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Experimental work

Analysis and Characterization
a) X-ray diffraction (XRD) analysis

The crystal structure of the synthesized CoFe:Os ferrite nanoparticles was characterized using an
X'Pert PRO-PANalytical X-ray diffractometer. The XRD measurements were conducted employing a
Cu-K, radiation source (A = 1.5406 A) with a secondary monochromator Holland radiation and a tube
voltage of 45 kV. Data collection was performed at room temperature, spanning a 20 range from 16° to
80°. The Rietveld profile analysis of the sample's crystal structure and microstructure was carried out
using FullProf.2k software (version 7.95 - Jan2023 - ILL-JRC). (Angular Resolution Approximately
0.002° 20, Goniometer Accuracy: £0.0025°, Goniometer Reproducibility: £0.0001°, Minimum Step
Size: 0.0001°, and Measurement Range: 3° <20 < 135°)

b) UV-VIS-NIR spectroscopy Measurement

The optical properties of the synthesized CoFe>O4 sample were analyzed using a Jasco-V-770
UV-Vis-NIR spectrophotometer (Japan), which was equipped with an integrating sphere reflectance unit
(ISN), covering awavelength range of 190 to 2000 nm. (Wavelength Range: 190 to 2,700 nm-extendable
to 3,200 nm), Wavelength Accuracy: £0.3 nm at 656.1 nm; +1.5 nm at 1,312.2 nm, Wavelength
Repeatability: +0.05 nm (UV-Vis); £0.2 nm (NIR), Spectral Bandwidth: Variable; UV-Vis: 0.1 to 10
nm; NIR: 0.4 to 40 nm, Photometric Accuracy: £0.0015 Abs (0 to 0.5 Abs); £0.0025 Abs (0.5 to 1 Abs),
Photometric Range: UV-Vis: -4 to 4 Abs; NIR: -3 to 3 Abs, and RMS Noise: 0.00003 Abs)

C) Dielectric measurement

The dielectric properties were measured using a HIOKI 3532-50 LCR high-frequency range
tester, operating within a frequency range of 100 Hz to 1 MHz. The measurements were conducted over
a temperature range from 303 K to 493 K. The CoFe:O4 nanoparticles were formed into pellets with a
diameter of 1.2 cm and a thickness of approximately 1.8 mm. (Frequency Range: 42 Hz to 5 MHz),
Measurement Time: Minimum of 5 ms, Measurement Parameters: Fourteen, including DC resistance,
Measurement Resolution and Accuracy: High resolution and accuracy, though specific values are not
detailed in the provided source)

d) Brunauer—Emmett—Teller (BET) analysis

Nitrogen adsorption and desorption isotherms at 77 K were utilized to evaluate the specific
surface area and pore size using the multipoint BET method on a Quantachrome analyzer Nova 2000
series instrument (USA).

e) Catalytic activity

A 30% w/w concentration of hydrogen peroxide has been procured from Sigma Aldrich.
Catalytic decomposition studies have been conducted at room temperature under continuous stirring at
800 rpm (mechanical stirring). The catalyst dosage employed was 0.75 g/L, and the initial hydrogen
peroxide concentration was set at 120 mM. Following a specified duration, the catalyst was separated
from the solution using a magnet. The remaining hydrogen peroxide concentration was assessed through
spectrophotometry at 240 nm using a Shimadzu 2401 UV-Vis spectrometer. (Wavelength Range: 190 to
900 nm, Wavelength Accuracy: £0.3 nm, Spectral Bandwidth: Variable, with a minimum of 0.1 nm, and
Photometric Accuracy: £0.002 Abs (0 to 0.5 Abs))



Structural properties
X-Ray diffraction

Table S1: Lattice constant (a), angle (o, B, and v), unit cell volume (V), and the agreement factors (Rs
%), (RF %), (Rw), (Rexp), (GOF) and (x?) of the Rietveld structure refinement of the cobalt ferrite
nanoparticle [

Parameters Values
Crystal structure Cubic
Space group Fd3m
a (A b (A c (A 8.371
V(A)? 586.530
a’lBely® 90
X-Ray density, px (g/cm?) 5.279
Bulk Density, ps (g/cm?) 3.892
Porosity %, (P.%) 26.281
Rs (%) 3.73
Re (%) 3.37
Rexp 21.62
Rw 21.70
GOF 1.00
e 1.00
Cation distribution (Coq.255F€0.745)A(C0q 745F€1 255)B

