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EELS Characterization

EEL spectrum images allowed elemental mapping and quantification of the Mn/Fe Core-Shell
structure of samples CS1 and HW1,' as shown in Figure Sla. The acquired spectra confirm the
presence of MnO in sample CS1 and Mn3;0, in sample HW1 as shown in Figure S1b,c. As can
be clearly seen the ratio between Mn L3 and Mn L, lines is higher for sample CS1 than for
sample HW1 indicating that in sample CS1 Mn has a lower oxidation state. The comparison
with literature values shows that CS1 consists of mainly MnO while HW1 is Mn304.1 A plot of

the fine structure parameters compared to literature values is presented in Figure Slc.
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Figure S1. a Mn and Fe maps of integrated L, 3 edge signal for samples HW1 and CS1 with
profiles from the highlighted areas, b Spectra from the Mn regions in samples HW1 and CS1
and ¢ plot of the fine structure parameters from the spectra in b compared to the literature

values'.
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Structural data from XRD

Table 1. Structural data obtained from Rietveld refinement of the XRD patterns for the
different samples.

Mn304 MnO Fe304 w%
a c cs a cs a' cs
(nm) (nm) (nm) (nm) (nm) | (nm) (nm) MnO/Mn;0./Fe;0,
S1 0.578 0913 10 0.442 13 | - | - 65/35/0
CS1 0.598 0.953 11 0.453 10 0.864 4 49/18/33
HW1 | 0.576 | 0.928 18 | - | - 0.839 5 0/57/43

a and c, cs, a’ and w% refers to the cell parameters for the tetragonal spinel, crystalite
size, cell parameter for the cubic spinel and weight fraction, respectively.

Magnetic Properties

[V
o
(¢}

- \ N
2 ]
3 ——CSt IS z ]
£ 051 —— HW1 >4 ' —— £ N
S ¥e! Cs1 g 1
S 00 c S I~ Hw1_ —
T L S S L L —
N © B ——5k0e
‘a_)' '05— | .N .5 ] w10 kOe
o ] 6 HW1 e w50 kOe
) c & 1
© D =
= 10/ i CEU ] \/\
[15 10 5 o 5 10 15 ] \/—\
T T T T T T T T T 1 _/\
-60 -45 -30 . -15 O 15 30 45 60 0 50 100 150 200 250 300 0 50 100 150 200 250 300
Applied Field (kOe) Temperature (K) Temperature (K)

Figure S2. a Field cooled hysteresis loops at 10 K for the S1, CS1 and HW1 samples. The inset
shows a magnification of the low field region of the loops, b FC(black)/ZFC(red) magnetization

curves acquired at 50 Oe and ¢ FC magnetization curves measured in different fields.
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Role of H,O and other synthetic parameters in the hollowing mechanism
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Figure S3. XRD patterns and TEM images for samples annealed with a deoxygenated (Argon-

bubbled) H,O, b compressed air and ¢ H,O,.
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Figure S4.

Seed S2

£ @ - A — Rietveld
3 n T ] refinement
° 2 3
25 g |
g g 8 ]
©
+ 3
w f=a
ko)
8 10 11 12 13 14 15 16 < . v T T T T T T T
Particle size (nm) 28 30 32 34 36 38 40 42 44 46 48
Scaittering angie (20)
Hollow HW2
- % | "- Fea°4
5. 3 7 Mn,O,
38 =N ] — Rietveld
> £ S
ol refinement
Sg 2 |
[ ) i i Eg g
i | (i i )
SR 0 T B 18R 28 30 32 34 36 38 40 42 44 46 48

Particle size (nm)

Scattering angle (20)

TEM images, particle size hystograms and XRD patterns for the pure Mn3;O4

nanoparticles, S2, and for the HW2 nanoparticles. Scale bars correspond to 20 nm.

Figure SS.
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a XRD patterns for samples annealed with (CH3);NO at 110 and 220 °C, b TEM

images of the hollow HW3 nanoparticles and ¢ particle size hystogram.
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Effect of oleic acid/oleylamine in the hollowing process

The effect of oleic acid/oleylamine in the reaction was tested in order to confirm the galvanic
replacement as the main hollowing mechanism, and to discard any acid etching mediated
process. Core-shell MnO/Mn3;O4 and pure Mn;O4 nanoparticles were solved in dibenzyl ether
and heated up to 220 °C and a mixture of oleic acid/oleylamine was injected (without the
presence of the iron precursor), since it has been reported that organic acids can hollow oxide
particles through acid etching” at high temperatures. However, as can be seen in Figure S6a,b,
the resulting nanoparticles do not show the appearance of the voids characteristic of hollow
structures. Therefore, etching processes can be discarded to play a major role in the hollowing
process in the Mn3;O4-Fe;O4 systems, leaving galvanic replacement as the most probable
responsible mechanism in the formation of hollow nanoparticles.

Finally to study the effect of the bonding strength of the capping ligands of the seeds on the
kinetics of the formation of the heterostructures,’ the capping ligand of pure Mn;Oy4 seed
nanoparticles was exchanged from oleylamine to oleic acid, since oleic acid has a much stronger
affinity to Mn atoms. However, the hollowing process due to the iron deposition is not affected
by the change of ligand (see Figure S6c). Therefore, it can be concluded that the kinetics of the
galvanic replacement is not strongly modified by the higher bonding strength between surface
manganese atoms and the carboxylic group of the oleic acid. Indeed, here the affinities of NH,
and COOH groups for the oxides are similar and low, while the contrary is observed in the case
of AgAu nanoparticles where the affinity of NH, groups is much higher than that of COOH

functional groups.’
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Figure S6. TEM images for a core/shell MnO/Mn304 and b pure Mn3;O4 nanoparticles heated
and digested after the injection of a mixture of oleic acid/oleylamine; and ¢ pure Mn3;Oq4
nanoparticles oleic acid capping agent exchange after seeded-growth iron deposition (Scale bars

50 nm).

Capping ligand exchange

40 mg of as-prepared S2 nanoparticles were disolved in a mixture of 20 mL of 1-octadecene and
5 mL of oleic acid, degassed and hetead up to 80 °C for 24 hours. The nanoparticles were washed
by several cycles of coagulation with ethanol, centrifugation at 5000 rpm, disposal of supernatant
solution and re-dispersion in hexane.

The exchange of the capping ligand for sample S2 has been corroborated by the analysis of the
respective Fourier transform infrared (FTIR) spectra. Figure S8 shows characteristic C-H
aliphatic symmetric and asymmetric stretching vibrations in the range of 2840-2950 cm™ typical
for hydrocarbon chains. In particular as-prepared S2 nanoparticles with the band for N-H stretch
at 3425 cm’, indicate the presence of the oleylamine as a capping ligand. Conversely, after
ligand exchange reaction with oleic acid absorption bands associated to the N-H stretch

disappear and an extra band related to the C=0 stretching is observed at 1700 cm™ giving
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evidences of the complete exchange of oleylamine by oleic acid as it is expected due to the

higher affinity of oleic acid for manganese ions than oleylamine.
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Figure S7. FTIR spectra for sample S2 capped with oleylamine and oleic acid, respectively.

Fe precursor reduction

It should be pointed out that in our case the iron precursor is in a trivalent oxidation state which
is then reduced to Fe’" by the generated reducing agents (i.e., CO and H,)*® in the degassed
environment during the decomposition of the organic chain of the metal precursor and free

surfactants’, leading to the kickoff of the galvanic replacement.
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