
Supporting Information
S1. Literature data review
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Figure S 1. Low-temperature saturation magnetization of a) Ni-Co1–3 and b) Zn-Co4–9 ferrites from literature.

S2. X-Ray Diffraction (XRPD)

Structural information about the samples was obtained by means of X-Ray powder diffraction 
techniques (XRPD), which are based on the diffraction phenomena arising from the interaction between 
X-Rays and a crystal lattice. A diffraction signal is obtained whenever, at a certain angle θ, the path 
difference among incident photons is an integer multiple of the X-Ray wavelength λ. These conditions 
are expressed by the Bragg law:

𝑛𝜆𝐶𝑢 = 2𝑑ℎ𝑘𝑙sin 𝜃 (S1)

where dhkl is the distance between two crystal planes. XRPD patterns were acquired with a Bruker D8 
Advance diffractometer (solid state LynxEye detector, Cu Kα radiation, Bragg Brentano geometry, 
DIFFRACT plus software). In the hypothesis of spherical-shaped crystallites, the Scherrer equation can 
be used to estimate the average crystal size, based on the position and the full width at half of the 
maximum value of a certain peak:

〈𝑑𝑋𝑅𝐷〉 =
𝐾𝜆𝐶𝑢

𝐹 ∙ cos 𝜃𝑐

(S2)
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where  is the average size of the crystals, K is a constant depending on shape and size distribution 〈𝑑𝑋𝑅𝐷〉
of NPs, which is assumed to be 0.910, λCu is the average wavelength of Kα and Kβ radiation of Cu (

)11,  is the Bragg angle on which the peak in centered in radians, and F is the full width 𝜆 = 0.154187 𝑛𝑚 𝜃𝑐

half maximum of the selected peak. Three peaks – i.e., (220), (311) and (400) – were fitted with a Pseudo-
Voigt function to obtain  and F.𝜃𝑐
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Figure S 2. XRPD patterns for a) the Ni-series and b) the Zn-series.

S3. Transmission electron microscopy morphological characterization

TEM images are elaborated to obtain a statistical overview of particle’s dimensions and shapes, which 
have an influence on the magnetic properties of a nanostructured material. All the TEM images were 
elaborated with ImageJ software, which is able to recognize, measure and count black objects onto a 
white background. All the images as obtained images consist in blurred shapes and grey shades, thus 
image elaboration is necessary. Fig. S2 illustrates the main steps off the elaboration, which briefly 
consist in adjusting brightness and contrast of the image in order to make nanoparticles’ border sharper 
and easily recognizable. Then the picture is turned into a black and white binary version which can be 
automatically measured by the software. The particles clusters which are not separated in the final 
image are removed at the end of the elaboration. 



 

Figure S 3. a) original TEM image; b) image after adjusting brightness and contrast, removing background noise and applying 
“despeckle” and “remove outliers” filters; c) binary image with “watershed” filter applied; d) shape profile actually measured by 
the software.

Among all the parameters measured by the software, two are of interest: Feret diameter and circularity. 
Feret diameter is the longest distance between any two points of the boundary selected for the 
measurement. This descriptor tends to overestimate the particle’s size, but since particles’ projections 
are almost circular (C~0.9), it can be approximated to the actual size. Circularity is a shape descriptor 
which measures the “roundness” of a bidimensional shape (i.e., its similarity to a circle), and is calculated 
with the formula: 

𝐶 = 4𝜋 ∙
𝐴

𝑃2
(S3)

where A and P are area and perimeter of measured particles. C values can be associated with different 
shapes: for a perfect circle with a smooth surface , while for other shapes the parameter 𝐶 = 1

decreases12.

The data obtained from the elaboration are used to compute the frequency counts over size and 
circularity values. All the distributions can be fitted with a Log-Normal distribution:

 
𝑃 =

𝑓
𝜎𝑑 2𝜋

∙ 𝑒
‒

(ln
𝑑

〈𝑑〉)2

2𝜎2

(S4)

where f is a prefactor, σ is the standard deviation and  is the median value of the diameters d. To 〈𝑑〉
define the values’ polydispersion it is possible to define the empirical parameter PD using the median 

 as the average d:〈𝑑〉

𝑃𝐷 = 100 ∙
𝜎

〈𝑑〉
(S5)



Figure S 4: TEM pictures for each sample

Co
Ref

Ni
22

Ni
39

Ni
63

Zn
19

Zn
32

Zn
48



0.5 0.6 0.7 0.8 0.9 1.0

R
el

at
iv

e 
Fr

eq
ue

nc
y

C

Ni63

0.5 0.6 0.7 0.8 0.9 1.0

Zn48

R
el

at
iv

e 
Fr

eq
ue

nc
y

C

0.5 0.6 0.7 0.8 0.9 1.0

R
el

at
iv

e 
Fr

eq
ue

nc
y

C

Zn32

0.5 0.6 0.7 0.8 0.9 1.0

R
el

at
iv

e 
Fr

eq
ue

nc
y

C

Zn19

0.5 0.6 0.7 0.8 0.9 1.0

R
el

at
iv

e 
Fr

eq
ue

nc
y

C

Ni39

0.5 0.6 0.7 0.8 0.9 1.0

R
el

at
iv

e 
Fr

eq
ue

nc
y

C

Ni22

0.5 0.6 0.7 0.8 0.9 1.0

CoRef

R
el

at
iv

e 
Fr

eq
ue

nc
y

C

0 5 10 15 20

R
el

at
iv

e 
Fr

eq
ue

nc
y

d (nm)

