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SAMPLES CHARACTERIZATION 

Table 1S. Particle diameter determined by different techniques: DTEM, SD_DTEM, and σ_DTEM are the number-

weighted median diameter, standard deviation and distribution width obtained from TEM image analysis. 

DTEM_V is the volume-weighted particle diameter calculated from the number-weighted data, DXRD
R is the 

particle diameter obtained from the Rietveld analysis of the XRD patterns, DXRD
SPA

 is the particle diameter 

obtained from the single peaks analysis of the XRD patterns with the Scherrer equation as described in 

reference 1, DMAG
O

 is the particle diameter obtained from the analysis of the magnetization isotherms in 

generalized Langevin scaling by using Octave, while DMAG
M is obtained by MINORIM software. 

Sample DTEM 

(nm) 

SD_DTEM 

(nm) 

σ_DTEM DTEM_V 

(nm) 

SD_DTEM_V 

(nm) 

DXRD
R

 

(nm) 

DXRD
SPA

 

(nm) 

DMAG
O

 

(nm) 

DMAG
M

 

(nm) 

CoA 5.4 0.9 0.17 5.9 1.0 5.4 5.6 4.4 4.7 

CoA@Mn 9.4 1.0 0.11 9.7 1.1 7.1 8.1 4.8 6.5 

CoA@Fe 10.5 1.2 0.11 10.9 1.2 9.0 10.9 8.0 7.7 

CoB 7.1 1.0 0.14 7.5 1.1 6.3 6.7 5.1 5.1 

CoB@Mn 12.7 1.5 0.12 13.2 1.6 8.6 9.6 6.3 6.8 

CoB@Fe 12.2 1.6 0.13 12.8 1.7 8.8 10.1 6.5 6.3 

CoC 8.5 1.2 0.14 9.0 1.3 7.1 8.0 5.3 5.5 

CoC@Mn1 12.6 1.6 0.13 13.3 1.7 8.8 9.3 6.9 6.9 

CoC@Mn2 14.4 1.6 0.11 14.9 1.6 9.1 11.1 7.6 8.4 

CoC@Fe1 11.1 1.5 0.13 11.7 1.5 10.2 10.8 8.4 8.3 

CoC@Fe2 12.1 1.6 0.13 12.8 1.7 10.0 12.1 8.2 9.0 

 

 
Figure 1S. XRD patterns (left) and TEM (right) of samples CoB, CoB@Mn and CoB@Fe. 

 
Figure 2S. XRD patterns (left) and TEM (right) of samples CoC@Mn1 and CoC@Fe1. 
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LOW-TEMPERATURE MÖSSBAUER SPECTROSCOPY. 

The in-field measurements were done in a perpendicular arrangement of the external magnetic field with 

respect to the γ-beam and are useful to get information about the cationic distribution and the canting 

phenomena in the spinel structure. 

 
Indeed, the angle θ between the magnetic moment (�⃗�) and the applied magnetic field has been estimated thanks 

to the following equation: 

Beff
2 = Bhf

2 + Bapp
2 − 2BhfBappcosθ Eq. 1S 

where Bhf is the hyperfine field (Bhf
0T), Beff the total effective magnetic field at the nucleus (Bhf

6T), Bapp the 

external applied magnetic field, and α is the angle between Beff and Bapp.  

The angle θ corresponds to the canting angle of the magnetic moment for the octahedral sites, whereas for the 

tetrahedral ones the canting angle is equal to π-θ. 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.2 

 
Figure 3S. Low temperature 57Fe Mössbauer spectra with no external magnetic field (upper side) and in the 

presence of external magnetic field (lower side) of the samples CoB (left), CoB@Mn (middle), and CoB@Fe 

(right). Octahedral sites are represented in blue, tetrahedral in red. For CoB@Fe, the external field increases 

up to 6 T. 
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 Figure 4S. Low temperature 57Fe Mössbauer spectra with no external magnetic field (upper side) and in the 

presence of external magnetic field (lower side) of the CoA, CoA@Fe, CoC, CoC@Mn, CoC@Fe samples. 

 

Table 2S. 57Fe Mössbauer parameters of the samples obtained from the spectra recorded at low temperature 

(4 K) and with a 6 T magnetic field applied: values of the isomer shift (δ), effective field at 0 T (Beff
0T = Bhf) 

and 6 T (Beff
6T), relative area (A), canting angles (α) and chemical formula calculated from site occupancy 

corrected by ICP-OES data. 

Sample Signal Site 
δ 

(mm/s) 

Beff
0T

 

(T) 

Beff
6T

 

(T) 

A 

(%) 

