7.80 

SrSm0.05Fe11.95O19 SF2 34.536 19.398 0.56 5154 7.43 

SrSm0.09Fe11.91O19 SF3 40.130 22.615 0.56 6135 8.57 

 

The four downward spins and four upward spins cancel each other's effect, and due to 

the remaining 4 Fe3+  ions having an upward direction, the magnetic moment [32]. The values 
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of retentivity (Mr) and saturation magnetization (Ms) are reduced due to the addition of a 

concentration of Sm3+ ions. The magnetic parameters were also calculated and reported in 

Table 2.  

Magnetization is enhanced with A-site substitution. The Sm3+ ions have less magnetic 

moment than the Fe3+ ions. At B locale, the number of Fe3+ ions increased, so the magnetization 

of B sublattices increased, which results in enhanced magnetization in the Sm3+ substituted 

samples [33]. Results show that, as the samarium doping increases, the saturation 

magnetization and remanence increase, then decrease. The increase in the Ms value is noticed 

when x>0.09. The presence of Fe2O3 contributes to maintaining the electrical neutrality in the 

strontium hexaferrite. However, the increase of hyperfine fields in the 12K and 2b sites due to 

the superexchange interaction in Fe3+- O - Fe3+, leads to a higher magnetization in the lattice, 

and also affects the relative ionic radii of Sm3+ and (host) Fe3+ions, which are (0.96Å) and 

(0.64Å) and cause a decrease of Ms value [34]. 

 
Figure 3. Hysteresis curves of SrFe12-xSmxO19 (x=0.00, 0.01, 0.05, and 0.09) nanoferrites. 

The ionic radii of Sm3+ ions replaced the Fe3+ ions from 4f2 sites, and due to this, Hc 

decreases. Usually, in all hexagonal ferrites, one large divalent metal ion (Pb, Ba, or Sr) is 

mostly present, which causes a trivial interruption in the lattice because of the difference in 

size. In most cases, the c-axis is the favored orientation in all hexagonal ferrites. Hence, slack 

crystals line up within the c-axis when the direction of the applied field is perpendicular and 

haphazardly orient when the field direction is parallel [35,36]. 

3.6. Electrochemical methods. 

3.6.1. Charge transfer behavior of modified electrode. 

Preparation of a modified electrode by coating a layer of synthesized SrFe12-xSmxO19 in 

DMF on the surface of a glassy carbon electrode (GCE) to find out charge transfer behavior, 

and the modified electrode represented as Fe12-xSmxO19/GCE was used as a sensor for the redox 

reactions. Among the verified modified electrodes, SrFe12-xSmxO19/GCE was found to be more 

current-carrying. The cyclic voltametry (CV) instrument was standardized using K4[Fe(CN)6] 

Figure 4. The bare GCE was taken first in the ferrocynide system for recording a cyclic 

voltammogram (CV). The electrochemical evaluation in 0.5 mM K4[Fe(CN)6] solution at a 

scan rate of 50 mVs-1 between bare GCE and modified electrodes is represented in 
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supplementary Figure S4. The bare GCE showed a current response of 4.322X10-5 µA, and the 

SrFe12-xSmxO19/GCE exhibits a more current response, i.e., 5.638X10-5µA in the redox system, 

indicating that SrFe12-xSmxO19/GCE has good electro-conducting properties when compared to 

the bare GCE. The electrode acts as a bridge for electron transfer between the GCE surface and 

the buffer solution in a cyclic voltameter. The oxidation and reduction reaction of folic acid is 

shown below [37-39]. 

 

 

Figure 4.  Cyclic voltammogram of 01 Mm KCl solution containing 0.5 mM K4[Fe(CN)6] at the (a) bare GCE; 

(b) SrFe12-xSmxO19 /GCE, the scan rate:50 mVs-1. 

3.6.1.1. Electrochemical investigation of the modified electrode. 

Electrochemical sensing of folic acid was studied in an electrolytic solution using a 

phosphate buffer solution of pH 7. The cyclic voltammogram of (i) bare GCE, (ii) 

SrFe11.91Sm0.09O19 /GCE, with 100 µL concentration of folic acid at a scan rate of 50 mVs-1. 

The SrFe11.91Sm0.09O19/GCE electrode showed intensified peak current responses as compared 

to the bare glassy carbon electrode, and it is a good electrochemically active electrode, as 

represented in Figure 5 [40]. 

 
Figure 5. Electrochemical investigation of the (a) modified electrode (i) SrFe11.91Sm0.09O19 /GCE, with 100 µL 

concentration of folic acid (ii) bare GCE: (b) inset: linear graph. 
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3.6.1.2. Effect of scan rate. 

The scan rate was determined from 10 to 60 mVs-1 on sensor SrFe11.91Sm0.09O19 /GCE. 

It was investigated that a linear relationship existed between peak current and scan rate, as 

presented in Figure 6(a). The plot of peak current vs scan rate, shown in Figure 6(b), indicated 

a diffusion-controlled process, with a correlation coefficient of 0.9954 µM, a sensitivity of 

8.994 µM, and a linear regression equation of Ipa = 8.994 + 0.480 [41].  

