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ABSTRACT: Magnetic nanoparticles are central to the
development of efficient hyperthermia treatments, magnetic drug
carriers, and multimodal contrast agents. While the magnetic
properties of small crystalline iron oxide nanoparticles are well
understood, the superparamagnetic size limit constitutes a
significant barrier for further size reduction. Iron (oxy)hydroxide
phases, albeit very common in the natural world, are far less
studied, generally due to their poor crystallinity. Templating ultra-
small nanoparticles on substrates such as graphene is a promising
method to prevent aggregation, typically an issue for both material
characterization as well as applications. We generate ultra-small
nanoparticles, directly on the carbon framework by the reaction of
potassium graphenide solution, charged graphene flakes, with
iron(Il) salts. After mild water oxidation, the obtained composite
material consists of ultrasmall potassium ferrite nanoparticles,
bound to the graphene nanoflakes. Magnetic properties as
evidenced by magnetometry and X-ray Magnetic Circular
Dichroism, with open magnetic hysteresis loops near room
temperature, are widely different from classical ultra-small
superparamagnetic iron oxide nanoparticles. The large value
obtained for the effective magnetic anisotropy energy density K
accounts for the presence of magnetic ordering at rather high
temperatures. The synthesis of ultra-small potassium ferrite
nanoparticles in such mild conditions is remarkable given the harsh
conditions used for the classical syntheses of bulk potassium
ferrites. Moreover, the potassium incorporation in the crystal lattice
occurrs in the presence of potassium cations under mild conditions.
A transfer of this method to related reactions would be of great
interest, which underlines the synthetic value of this study. These
findings also shed new light on the previously reported electro-
catalytic properties of those nanocomposite materials, especially
for the sought-after oxygen reduction/evolution reaction. Finally,
their longitudinal and transverse proton NMR relaxivities when
dispersed in water were assessed at 37°C under a magnetic field of
1.41T, allowing potential applications in biological imaging.

Introduction: Developing and exploiting size calibrated magnetic
nanoparticles (mnPs) has been envisioned to improve the current
state of technology in a wide range of disciplines e.g. catalysis,
biomedicine, magnetic resonance imaging, and data storage.'~> For
every ferromagnetic material, a certain domain size limit exists,
varying typically between 10 to more than 100 nm,%’ below which
superparamagnetism is observed. For nanoparticle the size of
which is less than a magnetic domain size, the energy to maintain
different domain sizes is too large. Consequently each nanoparticle
behaves like a giant paramagnetic atom, exhibiting i) large constant

magnetic moment, ii) fast response to applied magnetic fields, iii)
negligible remanence and coercivity. Moreover, shape, exact
composition, and magneto-crystalline anisotropy are also critical
parameters that influence the magnetic properties, due to the
interplay between finite-size effects, surface anisotropy, and spin
disorder.?

Iron oxides are among the most studied magnetic materials, due to
their high natural abundance, low price, superior bio-compatibility,
and technological importance.” They exist in a wide range of
compositions and polymorphs, e.g Fe;0,, y-Fe,Os, exhibiting
typically good crystallinity and well-defined structures both in the
bulk phase and as nanoparticles. For small nanoparticles
superparamagnetism is observed in poorly ordered ferrihydrite
(FesHOg-4H,0), i1 the naturally occurring mineral feroxyhyte (6°-
FeOOH), and in synthetic nanoparticles of hematite (<8 nm),
magnetite (<10-15 nm), maghemite and antiferromagnetic goethite
(<15-20 nm).?

Sintering at high temperatures (typically 1000 °C and above) of
iron oxides or (oxy)hydroxides with alkali or alkaline earth metals
leads to ferrites, such as the hard hexagonal ferrites AFe ;019 (A=
Ba, Sr). For potassium ferrites,'? a variety of ternary phases have
been described in the literature,!! exhibiting some unusually high
oxidation states such as in K,FeO,, K3FeO,4, and K,FeOs.!2 The
more typical Fe(II)/Fe(III) states can be found: in potassium ferrites
such as KFeO,,'>* K4Fey)Og,'5 Ki4Fe 013,'% and a variety of
different phases with the general composition K,O-nFe,0s:
K,Fe 0,7 and K-B-ferrite K,Fey034.!8 For stoichiometrically pure
phases containing only Fe(III), several compounds are known such
as K,:,Feyn034, K-B-"-ferrite KyFesn034,'! and recently, the mixed
oxo-hydroxoferrate K, Fe407.,(OH),.'* While orthorhombic
KFeO; is an antiferromagnet, comprised of infinitely linked Fe3+
03~ tetrahedra,'® K Fe» 034 has a hexagonal layered structure,
with spinel-like ferrimagnetic blocks —(O4Fe;);—Os—comprised of
both tetrahedral and octahedral iron atoms kke as in Fe;O,4. These
layers are separated and coupled antiferromagnetically by [FeOq]
pillars, enclosing cavities where potassium cations are located and
surrounded by nine oxygen atoms.!°?! The K-content can be
modulated either by increasing the thickness of the spinel blocks,
thus continuously approaching pure Fe;O,, or directly by a
variation in the occupation of the K,O sublayers. Surprisingly,
while extensive efforts have been devoted to the synthesis in mild
conditions of small to ultrasmall nanoparticles of a vast variety of
ferrites, very few results have been published on potassium ferrites.
The only report is on KFeO, nanoparticles about 5.5-6.0 nm in
size.?? Antiferromagnetism and opening of a magnetic hysteresis at
room temperature, with a saturation moment of 0.58 pp/Feat 1.5 T
were observed. This scarce interest in nanoscale downsizing of
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such compounds is all the more surprising given their utility in a
variety of  catalytic  processes and as  solid-state
electrolytes.!1:18.19.23-28