α 

(°) 
γ Formula 

CoA 
Sextet Td 0.43(1) 52.6(1) 58.3(1) 34% 19 0.67 

(Co0.31Fe0.69)[Co0.67Fe1.32]O4 
Sextet Oh 0.56(1) 55.4(1) 49.4(1) 66% 0  

CoA@Fe 
Sextet Td 0.41(1) 53.0(1) 59.4(1) 37% 0 - 

@(Fe1)[Fe1.65]O4 
Sextet Oh 0.56(1) 55.1(1) 48.8(1) 63% 0  

CoB 
Sextet Td 0.37(1) 51.2(1) 56.9(1) 35% 19 0.65 

(Co0.27Fe0.72)[Co0.65Fe1.33]O4 
Sextet Oh 0.49(1) 54.4(1) 48.2(1) 65% 10  

CoB@Fe 
Sextet Td 0.36(1) 51.5(1) 57.5(1) 36% 0 - 

@(Fe1)[Fe1.71]O4 
Sextet Oh 0.49(1) 53.5(1) 47.5(1) 64% 0  

CoB@Mn 
Sextet Td 0.36(1) 51.1(1) 57.4(1) 30% 0 0.44 

@(Mn0.48Fe0.50)[Mn0.44Fe1.55]O4 
Sextet Oh 0.50(1) 52.5(1) 46.9(1) 70% 20  

CoC 
Sextet Td 0.37(1) 51.2(1) 56.7(1) 35% 25 0.74 

(Co0.33Fe0.68)[Co0.74Fe1.27]O4 
Sextet Oh 0.49(1) 54.4(1) 48.4(1) 65% 0  

CoC@Fe2 
Sextet Td 0.36(1) 51.2(1) 57.6(1) 36% 0 - 

@(Fe1)[Fe1.74]O4 
Sextet Oh 0.48(1) 53.2(1) 47.4(1) 64% 14  

CoC@Mn2 
Sextet Td 0.37(1) 51.2(1) 57.3(1) 27% 0 0.46 

@(Mn0.43Fe0.55)[Mn0.46Fe1.52]O4 
Sextet Oh 0.51(1) 52.6(1) 46.4(1) 73% 0  

 

Without the external magnetic field, the spectra showed the overlapping of two sextets associated with the 

octahedral and tetrahedral sites of the spinel structure. The in-field measurements allowed us to split these two 

subspectra and to calculate the occupancy in the two sublattices. For instance, from the relative areas of the 
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two sextets in the in-field spectrum of CoA, it was found that 34% of iron cations are located in the tetrahedral 

position and 66% in octahedral positions. Taking into account these results, the inversion degree (percentage 

of divalent cations in octahedral position) is 0.67 and the formula can be written as 

(Co0.31Fe0.69)[Co0.67Fe1.32]O4, in agreement with the expected random CoII site occupancy in cobalt ferrite 

nanoparticles.3–9 Similar results were found for the sample CoA and CoC, whose inversion degrees are equal 

to 0.65 and 0.74, respectively. For the sample CoA@Fe, it was found from relative areas that 37% of Fe cations 

are located in tetrahedral positions and 63% in octahedral positions. The comparison of these data with the 

core ones allowed to estimate the cation distribution of the shell. Taking into account the iron fraction in the 

core calculated from ICP-OES measurements (0.10) and the site occupancy of the core, we estimated the 

amount of Fe in the shell, which corresponds to 38% and 62% for tetrahedral and octahedral sites respectively. 

Consequently, the ratio Fe(Oh)/Fe(Td) is 1.65. This result is in agreement with the theoretical maghemite ratio, 

which value is 1.67, while for stoichiometric magnetite is 2.10 The same behaviour is revealed in the samples 

CoB@Fe and CoC@Fe2, whose Fe(Oh)/Fe(Td) ratios are equal to 1.71 and 1.74, respectively. The increased 

Fe(Oh)/Fe(Td) ratio with the NPs size is in line with the RT Mössbauer data that suggested a lower degree of 

oxidation for the larger sample, CoC@Fe2.1 

By using the same procedure, Fe content in CoB@Mn shell was estimated, and the inversion degree was found 

equal to 0.46. Consequently, the formula of the shell can be written as (Mn0.43Fe0.55)[Mn0.46Fe1.52]O4. Similar 

behaviour was observed for sample CoC@Mn, with an inversion degree of 0.44. This result is in good 

agreement with the theoretical value of inversion degree for nanosized manganese ferrite.11 The chemical 

formula of the different samples with site occupancies are reported in Table 2S. 

By using Eq. 1S, it is also possible to calculate the canting angles. For sample CoA, the values for the 

tetrahedral and octahedral sites are 19° and 0°, respectively. Within the experimental error, we can consider 

that the magnetic moments of both sublattices are not canted being the angles calculated from the cosine’s 

equation (Eq. 1S), and therefore small changes in the cosθ lead to significant changes on the angle values. The 

same results were found for samples CoB and CoC, which canting angle values for tetrahedral and octahedral 

sites are equal to 19°-10° and 25°-0°, respectively (Table 2S). Spin canting has not also been revealed in the 

core-shell samples. 

The sample CoB@Fe was measured at different magnetic fields (from 1 to 6 T) to gather information on the 

spin saturation process (Figure 3S, right). Even with the external magnetic field of 1 T, the splitting of the two 

sextets was observed. At 0 T the octahedral sites have a larger hyperfine field than tetrahedral ones, while at 6 

T an inversion occurred (Figure 3S). This is due to the antiparallel direction of the octahedral hyperfine field 

with respect to the externally applied field. The increase of the hyperfine field in the tetrahedral sites (or 

decrease in octahedral sites), when a magnetic field of 1 T is applied, is equal to 0.3 T. When a 2 T field is 

applied, the Bhf changes by 1.5 T for Td and 1.7 T for Oh sites, while it changes of about 1 T for all the 

subsequent increase of external magnetic field up to 6 T. The different behaviour observed below and above 2 

T is probably caused by the unsaturated magnetic moment, that requires a field of such strength to be saturated, 

as it can be revealed from the field dependence of the magnetization at low temperature (Figure 3).   



