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1. ICP-AES analysis
For the ICP-AES analysis, the samples were prepared as follows. Nanoparticles’ powders were
digested by using aqua regia (3:1 HCI/HNO;). The digested sample solutions were heated up to
~90 °C for 1 h under magnetic stirring, then to ~200 °C for 10 minutes. The solutions were left to
cool down, filtered and diluted by using 1% v/v HNO; solution. The ICP measurements were made
by means of a Liberty 200 ICP Varian spectrometer using the following spectral lines: Fe line:
259.940 nm, Co line: 228.616 nm, Zn line: 213.856 nm. Taking into consideration the theoretical
detection limit specific for the instrument (Fe detection range: (0.015+750) ppm, Co detection
range: (0.050+2500) ppm, Zn detection range: (0.009+450) ppm) and the range of linearity, the
following range concentrations have been selected for both the standard solutions and samples
solutions: Fe concentration range: (0<1.5)ppm, Co concentration range: (0+2)ppm, Zn
concentration range: (0+1) ppm. The analyses have been repeated two times on different portions of

the samples. The chemical formulas were calculated by assuming the absence of anions vacancies.
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Figure S1. XRD patterns of the CoFe Znx (with x=0, 0.30, 0.46, 0.53) samples recorded by a
PANalytical X’Pert PRO powder X-ray diffraction system equipped with a Co Ka source
(A=1.78901 A) and an X'Celerator detector.
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Table S1. Lattice constant and cationic distribution obtained by Rietveld analysis (performed on
the Cu-XRD patterns) for the CoFe Znx (with x=0, 0.30, 0.46, 0.53) samples. The last column
lists the indexes of agreement.

Sample a(A) Cationic distribution R (%)
CoFe Zn0 8390(2) (F60A73C00A27)[F61‘26C00A74]O4 5.79
CoFe Zn0.30 8414(2) (FCOA38C00A4zzn0A20)[F61‘62C00A28Zn0‘10]04 6.19
CoFe Zn0.46 8418(2) (FCOA30C00A44ZHOA26)[F61‘70C00A10Zn0‘20]04 6.12
CoFe Zn(0.53 8433(2) (FCOA28C00A3gzn0A33)[F61‘72C00A08Zn0‘20]04 6.50

A raw estimation of the distribution of the metallic cations in the tetrahedral and octahedral sites has
been attempted. It is worth noting that iron, cobalt and zinc are characterised by similar X-ray
scattering factors values and, therefore, these cationic distributions have to be considered just as
general tendencies. Nevertheless, these data suggest that the samples are characterised by partially
inverse structures: the cobalt ferrite sample seems to have an inversion degree of about 0.70, which
is a value often reported in the literature for cobalt ferrite nanoparticles.!> When zinc ions replace
cobalt ones within the structure, the inversion degree seems to drop down. This again suggests a 4-

fold coordination of zinc ions, that forces iron ones to occupy octahedral sites.



Figure S2. Intensity

ratio

of different

XRD

reflections for the

(with x=0, 0.30, 0.46, 0.53) samples with the corresponding linear curve fitting.
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The intensity ratio between the (220) and the (400) reflections is considered to be sensitive to the

cations occupancies of the tetrahedral sites*%. A curve fitting confirms that this ratio linearly

increases with increasing zinc content suggesting that the zinc ions substitute cobalt ones by

occupying preferentially tetrahedral sites.



Figure S3. TEM images (a) and size distributions of the CoFe Znx (with x=0, 0.30, 0.46, 0.53)
samples obtained by means of JEOL JEM-1200 EX II TEM. (c) Mean particle sizes and
polydispersity indexes obtained by different microscopes.