The values of hopping lengths, La, Ls, and Lag for the spinel structure are provided by the following
formulas (231

S ;
Le=(3)vZ )
=i s

The hopping lengths are advocated by the polaron radius, which is given by the following equation [“I:
_13 /ﬁ
Yo =3 {576 A

The following formula 5] can be used to predict the ionic packing coefficients P, and Py at tetrahedral
and octahedral sites, respectively:

P — dAL — Ro 85
a ra

p, = dL"Ro S6
b -

where daL, dst, r'a, r's, and R, are the average bond length at the tetrahedral and octahedral sites, the mean
ionic radii at tetrahedral and octahedral respectively, and R, is the ionic radius of the oxygen anion, the
values of these parameters were obtained from our earlier work [11,

The fulfilment coefficient of the unit cell, (av), can be given as [¢1:
32m(ri+2r3+4R3)
Qy = T S7

where aexp denotes the experimental lattice constant.



The vacancy parameter Bv [€l. It can be calculated using the following equation [ 6I:
3 _ .3
By = a“‘a% X 100 8
th
where anh and aexp are the theoretical and experimental lattice constants.
Table S2: Hopping lengths (La), (Lg), (Las), ionic packing coefficients at tetrahedral and

octahedralsites (P,), (Py), fulfilmentcoefficients (ay), and vacancy parameter (By) for the green
synthesized cobalt ferrite nanoparticles

Distance between cations at tetrahedral site, La (A) 3.625
Distance between cations at octahedral site, Lg (A) 2.960
Distance between cations at tetrahedral and octahedral site, Lag (A) 3.470
Polaron radius, yp (&) 0.737

Vacancy Model Parameters
lonic packing coefficients at tetrahedral, Pa 0.979
lonic packing coefficients at octahedral, Pb 0.987
Fulfillment coefficient, av 0.644
Vacancy parameter, Bv (%) 1.49

Optical properties

The Kubelka—Munk function (F(R)) is given by the following equation [7:
_R)2

FR) = £ = S0 S9

where R represents diffuse reflectance, o is the absorption coefficient, S is the scattering factor, and F(R)

is the Kubelka—Munk function.

The following relation [®lis used to estimate the value of the absorption coefficient a:
4K

(X—T S10

where K and A stand for extinction coefficient and wavelength of incoming light, respectively.

The absorption spectra can be used to determine Urbach energy, which can be calculated using the
following relation [©l,

a=ayexp (é) S11
Lna = Lnay + % S12

where E represents the incident photon energy (hv), a represents the absorption coefficient, and ao is
constant.

The steepness parameter S(T) can be estimated using the following relation [20I:

kgT
E, = ST S13
where T represents room temperature, and kg is the Boltzmann constant. The steepness parameter S(T)
is a physical characteristic of the band gap, indicating how the absorption edge broadens due to

interactions between excitons or electrons and phonons [,

The steepness parameter can be given in terms of electron-phonon interaction Ee-pn 1

2
Ee—ph = E S14



The value of the maximum wavelength (i) of the incident light can be calculated using the following
equation [12:
a\? 1 1
() =cG)-G) S15

here C is a constant.

The calculation of the penertation depth (3) is based on the relationship that defines the o(A) curve,

as follows [131:

-1
) =0 S16

The extinction coefficient k can be calculated using the following formula [41:
k=% s17

41

The refractive index n can be determined using the following relationship [151:
n(1) =22 (2L _j2) s18

1-R (1-R)? -
where Kk is the excitinction coefficient and R is the reflection.

