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A] Complex Impedance Spectroscopy analysis
Complex Impedance Spectroscopy (CIS) is a very useful tool for studying the electrical 

properties of materials that exhibit a complex interplay of conductive and insulating behavior, 
even with very small amount of compositional change. CIS enables the clear separation of bulk 
(intra-grain) through impedance (Z) formalisms.

The complex impedance Z*(ω) can be defined as: 
Z*(ω) = Z’ (ω) + j Z” (ω) (1)

where Z’ and Z” ascribed to the real and imaginary parts of impedance, respectively, are 
derived as follows:
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The shift in frequency peak positions to the higher side with increasing temperature 
represents the temperature-dependent electrical relaxation phenomena present in the material 
(Fig. S1). Generally, the activation energy of relaxation phenomena is determined from the 
Arrhenius Eq. (4), 

                                                                      (4)𝑓𝑧 
𝑚𝑎𝑥 = 𝐵exp ( ‒ 𝐸𝑎/𝐾𝐵𝑇)

Where, Ea is the activation energy, B is the pre-exponential factor, KB is the Boltzmann 

constant, and T is the temperature.  is the frequency at which the maxima occur in the Z. 𝑓𝑧 
𝑚𝑎𝑥

  and T are determined experimentally. Ea is determined by fitting the Arrhenius plot of ln(𝑓𝑧 
𝑚𝑎𝑥

) versus 1/KBT, as shown in Fig. S1.𝑓𝑧 
𝑚𝑎𝑥

Activation energies (Ea) determined from the linear fitting of the Arrhenius plot are 0.129 
eV for CMONP and 0.144 eV for CMONF. This activation energy is attributed to the charge 
transfer between Mn4+/Mn3+ sites.1 Change in the Ea value for CMONF indicates modifications 
in the defect states, which directly influence charge-transport mechanisms. Since activation 
energy represents the barrier for carrier movement in the defect-mediated conduction process 
in metal oxides, this increment suggests altered defect dynamics in CMONF.



Fig. S1. Frequency-dependent plots of the imaginary part of impedance (Z) measured at 
various temperatures and the linearly fitted Arrhenius plots for CMONP (upper panel) and 
CMONF lower panel.
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