Carbon templated magnetic nanoparticles?-3! are sought after for
biological applications such as magnetic and combined magnetic-
photonic hyperthermia treatment,3> magnetic drug carriers,> or
multimodal contrast agents for bioimaging,3* } and as negative
contrast agents in magnetic resonance imaging (MRI).353¢
Recently, some of us have reported the synthesis of 2-5 nm
diameter iron oxide/hydroxide nanoparticles grafted to the
framework of graphitic nano carbons (Fe(nP)/nC), 73 by
exploiting the low reduction potential of graphenide solutions.3%40
Graphenide solutions can be obtained upon dissolving potassium
intercalated graphite or graphitic nanocarbons and are stable under
inert conditions, and in aprotic solvents.*!~#° Graphenide solutions
are strong reducing agents and have been used to graft functional
moieties covalently to the carbon framework.3-52 By the addition
of anhydrous metal salts (here [Fe(BF4),(THF)y]), a charge transfer
from the graphene sheet to the metal cations occurs, leading
presumably to the formation of zero-valent iron metal nanoparticle
attached to the carbon framework. The subsequent workup in water
outside of the glovebox led to the oxidation of these nanoparticles,
which remained tethered to the nanocarbon framework.’? This
nanocomposite was found to be a highly-performing bi-functional
catalyst for the oxygen reduction and oxygen evolution reaction.
The versatility of this chemical platform is highlighted by the fact
that virtually every d block metal salt may be reduced by
graphenide, forming nanoparticles about 2-5nm in diameter,
grafted onto the nano-graphene sheets.*0->*

In our previous work, >3 we argued that the oxidation of graphenide
solutions by ferrous cations leads to the decoration of the graphene
nanosheets by iron oxide or (oxy)hydroxide nPs. In the present
contribution, the magnetic properties of the Fe(nP)/nC
nanocomposite have been studied in detail by a combination of
techniques: Mssbauer spectroscopy, magnetometry, Fe L-edge X-
ray absorption spectroscopy, and proton NMR relaxometry. As a
result, remarkable magnetic properties have been observed, which
are unusually strong for mnPs of such small sizes. After re-
evaluation and refinement of the structural characterization, with
detailed HR-TEM, ICP-OES, XPS analysis corroborated by Fe L-
edge X-ray absorption spectroscopy, the composition for the
composite material was determined to be closer to potassium
ferrites than pure iron oxide or (oxy)hydroxide. Such alkali metal
ferrites are usually obtained in much harsher conditions upon
calcination.!® In contrast, the oxidation step of the nanoparticles
here occurs at room temperature, once removed from the inert gas
atmosphere, by a simple aqueous workup. Arguably, the presence
of potassium cations in the course of the workup leads to the
incorporation of those cations in the nanoparticle crystal structure.
This finding allows the generation of potassium ferrites under mild
conditions and highlights the synthetic value of the underlying
synthetic strategy. Moreover, this study provides a detailed picture
on those composite materials and indicates why they have proven
to be excellent electrocatalysts for the oxygen reduction and
oxygen evolution reactions, ¥ and, similarly to other carbon
templated iron oxide nanoparticles, promising candidates for
biological applications such as magnetic hyperthermia, magnetic
drug carriers, or multimodal contrast agents for bioimaging.

Results:

The grafting to the nanocarbon flakes was performed according to
a literature procedure (Scheme 1). We had previously estimated the
amount of iron in the composite material to be between 2.5 and 3
at% by TGA, assuming that the combustion residue was a-Fe;0;
(hematite) after TGA measurement up to 750 °C.>*
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Scheme 1 Reaction of the graphenide solution, generated by the
dissolution of potassium graphite intercalation compounds (KCs)
in THF with dissolved Fe(BF,),. Magnetic iron nanoparticles are
found on the carbon framework, exhibiting a composition close to
K,Fe 07, or Ky Fes074(OH), (synthetic details can be also be
found in ref %)

Magnetic characterization was subsequently carried out, and the
main result was magnetic ordering at room temperature. This
observation is truly surprising since such ultrasmall nanoparticles
are expected to be superparamagnetic and show freezing of the spin
domains at much lower temperatures (e.g. below ~10-15 K for
<3 nm nanoparticles of maghemite,’**® maghemite/magnetite,*’
iron,3 cobalt ferrite’®, or manganese ferrite®®). We investigated
further the magnetic behavior of those Fe(nP)/nC nanocomposites
at in the bulk through standard magnetometry (further details in
ESI). A preliminary XPS survey confirmed, as previously seen,® a
preponderance of O, C, and Fe. The small amount of Si observed
is likely adventitious contamination originating from an etching of
the glassware by the fluorinated anion as previously observed (see
Figure S1. in Supporting Information (ESI)).t; After careful
evaluation, we also determined the presence of residual K, but its
low cross-section at the Al K, energy prevented a reliable
quantification. High-resolution O 1s, Fe 2p, and Fe 3p spectra were
obtained and after background subtraction with the corresponding
Shirley functions, deconvolution with the Gupta and Sen multiplet
structure corresponding to Fe(III)%2-%* yielded satisfactory fits (see
Figure S2). The resulting peaks and their attribution in light of the
literature for iron oxides®?-%4 and hydroxides®’ are reported in Table
S1 (ESI). The absence of peaks below 55 eV for Fe 3p and below
710 eV for the Fe 2p spectra®®% confirms that the iron is
exclusively in oxidation state (I1I), without any traces of Fe(II) or
residual Fe(0).% Meanwhile, the O 1s spectrum evidences the
presence of a lattice hydroxyl peak 1.1 eV above the lattice oxide
main peak.

Chemical characterization (Inductively-Coupled Plasma Optical
Emission Spectroscopy, ICP-OES):

We measured the content of Fe, B, and K of solutions resulting
from the complete digestion of the Fe(nP)/nC nanocomposites (see
Experimental Section). No residual boron content was quantified,
confirming that the work-up step successfully removes the
expected by-product of the oxidation reaction, KBF,4. Nevertheless,
potassium itself was not completely removed in agreement with the
XPS survey. More surprisingly, we found that the potassium
content was not negligible, amounting to 3.2% w/w. The iron
content was found to be 8.5%, instead of the 16.7% derived from
TGA assuming the combustion residue to be o-Fe,Os.
Accordingly, the ICP analysis of the TGA residues showed Fe
contents at 47.4%, well below the 69.9% expected for Fe,Os.
Overall, the atomic ratio Fe/K is close to 2. A XRD diffractogram
was obtained on the TGA combustion residue before the ICP
digestion (Figure 1). Despite the unfavorable signal-to-noise ratio,
the measured diffraction pattern shows that hematite is present
together with another phase that corresponds nicely to K,Fe;,034.
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Figure 1. Powder diffractogram of the TGA combustion residue
(black line), with a profile-matching simulated diffractogram (red
line) using the cif files of hematite (Bragg peak positions in blue)
and K,Fe0;4 (Bragg peak positions in violet), with residual
plotted in dark cyan. ICP analysis of this residue yielded 29.8(3)%

Fe and 12.1(1)% K. No satisfactory combination of only hematite
and K,Fe,,034 fitted those values.