DC MAGNETOMETRY 

 
 

Figure 5S. ZFC (full circles) and FC (empty circles) curves, normalized for the magnetization at Tmax of the 

ZFC curve, of core-shell samples and respective cores recorded at low external magnetic field (10 mT).  
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Figure 6S. ZFC (full circles) and FC (empty circles) curves, normalized for the magnetization at Tmax of the 

ZFC curve recorded at low external magnetic field (10 mT) (left); Magnetization isotherms recorded at 10 K 

(middle) and 300 K (right) of cobalt ferrite samples. 

ZFC-FC curves of cobalt ferrite cores (Figure 5S, Figure 6S) show a furcation at a specific temperature (Tdiff), 

with a maximum on the ZFC curve (Tmax), that is proportional to the blocking temperature of the largest 

particles and the mean value, respectively. Tb is the blocking temperature calculated with the first derivative 

of the difference curve (MFC-MZFC) as the temperature at which 50% of the nanoparticles are in the 

superparamagnetic state.12,13 Both Tmax and Tb increases with the size of cobalt ferrite, as predicted by the 

Stoner-Wohlfarth model,14 and are in a good agreement with the previously reported values for cobalt ferrite 

of similar size.15–18 The saturation of the low-temperature part of the FC curve extends to higher temperatures 

for larger particles; it is a typical signature of enhancement of inter-particle interactions due to the increase of 

the mean magnetic moments per particle and reform of effective magnetic anisotropy.19  

ZFC curves (Figure 5S) of core-shell samples show a dominant maximum (Tmax), associated with majority 

particle population, also confirmed by a single energy barrier distribution (-d(MFC-MZFC)/dT)20 centred at a 

specific temperature (Tb). Both Tmax and Tb values increase in the core-shell samples compared to the cores, 

due to the increased particle magnetic volume. The difference Tdiff - Tmax is generally lower in the core-shell 

samples than in the cores, suggesting a decrease in the energy barrier distribution dispersity, because of the 

homogeneous growth on the shells around the seeds that induces a narrower size distribution. 

Nevertheless, also the increase of interparticle interactions in the core-shell systems can affect Tdiff, as also 

evidenced by the flatness of the FC curves. In particular, spinel iron oxide coated core-shells show a more 

pronounced FC saturation, typical for strongly interacting systems (e.g. superspin glass).21–23  

Magnetization isotherms of cobalt ferrite samples show no hysteretic behaviour at 300 K (Figure 6S), typical 

for particles in the superparamagnetic state. A large hysteresis is instead present at 10 K for cobalt ferrite 

samples. Coercive field increases with increases the particle size, in agreement with the Stoner-Wohlfarth 

model,14 while the saturation magnetization is constant within the experimental error. The reduced remanent 

magnetization (Mr/Ms) increases with the size of cobalt ferrite, going from 0.55 for CoA to 0.67 for CoC. The 

values are far from those expected for pure cubic anisotropy (0.83 for bulk cobalt ferrite) and suggest that the 

cobalt ferrite samples have mixed cubic-uniaxial anisotropy with the first component becoming more dominant 

with the increase of the particles’ size. 
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For the real system of the superparamagnetic NPs with a size distribution, the magnetization, M of the NPs in 

the magnetic field, H can be written as a weighted sum of the Langevin functions: 

𝑀(𝐻, 𝑇) = ∫ 𝜇𝐿 (
𝜇𝐻

𝑘𝐵𝑇
)𝑓(𝜇)𝑑𝜇 + 𝜒𝑙𝑖𝑛𝑒𝑎𝑟𝐻

∞

0

 Eq. 2S 

where f (μ) corresponds to the unimodal log-normal distribution of the magnetic moments, μ expressed as: 

𝑓(𝜇) =
1

√2𝜋𝜇𝜎
exp (−

ln2 (
𝜇
𝜇0
)

2𝜎2
) 

Eq. 3S 

𝜇𝑚 = 𝜇0exp
𝜎2

2
 

Eq. 4S 

 

where σ is the distribution width, μ0 and μm are the median and mean magnetic moment, respectively (Table 

3S). The second term in the equation (Eq. 2S) corresponds to an additional linear contribution to the 

magnetization, which can originate from some diamagnetic or paramagnetic components of the sample. The 

parameters of f (μ) were obtained from the refinement of the magnetization isotherm measured above TB in the 

Matlab/Octave software. 

The median magnetic size, dmag of the particle was calculated from the μ0 using the expression:  

𝐷𝑀𝐴𝐺 = √
6𝜇0𝑎3

𝜇𝑢𝑐𝜋

3

 
Eq. 5S 

 

where a and μuc are the lattice parameter and the magnetic moment of the unit cell of the spinel phase 

(calculated assuming site occupancy estimated from LT 57Fe Mössbauer spectroscopy), respectively (Table 

3S). For comparison, magnetic moments (𝜇𝑚) and magnetic diameters (DMAG) have been calculated also by 

MINORIM software, which uses a non-regularized method.24 The parameters used for the calculation of 

magnetic diameters are reported in Table 3S. 

Table 3S. Cell parameter (a), magnetic moment of the unit cell (μUC), median magnetic moment, and magnetic 

diameters calculated by OCTAVE (μm
O, DMAG

O) and MINORIM (μm
M, DMAG

M). 

