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a- X-ray diffraction analysis 

XRD investigations reveals the structural characterization of the NPs. X-ray patterns of 

Zn0.4Fe2.6O4 NPs before and after annealing at 300 °C and 700 °C are shown in Figure S1. The 

annealing of the nanoparticles at these temperatures was an essential step to eliminate the excess 

of oleic acid to distinguish the Bragg peaks. 

 

 

Figure S1: XRD patterns of the as-prepared Zn0.4Fe2.6O4 NPs at 300 °C  (Cu Kα wavelength). 

 

The X-ray diffractograms of the NPs annealed at 300 °C (b) show the iron oxide phases of the 

NPs. They can represent either magnetite (Fe2O3) or maghemite (γ-Fe2O3), because of the 

similarity of their XRD patterns, it is impossible to make the difference between the Fe3−O4 

magnetite phase from the maghemite phase with the X-ray analysis [1,2]. To precise the right 

phase, the NPs were analyzed by Mössbauer spectroscopy in the next step, we have also 

compared to the as prepared nanoparticles (Figure S2). 

 

b- Mössbauer spectroscopy 

Mössbauer spectroscopy analysis were performed to determine the NPs phase. The obtained 

MS spectra of the as-prepared NPs and those annealed at 300 and 700 °C are shown in (Figure 

2). Their hyperfine parameters are listed in Table 2. 
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Figure S2: Mössbauer spectra of  the as-prepared  Zn0.4Fe2.6O4 NPs (a), annealed NPs at 

300 °C (b), and at 700 °C (c). 

 

The as-prepared NPs Mössbauer (spectrum (a), Figure S2) represents one pure doublet which 

corresponds to the superparamagnetic Fe3O4 NPs (Iron in oxidation state III). The presence of 

Fe3+ is also shown in spectrum (spectrum(b), Figure S2) which corresponds to NPs annealed at 

300 °C with a percentage of 65% and the remaining 35% represent Fe2+. On the other hand, the 

well-defined sextet obtained from the annealed NPs at 700 °C (spectrum (c), Figure S2) (line 

width 0.50 mm/s) is attributed to Fe metal. The site 1 of this spectrum corresponds to Fe0 and 

the percentage of this phase is 85%, the sites 2 and 3 correspond to magnetite with a percentage 

of 8%, finally the site 4 is attributed to 7% of superparamagnetic NPs (see Table S1). 
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b) 
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Table S1: The hyperfine parameters of the as-prepared NPs and those annealed at 300 and 

700 °C obtained from Mössbauer analysis. 

 

 

 

c- ZF-ZFC curves  

 

 

 

Figure S3: Zero-field-cooled (ZFC) and field-cooled (FC) magnetization curves of 

Zn₀.₄Fe₂.₆O₄@MnFe₂O₄ nanoparticles (50 nm) with surface oleic acid ligands, measured 

under an applied magnetic field of 25 Oe. The clear bifurcation between the ZFC and FC 

curves confirms the superparamagnetic behavior of the nanoparticles, with a blocking 

temperature observed around 235 K. 

 

T (°C)  Component 

(sites) 

IS (mm/s) EQ (mm/s) B (T) Phase Mass (%) 

As Prepared NPs 1 0.33 0.69 – Fe III – 

300 °C 1 0.19 0.74 – Fe III 65 

 2 1.24 2.28 – Fe II 35 

700 °C 1 0 0 33.1 Fe0 85 

 2 0.29 0 49 Fe3-O4 8 

 3 0.62 0 46   

 4 0.25 0 _ Fe III 7 
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