We reinvestigated more precisely the size distribution of the
nanoparticles by means of high-resolution transmission electron
microscopy (HR-TEM) analysis.?**° It must be stressed that those
objects are particularly difficult to image correctly given the strong
tendency of the graphene nanoflakes to aggregate during reaction.
After some optimization, drop-casting the suspension resulting
from sonication in THF allowed us to record about 40 images of
the composite materials containing randomly orientated,
aggregated carbon layers and iron containing nanoparticles (see
Figure 2a as a representative picture). The sizes of 137 individual
Fe(nP) (see Figure 2b) yielded the frequency histogram in Figure
2c¢. By fitting the histogram with a log-normal distribution, the -
average particle size has been determined to be 2.8 nm, with a
characteristic width o tgy =0.1. These results agree well with the
previously estimated sizes between 2-5 nm.* The standard
deviation is only about 0.3 nm, allowing us to conclude that this
reaction provides well sized calibrated nanoparticles, which are
bound to the basal plane of the carbon nanomaterial. It must be
stressed that the nanoparticles shown indeed contain iron, as was
previously shown by EELS and EDX measurements.340
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Figure 2. a) HR-TEM images of the composite material Fe(nP)/nC;
b) close-up on one Fe(nP) nanoparticle; ¢) histogram of the size
distribution of iron nanoparticles, shown to be centered at 2.8+0.3
nm based on a log-normal fitting of the data of (non-dimensional)
width parameter 6=0.1

Maossbauer spectroscopy:

Semi-quantitative MdJssbauer spectra were measured on the
Fe(nP)/nC nanocomposite. Spectra obtained at room temperature
and 4 K (Figure 3) show the occurrence of magnetic ordering, and
fits were attempted considering either quadrupolar or hyperfine
magnetic field splitting distributions, reflecting in part the poor
signal-to-noise ratio but also a likely variation in the local Fe
surroundings (values reported in Table S2). Isomeric shifts for both
components corroborate the presence of Fe(Ill) evidenced by XPS
analysis. The spectrum at 4.2 K is slightly improved, and can be
fitted with two very close sextets: isomeric shifts are around 0.5
mm/s, quadrupole splitting close to zero and hyperfine magnetic
fields distributed around 44 and 51 T.
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Figure 3. Transmission ’Fe Mdssbauer spectra of Fe(nP)/nC at
293K (top) and 4.2K (bottom), with experimental data (black
circles), total calculated spectra (red line), and the two individual
components (green and blue dotted lines, see table S2 in ESI).

Magnetometry:

The Zero-Field Cooled/Field Cooled (ZFC-FC) measurement on
one batch of the Fe(nP)/nC nanocomposite is presented in Figure
4. These ultrasmall nanoparticles start showing magnetic ordering
at a surprisingly high temperature, evidenced by the divergence of
the two curves below 339+1K. This is the so-called irreversibility
temperature, Tj,, below which the superparamagnetic giant spins
start freezing in the largest nanoparticles of the distribution. The
ZFC magnetization curve is seen to increase with temperature,
reaching a quite flat maximum at 7y, = 110+5K. This maximum
should correspond to the freezing of spins for the nanoparticles of
the most abundant size. This Ty, temperature is related to the
average blocking temperature Tp,° that is the temperature for
which the superparamagnetic relaxation time corresponds to the
experimental time window. With Tmax=pf (TB), with the
proportionality constant f= 2, we have thus 75 = 55 K. With (Kee)
= kplsIn (Tmf 0)/(V), taking the average volume (V) from the
TEM measurements, the frequency factor f; estimated at 10° s71,67
and the characteristic measurement time z,, = 50 s, we can estimate
an effective anisotropy constant for the nanocomposite (Ke) =1.6
x 10% Jm3. This value is much higher than anisotropy constant
values for pure iron oxide nPs which are typically in the 5x103-

1.5x10* Jm- range (e.g. see nanoparticles between 2.5 and 16nm,
see S6.6869)
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Figure 4. Zero-Field Cooled/Field Cooled (blue circles and black
squares respectively) measured under 5 mT for Fe(nP)/nC.

Evidence of a slight evolution of magnetic properties at
temperatures above ambient conditions is found in the isothermal
magnetization curves measured at and above room temperature
(Figure S3). Indeed, below 300 K hysteresis loops describe fully
closed symmetrical curves with symmetrical saturation values,
from 300 to 350 K. While the hysteresis loops appear to open up
around zero field they fail to describe closed curves at high field.
This change in the nanocomposite may certainly be linked to the
presence of surface and structural hydroxyl groups and water
moieties that can be removed at high temperatures, which would
account for the alteration of the magnetic properties. A similar
evolution was seen with time, with measurements performed after
two months on a sample from the same batch (kept at room
temperature), up to only 250 K to avoid the evolution previously
seen (labelled forthwith 27¢ measurement). In the ZFC-FC curve,
divergence occurred only at about 250 K (Figure S4). The observed
behavior was nonetheless similar, the difference in the maximum
of the ZFC curve at Tp,,x = 1031 K being small, the blocking
temperature 75 = 52 K, and the derived effective anisotropy
constant {Kefr) = 1.5 x 10° Jm are almost unchanged.

The field dependence of the magnetization, measured between 1.8
and 250 K on the aged sample (Figure 5), evidenced opening of the
hysteresis loops below 250 K. Hysteresis loop opening has also
been observed on somewhat larger KFeO, nanoparticles (4 to 7
nm).22

0.1
0.5+
)
w01
1]
=%
g
-0.54.