Sample a (Å) μUC (10
3 
μB) μm

O
 (10

3 
μB) 

DMAG
O
 

(nm) 
μm

M
 (10

3 
μB) 

DMAG
M

 

(nm) 

CoA 8.39 33.8 2.6 4.4 3.1 4.7 

CoA@Mn 8.40 38.8 3.7 4.8 9.3 6.5 

CoA@Fe 8.36 27.1 12.5 8.0 10.9 7.7 

CoB 8.38 33.5 3.9 5.1 3.9 5.1 

CoB@Mn 8.41 39.2 8.3 6.2 10.9 6.8 

CoB@Fe 8.35 30.4 7.6 6.5 6.8 6.3 

CoC 8.38 33.4 4.4 5.3 5.0 5.5 

CoC@Mn1 8.44 38.0 10.8 6.9 10.8 6.9 

CoC@Mn2 8.43 37.7 14.5 7.6 19.7 8.4 

CoC@Fe1 8.36 30.4 15.8 8.3 15.8 8.3 

CoC@Fe2 8.38 30.1 14.7 8.2 19.7 9.0 

 

  



In the literature, effective anisotropy constants are calculated in different ways, summarized below: 

𝐾1 =
𝐻𝑐𝑀𝑠

0.96 (1 − (
𝑇
𝑇𝑏
)
0.77

)

 
Eq. 6S25 

𝐾2 = 𝑎(𝐻𝐾𝑀𝑠) Eq. 7S26 

where 𝑎 is equal to 0.5 and 0.64 for uniaxial (K2_uni) and cubic (K2_cub) anisotropy, respectively. 

𝐾3 =
25𝐾𝐵𝑇𝑏

𝑉
 

Eq. 8S5 

Eq. 6S and Eq. 7S depend on saturation magnetization and coercive field or anisotropy field, respectively, and 

give an approximated value of anisotropy constant assuming collinear orientation with respect to the magnetic 

field. Eq. 8S derives from the energy barrier equation, and it depends on blocking temperature (Tb) estimated 

from -d(MFC-MZFC)/dT curves, and particle volume anisotropy constant K3 was calculated by using <DMAG>, 

<DXRD>, and <DTEM> values. The results are reported in Table 4S.  

Table 4S. Anisotropy constant calculated by using Eq. 6S, 7S, and 8S.  

Sample K1  

(10
4 
J/m

3
) 

K2_uni 

(10
4 
J/m

3
) 

K2_cub 

(10
4 
J/m

3
) 

K3_DMAG 

(10
4 
J/m

3
) 

K3_DXRD 

(10
4 
J/m

3
) 

K3_DTEM 

(10
4 
J/m

3
) 

CoA 75 100 130 10.8 5.9 4.5 

CoA@Mn 52 63 81 1.2 3.8 1.5 

CoA@Fe 41 40 51 2.8 2.8 1.1 

CoB 75 91 120 9.0 4.8 2.8 

CoB@Mn 44 55 71 6.8 2.7 0.7 

CoB@Fe 56 60 77 6.3 2.5 0.8 

CoC 89 100 130 10.1 4.2 2.1 

CoC@Mn1 30 59 75 4.8 2.3 0.7 

CoC@Mn2 32 44 57 4.2 2.4 0.6 

CoC@Fe1 31 40 51 2.3 1.3 0.9 

CoC@Fe2 43 59 75 3.3 1.8 0.9 

K1 and K2 values are in the order of 105 J∙m-3 and are comparable, while K3 values are one or two orders of 

magnitude lower, due to the different model adopted for the estimation. Nevertheless, the trend in the core-

shell systems is comparable in all cases. Indeed, core-shell samples have generally lower anisotropy constant 

values compared with the respective cores. 

 

 



DETAILS ON MAGNETIC FLUID HYPERTHERMIA 

Theoretical Calculation of SAR 

The equations for the calculation of SAR are as follows: 

𝑆𝐴𝑅 =
𝑃

𝜌𝜑
 

P is the lost power, expressed as follows: 

𝑃 = µ0𝜋𝜒
′′𝑓𝐻0

2 Eq. 9S 

χ'' is the out-of-phase component of the susceptibility, expressed as follows: 

𝜒′′ =
𝜔𝜏

1 + (𝜔𝜏)2
𝜒0 Eq. 10S 

𝜒0 is the actual susceptibility, while τ the effective relaxation time, expressed in Eq. 11S and 14S, respectively. 

𝜒0 = 𝜒𝑖
3

𝜉
(𝑐𝑜𝑡ℎ𝜉 −

1

𝜉
) Eq. 11S 

𝜒𝑖 is the susceptibility calculation parameter, and ξ is the Langevin parameter, expressed in Eq. 12S and 13S, 

respectively.  

𝜒𝑖 =
µ0𝜑𝑀𝑑

2𝑉𝑚
3𝑘𝐵𝑇

 Eq. 12S 

𝜉 =
µ0𝑀𝑑𝐻0𝑉𝑚

𝑘𝐵𝑇
 Eq. 13S 

𝜏 =
𝜏𝑁𝜏𝐵

𝜏𝑁 + 𝜏𝐵
 Eq. 14S 

τN and τB are the Nèel and Brown relaxation times, expressed in Eq. 15S and 16S, respectively. 