The Cauchy parameters no, n1, and nz can be employed, as detailed in the following equation [16I:
n ne
n=ng+ 5+ S19

Wemple-DiDomenico relationship was expressed as follows [171to determine the dispersion energy Eq

and the energy of the effective single oscillator Eo.
2 1 _ _EoEq

nc—1= 2y S20

The static refractive index n'o and the optical dielectric constant €op at zero frequency can be estimated

using the following equation:

gop:n(,)2:1+§_: S21

The average oscillator wavelength Lo and oscillator strength So can be given by the following

relationship [181:
1 1 1

nz-1 - Sozg 5012

S22

The moments of the optical spectrum M-1 and M-3 were calculated using the following relationships
[19]-

EZ =Y $23
E} ="t S24

= ",



Table S3: Summarized optical parameters of the eco-friendly syenthesized CoFe>O4 nanoparticles

Parameters | Values
DSR method
Eq (direct) (eV) 1.460 (1]
Eq(indirect) (eV) 0.800
Eu (eV) 0.360
Eepn (eV) 10
S 0.067
Cauchy’s parameters
No 1.800
N1 (um3) 0.016
n2(pum#) 9.660 x 10+
Wemple DiDomenico model (WDD)
Eo (eV) 1.16 0
Ea(eV) 3.080
So (nm-2) 3.64x104
Ao _(nm) 1174.620
M-y 2.660
M-3 (eV-?) 1.990
Mullikan electronegativity method
Ecs(eV) 0.580 [
Evs(eV) 2.040 M

The optical conductivity (cop) for the prepared cobalt ferrite sample as a function of wavelength (1) can
be given by the following equation [201;

anC
Oop = K S25

In this equation, C represents the speed of light.

The complex dielectric permittivity was given by the following relation [211:
e) =) —iIKW]? =) —ie, (D) S26

The real e;and imaginary €, are components of the optical dielectric permittivity, which can be
expressed as follows:

e ) =n?2()—k*(1) S27
&) =2n) k(A S28

The band edges of the conduction band (CB) and valence band (VB) can be estimated utilising the
Mulliken electronegativity rules concerning the normal hydrogen electrode (NHE) scale at pH=0, using
the following relations (221

Ecp =x — E®—0.5E, S29
Eyp =Ecg + Eg S30
where the conduction band edge is represented by Ecs, the optical energy band gap between the samples
VB and CB by Eg, and the valence band edge by Evs. E¢ refers to free electron energy, which is 4.5 eV
on the hydrogen scale.

The  absolute electronegativity of the prepared CoFe.Os sample, also known as Mullikan
electronegativity (y), can be calculated using the following equation [23I;
1

x = [x(A)° x(B)? x(C)¢J@ro+o S31



The above equation incorporates the number of atoms in the molecule, denoted by the variables a, b, and
c. The x (A) value is calculated by averaging the electron affinity and initial ionisation energy for atom
A. Calculations were carried out to estimate y(B) and (C).

Electrical properties (Dielectric measurements)
AC conductivity

The AC conductivity at various frequencies and temperatures can be calculated using the following
formula [**lwhich is derived from dielectric data:

Oac = W gy tand S32
In the above equation, &o represents the permittivity of vacuum and &, refers to the relative dielectric
constant.

The universal Jonscher’s power law is given by the following equation [25 26I:

or(w) = 0gc + 0, (W) = 040 + AT W) S33
In this equation, o (w) represents the total conductivity, where o4, is the frequency-independent DC
conductivity, and o,.(w) is the purely dispersive AC component.

The frequency exponent s is mathematically expressed within the CBH model using the following

equation [27], reflecting the nature of the hopping mechanism and charge transport across the material.
6kT

s=1- Wi —kTLn(wTg) S34

In the above equation, T represents the temperature, k is the Boltzmann constant, o is the angular

frequency, 7, denotes the relaxation time, and Ww is the maximum barrier height. For high values of

Ww/KT, the variable s simplifies to the following form [28l:
s=1—— S35

The Arrhenius relation is given as [291:

Eg
Ogc = % exp (E) S36
In this context, co, k, and Ea represent the pre-exponential factor, the Boltzmann constant, and the

activation energy, respectively.



Table S4: Fitting parameters were determined using Jonscher's power, double Jonscher's power, and super
linear power laws based on the experimental data of AC conductivity as a function of frequency at various