Figure 5. Field dependence of the magnetization for Fe(nP)/nC
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measured between 1.8 and 250 K (in step mode). Inset: close-up in
the low-field region showing the opening of the hysteresis loops.

While coercive field H, and remnant magnetization M, are readily
extracted from the curve, the saturation magnetization value Mg
was extracted from a fit using the law of approach to saturation
(LAS, see full discussion in ESI):7°

b
M(T,H) = MS(T)[l —?] + xo(TH

The values of Ms, M, and wH., together with b and yo(7) are
reported in Table S3 in ESI, the evolution of Mg with temperature
is reported in Figure 6, and evolutions with the temperature of the
two other parameters of the fit, b and y,(7) are reported in Figure
S5 in ESI. The b parameter is usually of interest, in particular for
nanoparticles, due to its link to the magnetic anisotropy constant K

2
of the material, by b =ﬁ(K/Ms) , with B = 8/105 for cubic
anisotropy or #=4/15 for uniaxial anisotropy.’®”! This relationship
cannot be used here, unfortunately, in the absence of the
composition and the crystallographic mass density of the actual
material.

T o
PN 171 1 S——
W
[11]
=
= 1 0.50-

045 10 100

0.0 : T

0 100 T/IK 200

Figure 6. Evolution of the Fe(nP)/nC saturation magnetization Mg
with temperature. Mg was obtained by fitting the 15 (black squares)
and the 2" (red circles) magnetometric measurements as described
in the text. Mg obtained from XMCD spectra through sum rules
application are also reported for comparison (blue stars, see the
next section for details and discussion). Fits with the standard
Bloch law are reported as black solid and red dashed lines, with the
generalized Bloch law as magenta dotted line. Inset: close-up with
the temperature in logarithmic scale.

We fitted the saturation magnetization Mg with the standard Bloch
law (see ESI for full details, and the fit curves in Figure 6). For the
2" measurement on the aged batch, the increase of Mg with
decreasing temperature below 10 K led us to limit the fit to above
that temperature. Overall values for the saturation magnetization
did not change significantly over time: Mg/pg are 0.572(3) and
0.5484(8) per iron atom at 0 K respectively. At low temperatures,
the observed upturn from the Bloch law 7%?2 behavior expected for
the bulk has been previously reported for nanoscale ferromagnetic
materials. Such an upturn has been explained to be due to defects
induced by the nanostructuration, which permits Bose-Einstein
condensation of magnons. The entropy contribution associated
with this phenomenon introduces a correcting factor to the standard
Bloch law.”? A generalized Bloch law, derived analytically
considering a Heisenberg spin model taking into account size,
shape, and surface boundary conditions effects was proposed for
ferromagnetic nanostructures.” Using that model (see full details
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in ESI) provided a more satisfactory fit of our data over the whole
temperature range (R? increased from 0.9939 to 0.9985, see the
magenta line on Figure 6 and inset), supporting size-effects induced
by the scale of the nanocomposite.

The evolution with temperature of the remanent magnetization
extracted from the hysteresis measurements is reported in Figure
S6. For non-interacting particles, remanent magnetization is related
to the distribution of anisotropy energy barriers:39-66:67

M (T) M.(0) p=
MS(T) a MS(O) TB/<TB)

where y = T) ATg) is the reduced blocking temperature,
fy) is the distribution of reduced blocking temperatures,
and M(0)/Ms(0) is the reduced remanence at 0 K. The
latter is expected to be 0.5 in the Stoner-Wohlfarth
model” for an assembly of independent particles with
magnetic moment MgV, uniaxial anisotropy and
randomly oriented easy axes.5>% The variation of M, with
temperature was found to be roughly exponential (Figure
S6). It should be mentioned that the temperature
derivative of this reduced remanent magnetization is a
direct measurement of the energy barrier distribution,
and accordingly of blocking temperatures,®’ thus the
derivative curves were fitted with a log-normal
distribution (Figure S6). For both datasets, the
M;(0)/Ms(0) factor was found to be indistinguishable
from 0.5. The distributions of the Ty values were found
to be centered at 45(7) K and 51(16) K respectively for
the 1 and 2 (i.e. on the aged sample) measurements.
Considering those values as the average blocking
temperatures,> they agree well with the previous values
deduced from the ZFC measurement. The variation of the
coercive field H, with temperature (Figure S7) closely
follows that observed for the remnant magnetization.
Here three regimes are much more clearly observed, with
evolutions of the form H, = Hyexp(-1/ Tj), and crossover
temperatures of about 60 and 200 K, and 20 and 170 K
respectively for the 15t and 2" measurements. While such
an exponential dependence has been observed previously
and accounted for by surface-to-core exchange coupling
(exchange anisotropy),> this is not the temperature
dependence expected for a uniform spin rotation.”

fdy

Curves of the thermal variation of the in-phase () and out-of-
phase (m ) magnetic moments are reported in Figure S8. At 250 K,
m” is non-zero but appears to be frequency independent, while m’
shows similar behavior to the ZFC curve but is frequency-
dependent. Both components show frequency-dependent peaks,
between 112 and 165 K for m” and 50 and 78 K for m ”, which then
decrease towards zero. With no evidence of strong inter-particle
interactions, the frequency dependence is ascribed to the blocking
process of the superparamagnetic nanoparticles and thus well-
described by the Néel model.”>7 The temperature dependence of
the magnetization relaxation is expected to follow an Arrhenius law
T = Toexp (<K9ff)(v>/ kBT), with attempt time 7; expected in the 10-
to 10712 s range for isolated superparamagnetic nanoparticles.”
Figure S8 reports the linear fit on the m” maxima for different
observation times 7,=1/2mv, where v is the frequency of the
oscillating field (R? = 0.9872), yielding a slope of 1261(54) K and
an intercept of 2.2 x 10-!1's. The fitted intercept 7 is in the expected
range, while the slope yields (Kef) = 1.5 x 10° Jm™, in perfect
agreement with the value found from the ZFC curves.