Zn48

0 5 10 15 20

R
el

at
iv

e 
Fr

eq
ue

nc
y

d (nm)

Zn32

0 5 10 15 20

R
el

at
iv

e 
Fr

eq
ue

nc
y

d (nm)

Zn19

0 5 10 15 20

R
el

at
iv

e 
Fr

eq
ue

nc
y

d (nm)

Ni63

0 5 10 15 20

R
el

at
iv

e 
Fr

eq
ue

nc
y

d (nm)

Ni39

0 5 10 15 20

R
el

at
iv

e 
Fr

eq
ue

nc
y

d (nm)

Ni22

0 5 10 15 20

R
el

at
iv

e 
Fr

eq
ue

nc
y

d (nm)

CoRef

a) b)

Figure S 5: a) size distributions and b) circularity distributions extracted from the TEM images.

Table S 1: the stoichiometry expected from the synthesis next to the experimental one; the last columns show samples’ circularity 
and polydispersity from TEM measurements.

Sample Expected from 
synthesis

Experimental 
formula (ICP)

C PD (nm-1)

CoRef CoFe2O4 Co0.85Fe2.15O4 0.92(1) 2.8(1)

Zn19 Zn0.25Co0.75Fe2O4 Zn0.19Co0.70Fe2.11O4 0.93(1) 3.9(1)

Zn32 Zn0.50Co0.50Fe2O4 Zn0.32Co0.47Fe2.22O4 0.93(1) 2.4(1)

Zn48 Zn0.75Co0.25Fe2O4 Zn0.48Co0.26Fe2.26O4 0.93(1) 2.9(1)

Ni22 Ni0.25Co0.75Fe2O4 Ni0.22Co0.71Fe2.07O4 0.89(1) 3.5(1)

Ni39 Ni0.50Co0.50Fe2O4 Ni0.39Co0.45Fe2.16O4 0.92(1) 3.3(1)

Ni63 Ni0.75Co0.25Fe2O4 Ni0.63Co0.23Fe2.14O4 0.90(1) 2.1(1)



S4. Thermogravimetric analysis

Thermo-Gravimetric Analysis (TGA) was used to know the amount of organic surfactant coating the 
NPs’ surface; since the magnetization of matter is proportional to its mass, knowing the amount of 
diamagnetic organic coating is necessary to normalize magnetization data. Further, quantifying ligand 
shell mass is useful to know if the washing procedure was performed correctly, and the mass on the 
particles’ surface corresponds to a single layer of OLAC and OLAM (up to ~ 20%)10. The analysis was 
performed by using a LabsysEvo 1600 DTA/TGA (Setaram); few mg of powders was put in an alumina 
crucible and heated from 30 to 1000 °C at 10 °C/min under O2 atmosphere (20 mL/min). 
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Figure S 6: TGA curves for each sample

S5. Composition

To know the NPs composition, Inductively Coupled Plasma – Atomic Emission Spectroscopy (ICP-
AES) was used. Samples were prepared putting 100 μL of NPs solution in 5 mL of HNO3 (69% w/w%) 
and heated in a flask on a heating plate at 100 °C until the red nitrogen oxides fumes disappeared. The 
solutions were then diluted to 50 mL with deionized water and given to the instrument. ICP analyses 
were entrusted to the Analytical Chemistry Group at the Dipartimento di Chimica e Chimica Industriale 
(UNIGE) and performed with an iCAP 6300 DUP ICP-AES spectrometer (ThermoScientific). The samples 
were prepared putting 100 μL of solution in 5 mL of HNO3 (69% w/w%) and heated in a flask on a 
heating plate at 100° C until the red nitrogen oxides fumes disappeared. The solutions were then diluted 
to 50 mL with deionized water and given to the instrument. Respect to the precursor ratios used to 
synthesize our materials, a lower amount of M2+ cations is experimentally observed; this can be 
attributed to different reaction kinetics, different stabilities13 or different solubilities of the metallic 
complexes formed during the synthesis.



S6. ZFC/FC magnetization
Table S 2: TEM and XRPD NPs diameters, Tb and Tmax calculated for each sample.

Sample  (nm) 〈𝑑〉𝑋𝑅𝐷  (nm)〈𝑑〉𝑇𝐸𝑀 Tb (K) Tmax (K) Tirr (3%) (K)

CoRef 8.3(4) 9.0(1) 199 289 318

Ni22 8.0(4) 8.1(1) 166 252 288

Ni39 8.3(5) 8.5(1) 166 228 328

Ni63 8.3(5) 10.0(1) 107 157 174

Zn19 9.3(4) 8.4(2) 207 285 299

Zn32 9(1) 8.7(1) 166 228 244

Zn48 8.6(5) 9.3(2) 132 201 206
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Figure S 7: ZFC/FC curves for a) Ni- and b) Zn-series, normalized for the Tmax magnetization value.