𝜏𝑁 = 𝜏0𝑒
𝐾𝑉𝑀
𝑘𝐵𝑇  Eq. 15S 

𝜏𝐵 =
3𝜂𝑉𝐻
𝑘𝐵𝑇

 Eq. 16S 

The variables are: 

 µ0 = permeability in free space: 1.26 x 10-6 (T m A-1) 

 f = frequency of magnetic field: 183000 (s-1) 

 H0 = magnetic field intensity: 17000 (A m-1) 

 ω = angular frequency: 1.15 x 106 (s-1) 

 φ = nanoparticle volume fraction: 6.42 x 10-4 

 ρ = nanoparticle density: 5.30 x 106 (g m-3) 

 Md = magnetization domain: 4.24 x105 (A m-1) 

 Vm = nanoparticle volume (m3) 

 kB = Boltzmann constant: 1.38064852 x 10-23 (J K-1) 

 T = temperature: 303.15 (K) 

 K = magnetic anisotropy constant (J/m3) 

 η = viscosity of solution: 8.94 x 104 (Pa s) 

VH = nanoparticles’ hydrodynamic volume (m3): 6 nm exceeding the nanoparticles’ diameter. 



 
Figure 7S. Simulated plot of SAR based on nanoparticle size (D between 5-25 nm) and magnetic anisotropy 

constant (K between 1x103 and 2x105 J/m3) at a magnetization value Ms of 80 emu/g. 

 
Figure 8S. Simulated plot of SAR based on magnetic anisotropy constant (K between 1x103 and 2x105 J/m3) 

and magnetization value (Ms between 20 and 120 emu/g) for 13 nm nanoparticle. 
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AC MAGNETOMETRY ON POWDERED SAMPLES 

AC magnetometry was used to measure the temperature dependence of the in-phase (χ’) and out-of-phase (χ’’) 

component of the magnetic susceptibility at different frequencies (0.1-1000 Hz) for the core (Figure 9S) and 

core-shell samples (Figure 10S) and the Néel relaxation time estimated by the Vogel-Fulcher equation (Eq. 

17S,) is reported in Table 5S. The Néel relaxation times of core-shell samples are slower than those of the 

respective cores, due to the increased particle volume that dominates the overall decrease of effective 

anisotropy. 

 

 
Figure 9S. AC susceptibility measurements of the s CoA, CoB, and CoC samples. The in-phase (χ’) 

component of the magnetic susceptibility is displayed in the upper part and the out-of-phase (χ’’) in the bottom 

part. 
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Figure 10S. AC susceptibility measurements of the core-shell samples. 
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Table 5S. Parameters obtained from the curve fitting by the Vogel-Fulcher model for T = 300 K. τ0 is the 

characteristic relaxation time, Eb is the energy barrier against the magnetization reversal, T0 is the temperature 

value accounting for the strength of magnetic interactions, τN is the Néel relaxation times. 

Sample τ0 (s) Eb (K) T0 (K) τN (s) 

CoA 3.9·10-9 949 101 4·10-7 

CoA@Mn 1.1·10-9 1136 163 4·10-6 

CoA@Fe 1.4·10-9 1559 155 6·10-5 

CoB 1.0·10-9 1050 136 6·10-7 

CoB@Mn 8.2·10-10 1515 190 7·10-4 

CoB@Fe 2.4·10-9 1838 174 5·10-3 

CoC 7.5·10-10 1092 174 4·10-6 

CoC@Mn1 6.5·10-10 1224 191 5·10-5 

CoC@Mn2 5.5·10-10 1325 209 1·10-3 

CoC@Fe1 7.8·10-9 846 176 7·10-6 

CoC@Fe2 6.7·10-9 1755 169 4·10-3 

 

Vogel-Fulcher equation:27 

𝜏𝑁 = 𝜏0𝑒
(

𝐸𝑏
𝑘𝑏(𝑇−𝑇0)

)
 

Eq. 17S 

Where τ0 is the characteristic relaxation time, Eb the energy barrier against magnetization reversal, T the 

absolute temperature, and T0 the temperature value accounting for the strength of magnetic interactions. 

As an example, the calculation for the CoA sample is reported. The Vogel-Fulcher equation (Eq. 17S) has 

been written in the logarithmic form (Eq. 18S): 

1

(ln𝑓 − ln𝑓0)
=
𝑇

𝐴
−
𝑇0
𝐴

 Eq. 18S 

Where f is equal to 1/2πτ, f0 is equal to 1/2πτ0, and A correspond to Eb/Kb. As a first approximation, τ0 has been 

assumed equal to 1·10-10 (Figure 11SA) and 1·10-8 (Figure 11SB), to estimate values for T0, which correspond 

to 92 K and 110 K, respectively. Then, the averaged T0 (101 K) has been used to extrapolate the value of A 

(949 J/K) and τ0 (3.7·10-9 s) (Figure 11SC), following Eq. 19S: 

ln𝑓 = ln𝑓0 + 𝐴
1

(𝑇𝑚𝑎𝑥−𝑇0)
 Eq. 19S 



Subsequently, the value A (949 J/K) from Eq. 19S has been used to calculate T0 (101 K) and τ0 (4.0·10-9 s) 

(Figure 11SD), following Eq. 19S. The τ0 value calculated from the fitting reported in Figure 11SC and 

Figure 11SD (always very close) has been averaged (3.9·10-9 s). 

 

Figure 11S. Curve fitting for the estimation of τ0, T0, and KV/Kb by the Vogel-Fulcher model for the CoA 

sample.  
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INTERCALATION PROCESS 

The hydrophobic nanoparticles were made hydrophilic by an intercalation process with CTAB, as described 

in the main article. The concentration of the colloidal dispersion was 3.4 mg∙mL-1. The presence of CTAB 

molecules was verified by FT-IR, as shown as an example in Figure 12S. 