X-ray Absorption Spectroscopy:

The samples were investigated by X-ray Absorption Spectroscopy
(XAS) and X-ray Magnetic Circular Dichroism (XMCD) at the
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DEIMOS beamline at the SOLEIL synchrotron light source
(France)’™. We used the element selectivity of the XAS technique
to probe the nanocomposite properties at the L, ; absorption edges
of Fe. We used here the highly sensitive Total Electron Yield
(TEY) detection mode.”> Because of its high sensitivity to site
occupancy, XMCD can be used to unambiguously prove the
presence of tetrahedrally coordinated ions in iron oxides or
oxyhydroxides’®78. The XMCD signal can thus basically
distinguish contributions from Fe(Ill) versus Fe(Il) ions, Fe(III)
ions on octahedral sites versus Fe(IIl) on tetrahedral sites, and Fe
spin and orbit magnetic moments parallel versus antiparallel to the
external magnetic field. In Figure 7, we report the XAS and XMCD
measurements at 1.8, 4, 60 and 150 K under a 2 T saturation field,
and the magnetization curves followed at the maximum of the
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XMCD signal. In the XAS and XMCD spectra, the observed peak
and the respective peak profile are in good agreement with a
tetrahedrally coordinated Fe(I11).76-78 In all the XMCD spectra in
Figure 7, no small shoulder on the first negative peak of the
dichroic signal at 708.0 eV is seen, thereby excluding the presence
of Fe(I1).” At the Ls- edge, according to previous multiplet theory
calculations,’®78 the positive peak labelled as A on Figure 7 left is
ascribed to tetrahedral iron (T}), while the two negative peaks
labelled as B, and B, are ascribed to octahedral iron (Oy). At the
L,-edge, the peaks remain essentially positive, due to the
competing influence of the Ty, and Oy sites. One can use the ratio of
the A to B, peaks, to discriminate between iron oxides/hydroxides
phases. We report the ratios for the tested Fe(nP)/nC sample at the
various measurement temperatures in Table S4.
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Figure 7. (left) XAS normalized spectra of Fe(nP)/nC at four different temperatures and relative XMCD spectra at L, 3 edges; (right) XMCD
detected magnetization curves for (1n,k)=0° angle as a function of temperature in Fe(nP)/nC. These magnetization curves were measured in

the same condition for all the samples (0.05 T s™! scan speed).
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The spin and orbital contributions to the magnetic moments of the
cluster atoms can be separated, within the theoretical framework of
the XMCD sum rules,3-83 a quantitative analysis based on the
integration of the XAS and XMCD spectra.’* We obtained the
orbital (mp) and spin (ms) magnetic moments on the Fe cations
following the procedure detailed in ESI. Values obtained at
temperatures of 1.8, 4, 60 and 150 K upon an applied magnetic field
of 2 T in the direction parallel to the beam are reported in Table S5
in ESI.

We followed the sample magnetization by fixing the beam energy
at the value at which the XMCD signal is maximal (see Figure 7).
The magnetic hysteresis is clearly opened at 1.8 K. The coercive
field at 1.8 K, at about 0.1 T, is remarkably larger than the one
observed by magnetometry at the same temperature (37 mT). While
decreasing, the hysteresis loop opening could still be observed up
to 150 K. At higher temperatures the XMCD signal was too weak
to be followed.

Relaxometry:

We completed the magnetic characterization of the nanocomposites
with 'H NMR relaxometry, performed at human body temperature
(37°C), on a series of Fe(nP)/nC magnetic nanoflakes dispersed by
strong sonication in water, with the help of a polymer dispersant,
poly(acrylic acid) (PAA). The hydrodynamic diameters of the
dispersions were measured by dynamic light scattering (DLS) in
backscattering mode, well adapted to strongly light absorbing
samples like graphene suspensions. The iron concentration of each
sample was estimated by spectrophotometry (see Experimental
section and Figure S12). Three suspensions were prepared with the
following characteristics: [Fe]=0.67 mM (hydrodynamic diameter
dy=320 nm, polydispersity index by 2" order Cumulant analysis
PDI=0.26); [Fe]=0.40 mM (dy=114 nm, PDI=0.278); [Fe]=0.17
mM (dy=112 nm, PDI=0.225). Then the longitudinal and
transverse nuclear proton relaxation times 77 and 75 at 60 MHz
(1.41 T) of water molecules were measured at these three different
equivalent iron concentrations (Figure 8). From the slopes of the
plots of the relaxation rates R;=1/T, and Ry=1/T, versus [Fe], we
obtained a r; longitudinal relaxivity of 0.899(67) mM-'s!, and a r,
transverse relaxivity of 24.94(14) mM-1s"!, which will be discussed
within the framework of the accepted inner and outer sphere
models of (super)paramagnetic contrast agents for MRI.

0.5+
- -10
o s
= o
~ —
I Bk
© l
1 & 4 ——R1=0.899(67)[Fe]+0.251 RZ:0.9972: D?
/'/ — —R2=24.94(14)Fe]+1.22 R*=0.9999}
0.0 - . . " T . —L0
0.0 [Fe]/mM 0.5

Figure 8. Proton relaxation rates: plot of R=1/T) (black squares)
and R,=1/T, (red circles), and corresponding linear fits, against the
equivalent iron concentration in several Fe(nP)/nC aqueous
dispersions, measured under 1.41 T (60 MHz) at 37°C. Vertical
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errors bars were derived directly from measurements,
concentration errors were estimated at £10% as determined from
the spectrophotometric method described in ESI in Figure S14.

Discussion:

The Fe(nP)/nC nanocomposite acts as a quite soft magnet since
magnetization above 1 T is seen to increase almost linearly with the
field. In general, this may be related to a contribution from either i)
paramagnetic impurities, ii) the smaller particles remaining in the
superparamagnetic regime, iii ) non-collinear arrangement of
atomic spins that may be observed in core-shell nanoparticle
structures with significant differences between the surface and the
core, leading to disordered spin configurations and thus a reduced
magnetic moment.®S The ZFC curve above Ty, flattens in a plateau
until converging with the FC curve at Ti,. The very large difference
between T, and T;, would usually point towards a huge spread in
particle size distribution, in particular since other systems of similar
size show smaller temperature differences.’”% Nevertheless, this
interpretation is not compatible with the narrow size distribution
evidenced by TEM and the powder XRD data, where only broad
peaks are observed on the pristine material. Such features exclude
the presence of crystalline domains of size above a few nm, which
would provide more defined diffraction peaks.