  
(a)                                                                                                                  (b) 

Figure 6.  (a) Cyclic voltammogram of folic acid at SrFe11.91Sm0.09O19 /GCE scan rate ranging from (10-

60mV).  (b) Inset: plot of current (I) vs scan rate.                    

3.6.2. Detection of Folic acid in different concentrations. 

The cyclic voltammetry(CV) of SrFe11.91Sm0.09O19 /GCE in various concentrations of 

folic acid was recorded. In response to increasing folic acid concentration (Figure 7), the anodic 

peak current, IPa, also increased linearly while the peak potential shifted positively. This was 

confirmed when a peak potential of 0.8347 mV/s was noticed in the beginning, and the value 

of 0.910 mV/s shifted later. In addition, it was observed that the separation of peak potential 

increased with increasing peak current [42].  

  
(a) (b) 

Figure 7. (a) Using folic acid for different concentrations; (b) Linear graph obtained when folic acid used in 

different concentrations. 

In addition to the linear regression equation y= 0.00649 -0.1145, a correlation value of 

R2= 0.9978 was determined. Each point on the calibration graph corresponds to the ‘t’ mean 

value obtained from independent measurements. The analytical profile detection limit is 16.667 

µM, concentration range 50-190 µM, and sensitivity 0.00647. 

3.6.3. Differential pulse voltammetry (DPV) studies of folic acid. 

DPV was detected using folic acid and SrFe11.91Sm0.09O19/GCE, which gives accurate 

results for the detection of folic acid in PBS with a pH of 7, and the results are collected in 
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https://nanobioletters.com/


https://doi.org/10.33263/LIANBS152.074  

 https://nanobioletters.com/ 9 of 15 

 

Table 3. The reaction, which occurs as mentioned below, showed enhanced anodic peak current 

response when compared to bare GCE. The folic acid concentration ranges from 20 to 100 μM, 

and the peak current is enhanced at a fixed potential. The analytical profile of the modified 

electrode was a long linear range of 20 to 100 μM, a sensitivity of 0.0113 μM, and a LOD of 

6.667 µM. Further, the results of the modified sensor were reproducible and have anti-leaching 

properties [43,44] as shown in Figure 8. 

  
(a) (b) 

Figure 8. (a) DPV of SrFe11.91Sm0.09O19 /GCE at a concentration ranging from 20– 100 μM; (b) Calibration 

graph of current vs concentration linear graph. 

Table 3. Comparison of the different actuators for folic acid determination. 

Compound 
Linear range 

(µM) 
Technique LOD (µM) 

Sensitivity 

(µM) 
Reference 

CoTM-QOPc 

/CNP/GCE 

0.2-200 0.2-

225 

CV 

DPV 

0.06 

0.06 

2.298 

1.031 
[15] 

CoL/MNSs/CPE 0.2-30.0 SWV 0.015 - [39] 

Co3O4/RGO 1-380 CV 0.14 29.5 [40] 

CRS/BN RGO/GCE 0.001- 1290 DPV 0.0159 1.5309 [41] 

SrFe11.91Sm0.09O19 
50-190 

20-100 

CV 

DPV 

16.66 

6.667 

0.00647 

0.0113 

Present 

work 

4. Conclusions 

In the present investigation, samarium-doped strontium M-type hexagonal ferrites 

SrFe12-xSmxO19 (x=0.00, 0.01, 0.05, and 0.09) nanoparticles have been synthesized through the 

auto-combustion method. XRD investigation revealed the existence of a hexagonal structure 

with the absence of Sm3O3 as a separate phase. The scanning electron microscope indicated 

that the platelets are like grains and have a well-defined, irregular shape. FTIR analysis for 

pure and doped strontium ferrite samples indicated that Fe-O stretching modes, which appear 

around 587 cm-1, and also revealed that the introduction of Sm3+ ions could reduce crystalline 

size. Hysteresis curves from VSM analysis indicate that at room temperature, it exhibited 

ferromagnetic behavior for x=0.01 to 0.09. Coercivity more than 1.3kOe and investigated the 

hard magnetic nature of these samples. Results show that as doping increases, the Ms and Mr 

also increase continuously. The modified electrode was prepared to evaluate the 

electrocatalytic activity of the redox system, which could also be used to detect biologically 

important molecules such as folic acid with a sensitivity of 0.0113 μM by cyclic voltammetry 

and differential pulse voltammetry. 
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Supplementary materials 

 
Figure S1. SEM micrographs of M-type hexaferrites SrFe12-xSmxO19 for all compositions    (a) x=0.00, (b) 

x=0.01, (c) x=0.05 and (d) x=0.09. 

 
Figure S2.   Elemental mapping and EDX spectrum of SrFe12-xSmxO19 nanoparticles with a temperature of 900 

℃, (a) x=0.00, (b) x=0.01, (c) x=0.05 and d) x=0.09. 
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Figure S3. TGA-DSC curves of  SrFe11.91Sm0.09O19 nanoferrite. 

 

Figure S4. Variation of Ms and Mr of SrFe12-xSmxO19  (x=0.00<x<0.09) as a function of Sm3+ contents. 
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