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I. Dielectric properties 

The microwave-absorbing ability of materials primarily depends on their complex permittivity (ɛ) 

(Lovas et al., 2010; Li et al., 2020). Complex permittivity ɛ is expressed as Eq. 1:

                                                                           (1)𝜀= 𝜀' ‒ 𝑗𝜀''

where ɛ' is the real part of the complex permittivity, ɛ" is the imaginary part of the complex 

permittivity, and    (2)𝑗= ( ‒ 1)1/2

The real permittivity (ε′) is called the dielectric constant, and the imaginary permittivity (ε′′) is called 

the dielectric loss factor. ε′ indicates the ability of the material to absorb electromagnetic radiation 

within its structure, whereas ε′′ represents the ability of a material to dissipate the adsorbed radiation 

into heat (Li et al., 2019; Li et al., 2020). 

The ratio of the loss factor to the dielectric constant is known as the loss tangent (tan δd). The loss 

tangent (tan δd) is an important factor that provides an indication of how well a material dissipates 

stored energy into heat (Li et al., 2019; Li et al., 2020). The loss tangent is expressed as Eq. 3:

                                                       (3)
𝑡𝑎𝑛𝛿𝑑=

𝜀''
𝜀'

In this work, the dielectric properties of the studied samples were measured using an open-ended 

coaxial probe at frequencies of 1064 MHz and 2423 MHz and temperatures between 25 to 1100 °C. 

The details of this procedure are described in previous work (Omran et al., 2019). 
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Fig. S1. Dielectric properties of zinc oxide and zinc ferrite at frequencies of 1064 MHz and 2.423 

GHz. (A) dielectric constant (ɛ'); (B) loss factor (ɛ"); (C) loss tangent (δd).



The ɛ' of ZnO and ZnFe2O4 at temperatures between 20 and 1200 °C at 1064 MHz and 2423 MHz 

frequencies are presented in Fig. (S1). The changes in ɛ' with temperature were insignificant. Fig. 

(S1A) shows that ɛ' stays almost constant within the temperature range of 100 to 100 °C. There was 

a slight increase toward the high end of the temperature range. The ɛ" of ZnO and ZnFe2O4 at 

temperatures between 20 and 1200 °C and at 1064 MHz and 2423 MHz frequencies are presented in 

Fig. (S1B). Changes in ɛ" are more significant at higher temperatures. The ɛ" stays approximately 

constant until reaching a temperature of 800 °C (a small increase in ɛ" values). When temperature 

exceeded 900 °C, a sharp increase in the ɛ" values was observed. At a frequency of 1064 MHz, ɛ" 

increased from 0.0051 to 0.027 and from 0.02 to 0.08 for ZnO and ZnFe2O4, respectively. Based on 

the comparison with the DSC curve, the greater changes in ɛ" appear at temperatures when the sample 

began sintering. The increase in ɛ" at higher temperatures can be attributed to an increase in electrical 

conductivity due to sample sintering.

Fig. S1C shows the loss tangent of ZnO and ZnFe2O4 as a function of temperature at frequencies of 

1064 MHz and 2423 MHz. It can be seen that the behavior of the loss tangent for both ZnO and 

ZnFe2O4 with temperature coincides with the loss factor (ɛ") behavior.  



II. Isothermal reduction experiments 

Fig. S2. Experimental mass loss for zinc oxide. (A) MW reaction; (B) CT reaction.

The sample mass loss during the carbothermic reduction of zinc oxide from the MW and CT reactions 

as a function of temperature is shown in Fig. S2A and S2B, respectively. 

Under MW, we observed a rapid mass loss in the early stages of the reaction; however, after 

approximately 11 min, the mass became constant. In the case of the MW reaction, a mass loss of 

about 11.87 wt.% was obtained at 550 °C, indicating the reduction of ZnO initiated at this 

temperature. The mass loss increased as the temperature increased. Under the CT reaction (Fig. S2B), 

the sample mass was almost unchanged at 850 °C, indicating that the reduction of ZnO was not 

favorable at this temperature. By increasing the temperature to 950 °C, a mass loss of 11.63 wt.% 

was observed, indicating that the reduction of ZnO initiated at this temperature, which was consistent 

with the thermodynamic equilibrium calculations. The mass loss increased steadily as a function of 

temperature, and the mass loss under the CT conditions was quite linear with time.  



Fig. S3. Experimental mass loss for zinc ferrite. (A) MW reaction; (B) CT reaction.

Fig. (S3) shows the sample mass loss of zinc ferrite under the MW and CT reactions as a function of 

temperature. 

Under the MW reduction (Fig. S3A), there was a rapid mass loss in the early stages of the reaction; 

after that, the sample mass became constant. Under the CT reduction (Fig. S3B), we also observed a 

rapid mass loss in the very early stages of the reaction, after which the mass loss became gradual. The 

rapid mass loss for zinc ferrite was owing to its high reactivity compared to zinc oxide. In the case of 

the CT reaction, we did not observe any mass loss in temperature lower than 850 °C. About ~ 3 wt.% 

mass loss was observed at 850 °C, revealing that zinc ferrite decomposition was initiated at this 

temperature. By increasing the temperature, the mas loss increased. Meanwhile, in the case of the 

MW reaction, a mass loss of ~ 9.91 wt.% obtained at 450 °C indicated that zinc ferrite decomposed 

at about 450 °C. Nearly ~54 wt.% mass loss was obtained for both the MW and CT reactions at 

temperatures of 850 °C and 1050 °C, respectively.  