The Tmax-Tir spread as an estimate of the particle size distribution
relies on the assumption of a lack of inter-particle interactions and
similar  anisotropy constants.’>® Concerning inter-particle
interactions, a qualitative indication is found in the Field-Cooled
magnetization curve, where the continuous decrease with
increasing temperature is a qualitative indication that indeed
whatever magnetic inter-particle interactions should be quite weak,
as pointed out in the literature.’® Thus we propose that the
discrepancy observed in the T,.x-Ti spread be linked to a wide
distribution of anisotropy constants for the nanocomposites, from
differences in size, shape, and/or composition.

This interpretation is corroborated by the measured Mdssbauer
spectrum showing a quadrupolar doublet, and a major magnetically
ordered component that can be explained as an assembly of
magnetic nanoparticles, with superparamagnetic relaxation times
that are respectively shorter or longer than the characteristic time
scale of Mossbauer scattering (~5 ns).® For non-interacting
particles, the f(y) distribution intervening in the remanent
magnetization formula (see above) should reflect the underlying
distribution of particle volumes. If any dependence of the
anisotropy constant with either size or temperature is neglected,
then the widths of the f{y) log-normal distributions should be close
to 3 times that for the particles’ diameters (3xo 1y = 0.3). The
values of 1.4(1) and 1.7(2) for the 1% and 2" measurements
respectively, would indicate nanoparticles that are even smaller
than suggested by TEM analysis. This may be related to the
tendency to overlook the population of smaller objects in electron
microscopy as compared to their average contribution to the
magnetic properties.

Mg saturation magnetization values fall well in the range of
ferrimagnetic oxides, which show values in the bulk about 1.27-
1.38 pp/Fe for Fe;04 (corresponding to the S=2 moment of Fe?* in
the Oy sites, the moments of the S=5/2 Fe’" cations being
antiferromagnetically coupled between the T4 and Oy, sites of the
inverse spinel), 0.86-1.14 pg/Fe (y-Fe,0s) or 0.11-0.32 pg/Fe (6-
FeOOH). Meanwhile M values for nanoparticles are known to be
significantly lower, as shown for examples on some Fe;04@y-Fe,O
core-shell examples.>® Values for the effective anisotropy constants
are consistent across the various measurements. Most importantly
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they are in line with the higher values usually observed in
nanoparticles, one or two order of magnitude above bulk values.
This is attributed to the larger magnetic anisotropy contribution
coming from the surface ions, caused by the loss of symmetry,8¢
which leads to a dependence as a function of diameter in 1/<D>.%7
The Curie temperatures resulting from the fits are well above room
temperature and show some increase between measurements.
While obtaining reliable values would require measurements at
higher temperatures, which would lead to irreversible changes in
the nanocomposite, it is nevertheless remarkable that, as expected
for nanoparticles, they are about midway towards the high values
reported for bulk potassium ferrites: 960 K for KFeQ2,'* about 780
K for KFe ;07,2 and 713 K for K, 33Fe;;0;7.2! Concerning the
small rise observed at low temperature for the second
measurement, while magnetic impurities would be a ready
explanation, the yy(7) evolution with temperature shows in Figure
S5 a rather linear and flat behavior for both measurements, which
does not support that explanation.

As reported in the literature, the shape and energy positions of the
XMCD spectra labelled A, B, and B, (see Figure 7) are similar to
Fe,O3; nanoparticles.’”7 The A/B, ratio is very useful to
discriminate between iron oxides/hydroxides phases, suggesting a
lower amount of tetrahedral iron compared to the values reported
for 1-line or 2-lines ferrihydrite and maghemite.76788889
Unfortunately, direct comparison with potassium ferrites was not
possible since XMCD spectra have not been reported in the
literature so far. Table S4 illustrates that Fe(nP)/nC composites are
somewhere in between ferrihydrite and maghemite from a
structural point of view. For direct comparison with magnetometry,
we also plotted Mg values in Figure 6. Mg values found by XMCD,
a local probe, appear to be in good agreement with values derived
from standard bulk magnetometry measurements, especially at low
temperatures, resulting in nice corroboration to calculations. As
seen in Table S5, orbital moments are negligible, as expected for
Fe(III). This fact combined with the overall difference in line shape
does not support the presence of Fe(II) such as FeO (see Figure S9).
Instead, it suggests that the magnetic contribution comes almost
entirely from the Fe(IIl) centers, which are present as a mixed oxo-
hydroxoferrate phase. Since the Fe 2p and 3p photoemission peaks
strongly indicate that only Fe(IlI) is present in Fe(nP)/nC, amongst
the phases we mentioned previously, we narrowed the possible
phases present in this sample to either K Fe 07, or the mixed oxo-
hydroxoferrate phase K, . FesO;(OH),. As stated above, those
phases are usually formed at high temperatures,'© so the formation
of similar phases here appears rather surprising given the mild
reaction conditions of wet chemistry. Isomeric shifts values for
potassium ferrites tetrahedral sites are usually closer to zero (in
KF602,13’90 K6F6206,12 K2F64O7,17 KZ_XFC4O7_X,19 K1+XF61101791),
while barium-potassium ferrites®? or cobalt ferrites® lead to values
similar to what has been observed here, about 0.4 mm/s. XRD
measurements performed on the TGA residue, XPS and ICP data,
supports the assertion that potassium is incorporated in the
nanoparticle crystal structure.