 
Figure 12S. FT-IR spectra of CTAB, CoC_CTAB, and CoC_Oleate samples. 

The FT-IR spectrum of CoC after the intercalation process (CoC_CTAB), shows the main vibration M-O mode 

at 594 cm-1, the bands at 2945, 2917, 2870, and 2850 cm-1 associated to the different modes of the hydrocarbon 

chain (present in both oleate and CTAB), and the bands typical of CTAB in the region 1500-500 cm-1 besides 

the peak at 3015 cm-1 related to the N-CH3 mode. The band confirms the presence of the oleic acid molecules 

bonded to the nanoparticle surface at around 1550 cm-1, associated with the carboxylate stretching mode.28 
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MAGNETOMETRY AND CALORIMETRIC MEASUREMENTS ON HYDROPHILIC 

FERROFLUIDS 

 

Figure 13S AC magnetic measurements on the hydrophilic ferrofluids and powdered samples of the 

CoB series. 
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To the best of our knowledge, in the literature the role of dipolar interactions in bimagnetic spinel ferrite-base 

core-shell nanoparticles in the heat release is not studied, due to the intrinsic complex nature of the 

system.29,30,39–45,31–38 Indeed, to investigate the role of dipolar interactions it would be necessary to have no 

changes in composition, size, morphology, etc. of the primary nanoparticles, but only differences in the 

aggregates/agglomerates in terms of size (number of primary NPs) and shape (random or controlled clustering 

such as chain-like alignment). In our work, the samples differ for several features (core size, shell thickness, 

and chemical composition) and therefore it is not possible to conclude about the specific role of the dipolar 

interactions in the heat release. 

The studies present in the literature about the dipolar interactions and their role in the heating dissipation are 

mainly devoted to single-phase nanoparticles, but their role is still debated with contradictory results showing 

improvement30,34–36,41 or deterioration30–33,45 of the heating abilities that consequently are hardly predictable. 

Indeed, the shape and the size of the aggregate influence the role of the dipolar interaction, being commonly 

beneficial when ordered clusters (e.g. chains) are formed, but detrimental if NPs are randomly oriented. Some 

authors define the dipolar coupling constant λ as: 

𝜆 =
𝜇0𝜇

2

2𝜋𝑑3𝑘𝐵𝑇
 Eq. 20S 

Where μ is the magnetic moment and d the mean diameter. For λ>2, the system is considered strongly 

interacting and aggregate may happen. When λ<2, the interparticle interactions are negligible.37 For our 

samples (in the form of powder), λ is always <2, therefore dipolar interaction should be negligible. 

Nevertheless, as we report in Figure 14S, it is evident from the FC curve that dipolar interactions are present 

both in the powder and in the dispersions. However, in the selected concentration range (0.7-3.4 mg/mL) no 

significant effect can be detected, as can be seen after rescaling the curves to relative values. We can see that 

both the ZFC and FC curves are almost overlapped underlying that no changes occur in the strength of dipolar 

interactions increasing the concentration.  

 
Figure 14S ZFC-FC curves of the hydrophilic ferrofluid and the powder of CoB samples (a) and 

ZFC-FC curves of the hydrophilic ferrofluid at different concentrations (b).  

To clarify the behavior of dipolar interaction with concentration, a cobalt ferrite sample has been measured 

(DXRD = 7.7 nm, a repeatability of the sample CoC) where both the effects of the concentration (3.4 mg/mL 

and 7.8 mg/mL) and the coating (cetyl trimethylammonium bromide (CTAB) and polyethylene glycol 

trialkoxysilane (PEG-TMS)), on SAR were studied (Figure 15S).  
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Figure 15S. Heating curves obtained on aqueous colloidal dispersions of PEG-TMS coated and CTAB coated 

cobalt ferrite samples at various concentrations. All curves are obtained at an initial temperature of 30 °C and 

under a magnetic field of f=183 kHz and H0 = 17 kA/m. 

As can be seen, even though the final temperature of the curves is different, the SAR values are equal within 

the experimental error at different concentrations and different coating molecules (except for the curve 

measured at 1 mg/mL where it is not possible to calculate the derivative dT/dt) and therefore they are 

independent of interparticle interactions. 

Table 6S. SAR values normalized for the oxide phase of the water dispersion of CTAB and PEGTMS CoC 

and CoC_Rep samples. 

Sample DXRD (nm) 
Concentration 

(mg/mL) 
Coating molecule SAR (W/gox) 

CoC 8.0 3.4 CTAB 32 (2) 

CoFe2O4 7.7 7.8 CTAB 30 (1) 

CoFe2O4 7.7 3.4 CTAB 31 (1) 

CoFe2O4 7.7 1 CTAB - 

CoFe2O4 7.7 7.8 PEG-TMS 32 (2) 

CoFe2O4 7.7 3.4 PEG-TMS 32 (2) 
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LITERATURE MFH STUDIES OF BIMAGNETIC SPINEL FERRITE-BASED CORE-SHELL 

NANOPARTICLES  

Table 7S. Size of the core (DCORE) and of the entire core-shell NP (DNP), effective anisotropy constant (Keff), 

saturation magnetization at room temperature (Ms
RT), coercive field at low temperature (Hc

LT) or at room 

temperature (*) for blocked NPs, frequency (f) and amplitude (H0) of the applied alternate magnetic field, 

specific adsorption rate (SAR), and intrinsic loss power (ILP).  . 