(a) CoFe Zn0 CoFe Zn0.30

CoFe Zn0.46 CoFe Zn0.53

(b)
(c)
Samole <Drev> c <Drtem> c
| amr | | mr | @)
CoFe Zn0 7.5+1.7 22 7.7+1.4 18
CoFe Zn0.30 | 7.1£1.4 19 6.9£1.2 18
CoFe 7Zn0.46 | 7.3£1.6 22 7.3+1.5 22
CoFe 7Zn0.53 | 8.0£1.9 24 7.6x1.6 21

* JEM 2010 UHR
** JEOL JEM-1200 EX I




Figure S4. (a) FT-IR spectra of the CoFe Znx (with x=0, 0.30, 0.46, 0.53) samples and (b)
assignments of the most relevant vibrational modes.
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CoFe_Zn0 | CoFe_Zn0.30 | CoFe_Zn0.46 | CoFe Zn0.53 Vibrational mode
3433 3400 3371 3408 N-H stretching
2952 2954 2952 2950 C-H asymmetric stretching (CH3)
2922 2924 2924 2925 C-H asymmetric stretching (CH,)
2850 2873 2852 2854 C-H symmetric stretching (CH,)
1593 1595 1593 1592 NH, bending
1545 1550 1548 1541 COO- asymmetric stretching
1410 1415 1414 1415 COO- symmetric stretching
1342 1340 1346 1340 CH; bending
717 719 717 - CH, wagging
582 577 571 569 Metal-O stretching

The FT-IR spectra show the same vibrational modes for all the samples, indicating the presence of
the same capping agent. Besides the metal-O stretching at (582+569) cm!, the observed vibrational
modes are typical for the oleyl (C;g) chain (CH stretching, CH; bending, CH, wagging), the amine
(NH stretching, NH, bending) and the carboxylate groups (asymmetric and symmetric COO-
stretching). The presence of these latter peaks and their wavenumber difference suggest the
presence of bridging monodentate carboxylate bonded to the nanoparticle surface’. In addition, the

presence of pure oleylamine is indicated by the associated NH, vibrational modes®. According to



these results and previous works® !, we can consider the oleic acid as the only capping agent for all
the samples whereas a few amine molecules are probably present as intercalated molecules.
Moreover, the FT-IR analysis confirms the substitution of cobalt ions by zinc ones within the spinel
structure. Indeed, the metal-oxygen stretching mode moves from 582 cm! for the CoFe,O4 towards
lower wavenumber values (569 cm!' for Zngs3Cog47Fe;004) with increasing zinc content as
expected being the positions of this band at 575 cm™! and 555 cm! for the cobalt and zinc ferrites,

respectively.!?



Figure S5. (a) ThermoGravimetric curves of the CoFe Znx (with x=0, 0.30, 0.46, 0.53) samples; (b)
first derivative of the ThermoGravimetric curves (DTG).
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TGA curves show two weight losses occurring at (300+400) °C and (550+650) °C that can be
associated with the decomposition of the capping molecules and a reduction process of the
inorganic core that occurs only when the thermogravimetric analysis is conducted under argon
atmosphere as already observed by other authors for oleic acid-capped zinc ferrite nanoparticles!'3.
TGA enable us to determine a mean organic content of (15 £+ 2) %. It can be easily demonstrated
that this amount of capping agent corresponds to a low-dense packing of a monolayer of oleate
molecules surrounding the surface of the nanoparticles. Indeed, for a close-packed monolayer the
expected area occupied by a single oleate molecule on the nanoparticle surface is around 20-30
A2.1416 [n our case, considering a mean diameter of 7.5 + 0.4 nm and a spheroidal shape for the
NPs, a surface area of 177 nm? is obtained. A 15 + 2 % of organic capping corresponds to ~3.2-10%°
oleate molecules. Taking into account the bulk-CoFe,O,4 density of 5.3 g/cm? and the volume of a
single spheroidal NP with a diameter of 7.5 nm, an 85% of inorganic phase corresponds to a
number of spinel ferrite NPs of 7.1-10'7. The number of capping molecules per particle, obtained as
the ratio between the number of oleate molecules and the number of NPs should, is about 440
molecules/nanoparticle. Finally, the nanoparticle surface area (177 nm?) over the number of

molecules provides a surface area occupied by each oleate molecule of 39 A2,
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Figure S6. Mossbauer spectra of the CoFe Znx (with x=0, 0.30, 0.46, 0.53) samples at 4.2 K under
zero magnetic field (0 T). Note that the doublet in the centre of the spectra is related to the metallic
iron dissolved in the aluminium foil (sample holder).