The transverse relaxivity r, value is in line with those reported on
other ultrasmall nanoparticles: 4 nm sugar coated Fe30y4 (r1/r, 23/28
mM-1s1),57 2.2 and 3 nm y-Fe,05 (4.78/17.5 and 4.77/29.2 mM-s-
!respectively under 3 T),%? 6 nm iron oxide mnPs coated with PEG
(7.3/17.5 mM-'s'! under 1.41 T),** 8.3 nm iron oxide mnPs coated
with glycopeptides (16/62 mM-'s! under 1.5 T),”> 3.3 nm iron
oxide (8.3/35.1 mM-'s"! under 4.7 T),”° 3 nm manganese ferrite
(2.6(3)/7.4(9) mM's1),97 2.2-2 .6 nm manganese ferrite (6.61/35.92
mM-ls! under 4.7 T),° 2 and 3 nm ferrite (8.43/21.02 and
8.23/21.97 mM-!s! respectively under 3 T),’® and PEG polymer
coated 3 nm MnFe,O4y mnPs (8.26-10.21/21.27-38.64 mM!s!
under 3 T).” Meanwhile the longitudinal relaxivity 7| is definitely
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smaller, which likely reflects that the nanoparticle surface is not
very accessible to water molecules for direct complexation (“inner
sphere” mechanism), and with the graphene flake also likely
causing steric hindrance of the diffusion of the water molecules
around the magnetic center (“outer sphere” mechanism), a
mechanism already reported for the slower water dynamics in
hydrophobic pockets of proteins.!? A similar decrease of r; was
reported when 4 nm diameter mnPs were inserted in the
hydrophobic environment of polymer vesicle membranes as
compared to the initial mnPs freely floating in water.!! As a result,
their very high r,/r; ratio around 27.7 make the Fe(nP)/nC ideal
contrast agents for 75- or 7,*-weighted MRI imaging sequences.

Conclusions: Through a combination of chemical characterization,
microscopy, magnetometry, Mossbauer, X-ray photoemission and
absorption spectroscopies, we determined that the nanocomposite
material obtained by mild water oxidation of the reaction product
between potassium graphenide and an Fe(II) salt consists of
ultrasmall potassium ferrite nanoparticles, still grafted to the
graphene nanoflakes. The generated nanoparticles are most likely
a mixture between K,Fe,O7, and K, ,Fe4O;.4(OH),. The magnetic
properties as evidenced by magnetometry and X-ray Magnetic
Circular Dichroism are widely different from classical ultrasmall
iron oxide nanoparticles, which are known in literature to
invariably display superparamagnetic behavior. This is indeed in
sharp contrast with the slightly hysteretic magnetization curves (i.e.
exhibiting non-zero remanence and coercivity) at temperatures
close to ambient conditions that we observed for the nanocomposite
material. The huge value obtained for the effective magnetic
anisotropy K.g, extracted with converging values from two
different approaches, XMCD and classical magnetic
characterization, accounts for the presence of magnetic ordering at
rather high temperatures. The synthesis of ultrasmall potassium
ferrite nanoparticles in such mild conditions is unexpected given
the harsh conditions used for classical syntheses of bulk potassium
ferrites and is of utmost relevance. Moreover, due to the simplicity
of the reaction protocol, this synthetic pathway may be translated
directly to analogous reactions, showing the synthetic value of this
study. This detailed study also demonstrated the need of carefully
conducted identification of the generated nanoparticle phase,
especially involving templated nanoparticles on substrates like in
this case, where careful analysis of rather poorly ordered crystalline
nanoparticle phases is only possible by applying a wide array of
different physical and chemical characterization tools. These
findings also shed a new light on the electrocatalytic properties of
those nanocomposite materials,>® considering that potassium
ferrites are used in all sorts of catalytic processes and as solid state
electrolytes due to their transport properties,!181923-28 with
possibly a synergistic interaction between the conductive carbon
layers with the electronic states of the potassium ferrite
nanoparticles.  Therefore, electrochemical characterization,
especially in the context of the oxygen evolution or reduction
reaction, may offer further insights into this fascinating interaction.
Finally, the proton NMR relaxometric study showed an unusual
behavior of these magnetic nanocomposite: unlike most ultra-small
superparamagnetic iron oxide nanoparticles of core diameter
around 3 nm which behave as positive MRI contrast agents when
well-dispersed by a hydrophilic repulsive coating (thanks to large
longitudinal relaxivity r; and moderate r,/r ratio, typically below
3-4),192 the magnetic nanocomposite here exhibits low r,=0.86
mM-Is! and high ry/r; ratio of 28 at 1.41 T (clinically relevant
field). This behavior is interpreted by the binding of the magnetic
center to the large and hydrophobic graphene flake, which impedes
the inner sphere mechanism of proton longitudinal relaxation (by
avoiding direct contact with water molecules) while promoting the
outer sphere mechanism to transverse relaxation (i.e. fluctuating
magnetic dipolar interaction at long distance between the nuclear
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spins of water and the high electronic moments of the Fe(nP)
magnetic cores). Thus monitoring the distribution of Fe(nP)/nC
composite by 7,-weighted MRI sequence is feasible for biomedical
applications such as magnetic drug nanocarriers, after their proper
functionalization by a repelling shell of biocompatible
macromolecules for in vivo injection.

Experimental Section: XPS: XPS spectra were measured in an
ultra-high  vacuum ThermoFisher K-Alpha photoelectron
spectrometer. XPS characterization was performed with a
microfocused monochromatic Al Ko radiation source
(hy,=1486.7 eV), spectra were recorded in normal emission, with
oy = 0° with respect to the surface normal. The hemispherical
electron energy analyzer was operated in the constant analyzer
energy mode at an analyzer pass energy of Ep =40 eV (survey
spectra) and Ep = 10 eV (high-resolution detailed spectra). The
samples were investigated without any UHV pre-treatment. The
binding energies (BE) of all the spectra were referenced to a BE of
284.2 ¢V for the Cls line as the main feature of the carbon tape
used as conducting substrate. Datasets were treated with the
CASA-XPS software. Shirley functions were used to subtract the
background, and the peaks were then deconvoluted with the Gupta
and Sen multiplet structure corresponding to Fe(IIT).6>-64

ICP-OES: For microanalysis, about 0.5-1.5 mg of sample was
weighed accurately in Séntis light tin capsules for solids with a
Mettler MX5 microbalance. The capsules were digested with a 1:1
mixture of 70% nitric acid (3 mL) and 98% sulfuric acid (3 mL) in
a Schott flask, refluxing at 135°C until complete dissolution was
observed (between 3h and overnight). The resulting solution was
then diluted by addition of milliQ water to 20 mL. TGA residues
were weighed on pieces of aluminum foil and transferred to a
Schott flask, digested with a 1:1 mixture of 70% HNO; (3 mL) and
37% HCI (3 mL), at 90°C overnight, then diluted with milliQ water
to 50 mL. Fe, B and K contents were then quantified with a Varian
ES-720 ICP-OES. Empty tin capsules showed no relevant content
for those elements.