temperatures
JPL
Temperature | cqc (s/m) A S R2
303 1.0E 6.230E- 0.101 | 0.9987
308 1.5E- 1.196E4 0.094 | 0.9922
313 2.0E5 1.850E4 0.088 | 0.9914
318 3.5E5 2.960E4 0.083 | 0.9915
323 6.0E-5 8.750E 0.077 | 0.9785
328 1.4E+ 1.100E3 0.072 | 0.9724
333 3.0E* 1.300E3 0.068 | 0.9601
DJPL
Temperature | cqc(s/m) Al sl A2 s2 R?
343 6.051E- 8.991E-° 0.530 9.250E-° | 0.530 0.9991
348 2.816E- 8.00E-° 0.530 | 7.579E° | 0.530 0.9968
353 1.859E- 6.604E° 0.530 | 7.325E° | 0.530 0.9992
DJPL SLP
Temperature | og4c(S/m) Al sl A2 s2 B3 s3 R?
358 1.381E" 6.472E°| 0.530 | 7.311E° |0.530 [2.216E'%| 1.2 0.9996
363 1.176E-5 6.600E° | 0.530| 7.420E° |0.530 |3.000E°| 1.2 0.9994
368 1.049E-5 6.892E°| 0.530| 7.679E° |[0.530 |3.500E°| 1.2 0.9992
373 8.991E-6 7.522E°| 0.530| 8.039E° |[0.530 |4.000E'°| 1.2 0.9993
DJPL
Temperature | ogc(s/m) Al sl A2 s2 R?
383 3.615E7| 2.368E®| 0.5190 | 8.101E®° | 0.0004 0.9989
393 8.632E-7| 1.433E®| 0.5597 | 8.995E-6 | 0.0029 0.9989
403 2.058E6| 9.986E°| 0.591| 9.614E-6 | 0.0050 0.9985
413 4.562E6| 8.889E°| 0.618 | 1.566E°5 | 0.0070 0.9979
423 1.000E5| 5.426E°| 0.649| 1.62E-5 0.0093 0.9550
433 1.463E- 3.577E"° 0.682 | 2.275E-+ 0.0114 0.9978
443 2.611E°| 2.332E°| 0.714] 2.575E° | 0.0135 0.9985
453 3.971E5| 1.509E° | 0.746 | 2.705E- 0.016 0.9995
463 7.114E5| 9.977E°| 0.777 | 2.905E- 0.018 0.9996
473 9.217E5 | 6.433E-10 0.807 | 3.236E- 0.020 0.9997
483 1.411E“4| 4.039E1°| 0.840| 3.536E- 0.022 0.9976
493 2.260E4 | 2.149E-10 0.880 | 3.736E- 0.024 0.9977
The alternating current (AC) conductivity for CBH was expressed as 31
Tac = 52 NNpe' R, S37

Inthis model, nrepresents the number of polaronsinvolved in the hopping process. During the procedure
(withn=1or n = 2), the dielectric constant is assumed to be &’ for the prepared sample. The term NNp
is proportional to the square of the concentration of states, while R, denotes the hopping distance under
the condition of wt=1 and is defined by the following equation:

2
R, = = S38
e’ gy <WM—kBTLn (wITO)>
where 1o is the relaxation time and it can be given as, to = 1/2nfo where fo = 1013 Hz [31.32],
The double Jonscher power law (DJPL) can be analyzed using the Bruce model. [33.341 which can be
expressed as follows:

or(w) = DJPL = 04c + AL(T w1 D + A2(T) w52M

S39



In this context, A1l and A2 represent two temperature-dependent variables, which determine the
polarizability’s strength, while the parameters sl and s2 are frequency exponents that vary with
temperature. These parameters describe the behavior of the system in response to different frequencies
at different temperatures, allowing for a more detailed understanding of the material's conductivity
characteristics.

According to the QMT conduction mechanism, the AC conductivity can be given as follows [35I:

2
04 = Ae2kgTa  (N(E;)) wRE S40
4 2
In the above equation, A represents a constant ::_4 [36] or = ’1T—2 [30]k represents Boltzmann constant, e is

the charge of electron, N (Ey) is the density of state near the fermi level, and R,, is the tunneling distance
a certain angular frequency o
According to the quantum mechanical tunneling model (QMT), the tunneling distance R., can be given
as:

1 1
Ry=7,1L (w—ro) s41
The spatial decay parameter (o2 = 10 A) 71 represents the rate at which the wave function decreases,
reflecting the localized nature of the state at each position. This parameter indicates how quickly the
probability of finding an electron diminishes as the distance from a localized center increases.

The exponent s can be determined using the NSPT model through the following equation [38l:

=14 —2keT S42
s = Wy~ kgTLn (wty) !
where W represents the carrier's binding energy at its localized sites and kg is the Boltzmann constant.