S7. Néel two sublattice model

Considering that net magnetic moment of spinel ferrite is superposition of magnetic moments of cations 
in Oh and Td sites which are antiferromagnetically oriented: 

.𝜇𝑡𝑜𝑡 = ∑𝜇𝑂ℎ ‒ ∑𝜇𝑇𝑑
(S6)

the Ms values can be estimated by the Néel two sublattice model, considering the well-known ion site 
selectivity of Ni2+ for Oh-sites14 and of Zn2+ for Td-sites15) and the spin-only magnetic moment of our 
metal cations (Zn2+ = 0 μB, Co2+ = 3 μB, Ni2+ = 2 μB, Fe3+ = 5 μB)16. For both series, an equation was written 
to express the Ms as a function of the stoichiometric coefficient of M2+ (x) and the one of Co2+ in Oh-sites 
(y, corresponding to δ) considering following sublattice structure: 

𝐶𝑜𝐹𝑒2𝑂4→[𝐶𝑜1 ‒ 𝑦𝐹𝑒𝑦]𝑇𝑑[𝐶𝑜𝑦𝐹𝑒2 ‒ 𝑦]𝑂ℎ; (S7)



𝑁𝑖𝑥𝐶𝑜1 ‒ 𝑥𝐹𝑒2𝑂4→[𝐶𝑜1 ‒ 𝑥 ‒ 𝑦𝐹𝑒𝑦 + 𝑥]𝑇𝑑[𝐶𝑜𝑦𝐹𝑒2 ‒ 𝑥 ‒ 𝑦𝑁𝑖𝑥]𝑂ℎ;

𝑍𝑛𝑥𝐶𝑜1 ‒ 𝑥𝐹𝑒2𝑂4→[𝐶𝑜1 ‒ 𝑥 ‒ 𝑦𝐹𝑒𝑦𝑍𝑛𝑥]𝑇𝑑[𝐶𝑜𝑦𝐹𝑒2 ‒ 𝑦]𝑂ℎ;

For Ni-series NixCo1-xFe2O4, the Bohr magneton magnetization can be found as follows

𝜇𝑁𝑖
𝑓𝑢(𝑥;𝑦)

= [𝜇𝐹𝑒·(2 ‒ 𝑥 ‒ 𝑦) + 𝜇𝐶𝑜·𝑦 + 𝜇𝑁𝑖·𝑥] ‒ [𝜇𝐹𝑒·(𝑥 + 𝑦) + 𝜇𝐶𝑜·(1 ‒ 𝑥 ‒ 𝑦)] = [5·(2 ‒ 𝑥 ‒ 𝑦) + 3·𝑦 + 2·𝑥] ‒ [5·(𝑥 + 𝑦) + 3·(1 ‒ 𝑥 ‒ 𝑦)]
== 7 ‒ 5𝑥 ‒ 4𝑦

(S8)

While for the Zn-series ZnxCo1-xFe2O4, the expression is:

𝜇𝑍𝑛
𝑓𝑢(𝑥;𝑦)

= [𝜇𝐹𝑒·(2 ‒ 𝑦) + 𝜇𝐶𝑜·𝑦] ‒ [𝜇𝐹𝑒·𝑦 + 𝜇𝐶𝑜·(1 ‒ 𝑥 ‒ 𝑦)] = [5·(2 ‒ 𝑦) + 3·𝑦] ‒ [5·𝑦 + 3·(1 ‒ 𝑥 ‒ 𝑦)] = 7 + 3𝑥 ‒ 4𝑦

(S9)



S8. Mössbauer spectrometry

Mössbauer spectra, obtained at 12 K under an applied field of 8 T, were measured on two representative 
samples, hereafter named Zn38 and Ni31. The cationic distribution data were used to calculate the 
magnetic saturation of the two samples and compare the result with the 5 K trend of the two series 
according to the model and the assumptions described in the main text. Information regarding the 
cationic distribution of iron were used to assign the distribution of Co2+, and then access to y value and 
place a dot on the Ms(x,y) map.

Table S 4: Mössbauer parameters extracted from the fitting: the isomer shift (δ), the quadrupole shift (2ε), the effective field (Beff), 
the hyperfine field (Bhyp), the average canting angle (θ) and the ratio of each Fe ion.

Sample Site  〈𝛿〉
(mms-1)

 〈2𝜀〉
(mms-1)

 〈𝐵𝑒𝑓𝑓〉
(T)

 〈𝐵ℎ𝑦𝑝〉
(T)

 〈𝜃〉
(°)

FeTd,Oh
3+ /

Fetotal
3+

Td 0.33 -0.02 60.1 52.7 21 32Zn38

Oh 0.48 -0.05 45.4 53.1 18 68

Td 0.35 0.06 59.7 52.1 18 41Ni31

Oh 0.50 -0.05 46.5 54.2 17 59

b)a)
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Figure S 8: Mössbauer spectra of a) Zn38 and b) Ni31, obtained at 12 K under external applied field o 8 T..
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