System 
DCORE 

(nm) 

DNP 

(nm) 

Keff 

(J/m3)·104 

Ms
RT 

(Am2/kg) 

Hc
LT 

(T) 

f 

(kHz) 

H0 

(kA/m) 

SAR 

(w/g) 

ILP 

(nH∙m2kg1) 
# 

CoFe2O4@MnFe2O4 5.9# 9.7# 1.2 75 0.92 

183 17 

20 0.38 

This 

work 

CoFe2O4@MnFe2O4 7.5# 13.2# 6.8 75 0.81 27 0.52 

CoFe2O4@MnFe2O4 9.0# 13.3# 4.8 70 0.56 43 0.81 

CoFe2O4@MnFe2O4 9.0# 14.9# 4.2 71 0.60 47 0.89 

CoFe2O4@Fe3O4 5.9# 10.9# 2.8 83 0.76 42 0.80 

CoFe2O4@Fe3O4 7.5# 12.8# 6.3 81 1.02 48 0.92 

CoFe2O4@Fe3O4 9.0# 11.7# 2.3 77 0.60 46 0.88 

CoFe2O4@Fe3O4 9.0# 12.8# 3.3 79 0.83 59 1.12 

CoFe2O4@MnFe2O4 9# 15# 1.5 - 0.25 

500 37.3 

2280 3.28 

46 

CoFe2O4@Fe3O4 9# 15# 2 - ~0.25 1120 1.60 

MnFe2O4@CoFe2O4 9# 15# 1.7 - ~0.8 3034 4.36 

Fe3O4@CoFe2O4 9# 15# 1.8 - ~1 2795 4.02 

Zn0.4Co0.6Fe2O4@Zn0.4Mn0.6Fe2O4 9# 15# - - - 3886 5.59 

γ-Fe2O3@CoFe2O4 3.9§ 4.3§ - 50 0.66 

300 7.7 

5.1 0.29 
47 γ-Fe2O3@CoFe2O4 3.9§ 7.1§ - 30 0.63 3.3 0.19 

γ-Fe2O3@CoFe2O4 3.9§ 10§ - - - 1.3 0.07 

CoFe2O4@MnFe2O4 6.5# 12.2# - 60 - 200 60 139 0.19 48 

MnFe2O4@Fe3O4 8.7# 11.9# - 60 0.2 
765 23.9 

40 0.09 
49 

CoFe2O4@Fe3O4 7.2# 12.2# - 73 1.1 450 1.03 

Zn0.4Co0.6Fe2O4@Zn0.4Mn0.6Fe2O4 7.6# 11# - 69 - 200 60.6 1343 1.83 50 

Zn0.2Co0.8Fe2O4@MnFe2O4 - 9.3§ - 54 - 

1955 - 

380 - 

51 
Zn0.4Co0.6Fe2O4@MnFe2O4 - 10.1§ - 62 - 420 - 

Zn0.6Co0.4Fe2O4@MnFe2O4 - 11§ - 52 - 470 - 

Zn0.8Co0.2Fe2O4@MnFe2O4 - 12§ - 47 - 520 - 

Zn0.17Mn0.68Fe1.90O4@ γ-Fe2O3 - 9.2§ 0.9 50 0.03 

265 12 

130 3.41 

52 

Zn0.23Mn0.61Fe1.93O4@ γ-Fe2O3 - 8.8§ 1.2 48 0.03 ~40 ~1.05 

Zn0.31Mn0.52Fe1.95O4@ γ-Fe2O3 - 6.2§ - 47 - ~25 ~0.66 

Zn0.31Mn0.47Fe2.01O4@ γ-Fe2O3 - 7.4§ - 40 - ~20 ~0.52 

Zn0.42Mn0.37Fe2.04O4@ γ-Fe2O3 - 5.9§ 1.5 39 0.03 ~20 ~0.52 

Zn0.39Mn0.30Fe2.13O4@ γ-Fe2O3 - 4.5§ - 39 - ~0 ~0 

Zn0.64Mn0.18Fe2.07O4@ γ-Fe2O3 - 4.9§ - 35 - ~0 ~0 

Zn0.62Mn0.10Fe2.16O4@ γ-Fe2O3 - 5.3§ 1.4 32 0.03 ~5 ~0.13 

Zn0.11Co0.90Fe1.99O4@ γ-Fe2O3 - 7.9§ 25 45 0.68 ~30 ~0.79 

Zn0.20Co0.81Fe1.99O4@ γ-Fe2O3 - 7.5§ - 28 - ~20 ~0.52 

Zn0.30Co0.67Fe2.02O4@ γ-Fe2O3 - 7.5§ 23 44 0.54 ~60 ~1.57 

Zn0.37Co0.58Fe2.03O4@ γ-Fe2O3 - 7.9§ - 48 - ~55 ~1.44 

Zn0.46Co0.48Fe2.04O4@ γ-Fe2O3 - 6.1§ 17 31 0.39 ~25 ~0.66 

Zn0.50Co0.37Fe2.09O4@ γ-Fe2O3 - 7.9§ - 26 - ~25 ~0.66 

Zn0.55Co0.29Fe2.11O4@ γ-Fe2O3 - 5.5§ 11 35 0.30 ~20 ~0.52 

Zn0.57Co0.20Fe2.15O4@ γ-Fe2O3 - 5.5§ - 26 - ~10 ~0.26 

Zn0.56Co0.10Fe2.23O4@ γ-Fe2O3 - 3.9§ 5.3 28 0.14 ~20 ~0.52 

CoFe2O4@MnFe2O4 6.7# 12.9# 3.9 - 0.5 

412.5 22.4 

553 2.67 
53 MnFe2O4@CoFe2O4 10.2# 14.3# 5.3 - 1.3 302 1.46 

MnFe2O4@CoFe2O4 7.3# 13.8# 8.5 - 2.2 291 1.41 

Fe3O4@CoFe2O4 6.4§ 8.2§ - 67 - 