For large Win/keT ratios, the parameter s is given by:
s=1+ “;‘/—BT 543
Based on the NSPT model, the AC conductivity can be described by the following equation [391:

_ (ne)sza_l(N(Ep))szﬁ,

Oac m S44
where

1 1 w
Rw =E(Ln (w—%)—ﬁ) S45

In this context, the tunnelling distance is denoted as R, the polaron hopping energy is Wh, the density
of states near the Fermi level is N(Er), and the spatial extension of the polaron is represented as o. The
values of N(Er), o, and WH were adjusted to ensure that the computed o versus T curves matched the
experimental data.

Table S5: Parameters utilized for fitting the NSPT model for the AC conductivity of the green-
synthesized CoFe204 nanoparticles

Frequency (kHz) N (x10%8 eVim1) a (A1) Wi (eV)
383-423 K [423-493 K [383-423 K [423-493 K |383-423 K [423-493 K
10 0.527 0.618 0.266 0.171 0.551 0.700
100 0.957 1.336 0.755 0.354 0.393 0.609
1000 1.207 1.533 0.964 0.917 0.345 0.393

The AC conductivity (cac) was further examined using the Arrhenius equation [40-411;

o = Goexp (—k’jT) S46

In this equation, 6o denotes the pre-exponential factor.




Table S6: Values of activation energy for the green syenthesized CoFe>O4 nanoparticles at different
applied field frequencies

Frequency Ea(l) (eV) Ea(ll) (eV) Ea(111) (eV)
(kHz) (303-333 K) (343-373 K) (1) (383-423 K) (2) (423-493 K)
1 0.864 -0.617 0.313 0.542
10 0.846 -0.538 0.284 0.493
100 0.826 -0.389 0.234 0.454
1000 0.784 -0.254 0.222 0.290

Dielectric properties

Havriliak-Negami (H-N) model [#2.43] which is given by the following expressions:

-8
&' =€y + (g5 — €4,)7 2 COSBO

r= [1 + (wt)1 %sin (O;—H)]Z + [(wr 1=@ cos (‘;—n)]z

(wT) 1_“cos(an)

2

0= arctan[

1+ (wr)l—“sin(“z—")]

S47
S48

S49

here, & and ¢, represent the static and high-frequency dielectric constants, respectively. The
characteristic relaxation time is denoted byt, while and 3 are shape parameters constrained by (0 < aff <
1). When aand B are equal to 1, the system exhibits ideal Debye relaxation [#41, Conversely, any non-
zero values of these parameters indicate a range of relaxation times instead of a single relaxation time

[44],

Table S7: Havriliak-Negami (H-N) fitting parameter values for the synthesized CoFe.Q4 nanoparticles

Temperature £ Eop Ve a i T R?
303 2.000 | 2.048E7| 2.048E’ 0.430 1.070 4.567 0.999
308 2.500 [ 4.533E7| 4.533E’ 0.435] 1 1.130 3.049 0.999
313 3.000 | 6.975E7| 6.975E’ 0.443 1.180 1.972 0.994
318 4.000 | 8.975E’| 8.975E’ 0.448 1.190 1.416 0.992
323 4500 | 2.136E8| 2.136E8 0.455 1.220 0.876 0.993
328 5.000 [ 2.739E8| 2.739E® 0.458 1.236 0.771 0.991
333 6.000 | 2.975E®8| 2.975E® 0.462 1.246 0.701 0.999
343 2.800 [ 3.606E3| 3.603E3 0.465 0.921 0.005 0.996
348 2.500 | 1.182E3| 1.179E3 0.394 0.949 0.006 0.999
353 2.100 | 1.000E3| 0.998E3 0.360 0.964 0.008 0.999
358 1.900 | 0.934E3| 0.932E3 0.340 0.984 0.010 0.996
363 1.700 | 0.910E3 | 0.908E? 0.319 1.004 0.012 0.998
368 1.500 | 0.837E3| 0.835E3 0.269 1.104 0.014 0.999
373 1.300 | 0.732E3| 0.730E3 0.230 1.204 0.016 0.999
383 2.000 | 0.807E3| 0.805ES 0.284 0.916 0.025 0.992
393 2.400 | 0.907E3| 0.906ES3 0.296 0.920 0.023 0.996
403 2.600 [ 0.997E3| 0.994E3 0.300 0.928 0.021 0.997
413 3.600 [ 1.012E3| 1.009E3 0.302 0.930 0.019 0.997
423 4.000 | 1.126E3| 1.122E3 0.306 0.931 0.018 0.993
433 4.400 | 1.229E3| 1.225E3 0.307 0.932 0.016 0.991
443 4.600 | 1.322E3| 1.318E3 0.309 0.934 0.014 0.991
453 4.800 | 1.412E3| 1.405E3 0.310 0.941 0.011 0.989
463 5.000 | 1.708E3]| 1.703E3 0.315 0.991 0.010 0.989
473 5.100 [ 1.908E3| 1.903E3 0.320 0.996 0.009 0.993
483 5.200 [ 2.135E3| 2.130E3 0.330 0.999 0.008 0.989
493 5.400 | 2.292E3| 2.287E3 0.340 1.000 0.007 0.992