Table S2. Mossbauer parameters of the CoFe Znx (with x = 0, 0.30, 0.46, 0.53) samples at 4.2 K
under intense magnetic field (6 T): values of isomer shift (3), quadrupole splitting (AEg), effective
magnetic field (Byg), Full width at half maximum (FWHM) and relative area (A) of the
components. The last column lists the cationic distribution.

Sample Subsp. 0 (mm/s) AEq (mm/s) Byt (T) l;l‘:nl;l/ls\;l Interpretation

1 0.42 0.02 52.6(3) 0.40 tetrahedral sites of a spinel

CoFe_Zn0 : .
- 2 0.56 0.00 55.2(3) 0.64 octahedral sites of a spinel
1 0.43 0.00 52.7(3) 0.43 tetrahedral sites of a spinel

CoFe_7Zn0.30 : -
- 2 0.54 0.00 54.1(3) 0.58 octahedral sites of a spinel
1 0.42 0.00 52.3(3) 0.45 tetrahedral sites of a spinel

CoFe_7Zn0.46 : -
- 2 0.54 0.00 53.8(3) 0.54 octahedral sites of a spinel
1 0.42 0.00 52.2(3) 0.43 tetrahedral sites of a spinel

CoFe_7Zn0.53 . -
- 2 0.54 0.00 53.6(3) 0.56 octahedral sites of a spinel




Table S3. The in-field measurements were done in a perpendicular arrangement of the external
magnetic field with respect to the y-beam and are useful to get information about the cationic
distribution and the canting phenomena in the spinel structure.

B

Indeed, the angle 0 between the magnetic moment (¥) and the applied magnetic field have been

estimated thanks to the following equation:

2 _p2 2
B, f—Bhf+Bapp—2Bthappc059

Where By 1s the hyperfine field, By the total effective magnetic field at the nucleus, B,,, the

external applied magnetic field and a is the angle between Begr and By,

The angle 0 corresponds to the canting angle for the octahedral sites whereas for the tetrahedral
ones, the canting angle is equal to ©- 0. This is because of the relative arrangement of the hyperfine

and applied fields vectors that are parallel or antiparallel aligned for tetrahedral or octahedral sites,

respectively.
. B, B ABry) | Ber | ABe) | Buf | ABu) | Be? | ABer?) | Bapy’ A(cosa
Sample Sites PP Hf H PP | cosa
P M | (M (€)) (M (M (M (€)) () (M (M )
Fe Ty 6 52.6 0.3 58.7 0.1 2767 32 3446 12 36 1.01 0.08
CoFe Zn0

- Fe Oy 6 55.2 0.3 49.4 0.1 3047 33 2440 10 36 0.96 0.09
Fe Ty 6 52.7 0.3 59.1 0.1 2777 32 3493 12 36 1.06 0.08

CoFe 7Zn0.30
- Fe Oy, 6 54.1 0.3 48.1 0.1 2927 32 2314 10 36 1.00 0.09
Fe Tq4 6 52.3 0.3 59.1 0.1 2735 31 3493 12 36 1.12 0.08

CoFe 7Zn0.46
- Fe Oy, 6 53.8 0.3 47.7 0.1 2894 32 2275 10 36 1.02 0.09
Fe T4 6 52.2 0.3 58.9 0.1 2725 31 3469 12 36 1.10 0.08

CoFe 7Zn0.53
- Fe Oy, 6 53.6 0.3 478 0.1 2873 32 2285 10 36 0.96 0.09
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Figure S7. Room temperature Mdssbauer spectra of the samples CoFe Zn0O, CoFe Zn0.30,
CoFe Zn0.46, CoFe Zn0.53.



2. Estimation of Néel relaxation time

Curve fitting for the estimate of Néel relaxation time at 300 K, ty, by the Vogel-Fulcher model

Ty = Toexp(T

E,

_TO'

) where 7o is the characteristic relaxation time, £b is the energy barrier against the

magnetisation reversal, T is the absolute temperature and To is the temperature value accounting for
the strength of magnetic interactions.
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