310 63.7 

208 0.17 
54 

Fe3O4@CoFe2O4 7.8§ 9.6§ - 68 - 199 0.16 



Fe3O4@CoFe2O4 7.5# 9.9# 6.6 - ~0.7 

817 15.9 

~120 0.58 

55 

Fe3O4@Zn0.25Co0.75Fe2O4 7.5# 10.0# 6.3 - ~0.5 ~130 0.63 

Fe3O4@Zn0.50Co0.05Fe2O4 7.5# 9.4# 6.0 - ~0.4 ~190 0.92 

Fe3O4@Zn0.75Co0.25Fe2O4 7.5# 9.4# 3.2 - ~0.2 ~10 0.05 

Fe3O4@ZnFe2O4 7.5# 9.7# 07 - ~0 ~15 0.07 

CoFe2O4@AlFe2O4 10.3§ 14.1§ - 52 - 112 19.9 - - 56 

Fe3O4@CoFe2O4 9.1# 11.9# - 73 1.1 765 23.9 - - 57 

Fe3O4@CoFe2O4 6.3# 6.4# - 52 0.27 

300 7.96 

5 0.26 
58 Fe3O4@CoFe2O4 6.3# 8.3# - ~40 0.68 14 0.74 

Fe3O4@CoFe2O4 6.3# 11.3# - 28 1.01 2 0.11 

Zn0.4Fe2.6O4@CoFe2O4 50# 70# - 140 0.19* 500 37.7 10600 14.92 59 

CoFe2O4@MnFe2O4 - 14§ - 79 0.02* 50 19.9 - - 60 

CoFe2O4@MnFe2O4 15# 26# - 33 0.17* 
765 28 

73 0.12 
61 

MnFe2O4@CoFe2O4 10# 16# - 26 0.28* 160 0.27 

CoFe2O4@MnFe2O4 - 8.2§ - 45 0.2* 1955 - 300 - 51 

Fe3O4@CoFe2O4 7.8§ 12§ - 83 0.01* 

310 63.7 

461 0.37 
54 Fe3O4@ CoFe2O4 7.8§ 16.6§ - 68 0.05* 129 0.10 

Fe3O4@CoFe2O4 9.6§ 12.4§ - 76 0.03* 174 0.14 

*Measured at room temperature. #<DTEM>. §<DXRD>. 

  



EXPERIMENTAL SYNTHESIS CONDITIONS 

Table 8S Synthesis conditions for different metal oleates. 

Metals Oleate Inorganic salts Oleic acid NaOH Ethanol Water Hexane 

CoII-FeIII Fe(NO3)3: 16 mmol 65 mmol 66 mmol 20 mL 20 mL 20 mL 

Co(NO3)2: 8 mmol 

MnII-FeIII Fe(NO3)3: 16 mmol 65 mmol 66 mmol 20 mL 20 mL 20 mL 

Mn(NO3)2: 8 mmol 

FeII FeCl2: 24 mmol 60 mmol 54 mmol 20 mL 20 mL 20 mL 

Table 9S Synthesis condition for the pure spinel ferrite nanoparticles.  

Sample n Oleate 

(mmol)
a
 

1-pentanol 

(mL) 

Octanol 

(mL) 

Toluene 

(mL) 

Distilled 

water 

(mL) 

Temperature Reaction 

time 

CoA 6 20 - - 10 180 °C 10h 

CoB 6 10 10 - 5 220 °C 10h 

CoC 6 10 10 - 5 220 °C 10h 

Co_R 3 10 10 - 5 220 °C 10h 

Mn_R 6 10 - 10 5 220 °C 10h 
a
referred to M

II
-Fe

III
 oleates (M

II
 = Co

2+
 or Mn

2+
) 

Table 10S Synthesis condition for the core-shell nanoparticles. 

Sample Seeds 

(mg) 

n Oleate
 

(mmol)
a
 

1-pentanol 

(mL) 

Toluene 

(mL) 

Distilled 

water 

(mL) 

Temperature Reaction 

time 

CoA@Mn 105 1.34 10 10 5 220 °C 10h 

CoA@Fe 50 2.5 10 10 5 220 °C 10h 

CoB@Mn 50 1 10 10 5 220°C 10h 

CoB@Fe 50 1 10 10 5 220°C 10h 

CoC@Mn1 50 2.5 10 10 5 220°C 10h 

CoC@Mn2 50 1.5 10 10 5 220 °C 10h 

CoC@Fe1 50 4 10 10 5 220°C 10h 

CoC@Fe2 50 2 10 10 5 220 °C 10h 
a
Referred to Mn

II
-Fe

III
 Oleates (CoA@Mn; CoB@Mn; CoC@Mn1; CoC@Mn2) or Fe

II
 Oleate 

(CoA@Fe; CoB@Fe; CoC@Fe1; CoC@Fe2) 
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