The Giuntini model 51 was employed to analyze the dielectric loss, £” as a function of frequency and
temperature, using its mathematical expression:

3
" (w) = (gg — €,,) 22N (Z—z) kgTtl'Wtw™ S50

here, €0 denotes the static dielectric constant, &, represents the optical dielectric constant, n is the number
of hopping charges, N is the concentration of localized sites, and W is the maximum barrier height.
Thus, Eg. S50 can be succinctly abbreviated as:

&"(w) =Bw™ S51

The exponent m(T) may be written as a function of temperature and maximum barrier height Wn,

according to the following equation:

m= —V‘;kT S52
M

The dissipation factor, also known as the loss tangent (tan ), is defined as the ratio of energy lost or

dissipated per cycle to the energy stored and can be represented mathematically as follows:

tand == S53
The condition for observing a peak in the dielectric loss of a dielectric material is defined by the
relationship [461:

wt=1 S54
where represents the relaxation time and ® = 2 nfmax.

Thermodynamic parameters

The relaxation time t can be calculated using the following relatation [461:

T = Tyexp (%) S55
here, o represents the pre-exponential constant, equivalent to the relaxation time at infinitely high
temperatures, while k is the Boltzmann constant, T is the temperature in Kelvin, and Eg is the activation

energy for dielectric relaxation.
The relaxation time is connected to the free energy through a Eyring hypothesis [71:

T= (k%) exp (i—i) S56

In thisrelation, ks denotes Boltzmann’s constant, R represents the gas constant, h is Planck’s constant,
and AG stands for the Gibbs free energy.

The relationship between AG, the activation enthalpy A H, and the activation entropy AS can be
expressed by the following equation [8l:

AG = AH —TAS S57
Thus, the relaxation time can be given as follows:

v= (e () () 2



Catalytic activity of the green-synthesized CoFe,O,

The mechanism of H>O. decomposition can be characterized using the following formulas 49!

Fedt,+H,0, > Fedt .(H,0,)

Fedt (Hy0,) > Felt -+ HO; + H* pKa=11.7 5]

The catalytic activity is enhanced by the cobalt ion content in the spinel structure
Cof,jrf +H,0, - Cogjrf + HO + OH~ Eo=0.38 VI

Co*" ions act as active oxidants and take part in the following reaction [511:

Fe?t + Co3* - Fe3t + Co?** E,=1.04V

As a result, Co?" ions are regenerated, and the resulting radicals undergo additional reactions [521;

H,0, + HO- —» HOO" + H,0
HOO- + HOO- - H,0, + 0,

S59
S60

S61

S62

S63

S64
S65

Table S8: Performance comparison of the highest catalytic activity for decomposition of H.O; of the
present green synthesized CoFe>O4 nanoparticles with that of other reported metal oxide catalysts

Catalyst Reaction Conditions Rate Constant
Conc of Dose of catalyst Time k (sec?) Ref
H202(mM) (g/L) (h)
CoFe;04 100 2 4 1.11x104 [135]
CeO2 0.5 32 3 1.7 x104 [136]
ZrO; 0.5 30 8 6.15x104 [137]
CuO 0.5 1.2 3 1.9x10+ [136]
CoFe 04 120 0.75 2.5 3.39 x104 The present work
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