Powder X-ray Diffraction: Powder X-ray diffraction data were
recorded using a PANalytical X Pert MPD PRO diffractometer
with Bragg-Brentano geometry, Cu Ko radiation (1= 1.54184 A)
and a secondary graphite 370 monochromator. Considering the
very small amount of sample, it was measured on a zero
background silicon wafer sample holder from PANalytical, on a 8-
80° 26 angular range over 13920s. Data were analyzed with
Jana2006 software.!%3

TEM: TEM measurements were performed on a TEM-FEG HR
(JEOL 2200FS). TEM grids were prepared by drop casting 20 puL
of nanocomposite dispersion in THF, sonicated in a bath sonicator
for 10 min, directly onto SF400-CU (silicon monoxide membranes
on 400 mesh copper grid, (Electron microscopy science)). The grid
was dried at room temperature and used without further
purification.

Mossbauer spectroscopy characterization: A few milligrams of
sample was encapsulated in Mylar and ’Fe transmission
Mossbauer spectra were recorded in transmission geometry using a
constant acceleration Halder—type spectrometer with a room
temperature 3’Co source (embedded in Rh matrix). The velocity
scale was calibrated according to the 3’Fe Mdssbauer spectrum of
a pure o-Fe(0) foil recorded at room temperature. A helium bath
cryostat suitable for Mdssbauer experiments was used in order to
record spectra from room temperature down to 4.2 K. The
Mossbauer hyperfine parameters (J isomer shift, A quadrupole
splitting, 2¢& quadrupole shift, By hyperfine magnetic field, 7~
Lorentzian linewidth and relative areas) were refined using both
homemade programs and the WinNormos® software
(Wissenschaftliche Elektronik GmbH). When distributions of the
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quadrupole splitting or hyperfine magnetic field parameter were
considered, their mean value (*) and standard deviation are
reported in the table of hyperfine parameters.

Magnetic characterization: Magnetic measurements were
performed on a Quantum Design MPMS-7XL SQUID and a
Microsense EZ-7 Vibrating Sample magnetometers. The MPMS-
7XL was used with both DC and the Reciprocating Sample options.
Samples were weighed accurately with a Mettler MXS5
microbalance. SQUID samples were sealed in 30 pm-thick
polyethylene bags, while VSM samples were enclosed in Séntis
light tin capsules for solids. For the main sample presented here,
the VSM sample was prepared using the sample previously
measured at low temperature in the MPMS-7XL. Diamagnetic
contributions of the sample holders had been determined separately
and were accordingly subtracted from the measurements.
Magnetization values were normalized respective to the Fe cation
content as determined by the ICP analysis. Zero Field Cooled/Field
Cooled experiments were performed by cooling the sample under
zero and 1T magnetic field respectively, then measuring with
increasing temperature under a 5 mT field. ac susceptibility was
measured under zero dc field with a 0.38 mT oscillating field
between 0.1 and 512 Hz. Isothermal magnetization curves could
not be rigorously corrected for the sample demagnetizing field, the
exact shape, composition and density of the nanoparticles being
unknown. Nevertheless, assuming that the nanoparticles were
composed of the K,Fe 07 phase (413.57 g mol!, density of 4323.5
kg m?), of spherical shape with a 2.8nm diameter, the correction
was seen to be small (Figure S11 in Supporting Information) and
was thus neglected. Measurements on another batch of
nanocomposite provided similar results.

XAS characterization: XAS and XMCD characterizations were
performed at the DEIMOS beamline of the SOLEIL synchrotron
facility (France) on a sample of disperse NP-flakes on a Au
polycrystalline substrate. The UHV compatible pumped “He
optical cryomagnet of the beamline was used and absorption
spectra were measured in total electron yield (TEY) detection mode
to guarantee optimal detection sensitivity. All the characterizations
were performed using a low photon density to avoid radiation
damages. XMCD spectra were obtained placing the normal of
sample surface at 0° with respect to the X-ray light propagation
vector and extracted as (op—or). The final XMCD spectrum is the
result of the averaging of four scans per polarization, for both
positive and negative magnetic field in order to avoid
contamination from spurious X-ray Magnetic Linear Dichroism
(XMLD). The spectra were measured at temperatures of 1.8, 4, 60
and 150 K and under an applied magnetic field of 2 T parallel to
the X-ray propagation vector. The same setup was used to record
the XMCD dependence on the magnetic field (hysteresis curves) as
a function of sample temperature, as well as field sweeping rate.
Data were normalized with respect to the saturation value in order
to be able to compare this experiment with traditional
magnetometry experiments. Again, measurements on another batch
of nanocomposite provided similar results.

Proton NMR relaxometry: Water dispersions of Fe(nP)/nC
nanocomposites were obtained by weighing between 0.2 and 2 mg
of powder in 0.1-1 mL of 1 wt.% solution of stabilizing polymer
(poly(acrylic acid), sodium salt, M,;~5100 g-mol-!, Sigma-Aldrich,
L’Isle-d’Abeau, France). The pH was adjusted near 7 using a
solution of NaOH 0.01 mol-L-!. Suspensions were sonicated for 20
min at 75% power (3” pulse On, 2” pulse off) with a tip ultrasonic
processor (Sonics 130 W Vibracell, Thermofisher Scientific,
France) and then filtered with a 0.45 um pore size membrane to
remove remaining aggregates. The iron concentration was
evaluated using a non-destructive method consisting in acquiring
the full UV-Vis absorption spectrum in a quartz cuvette between
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250 and 850 nm and comparing it to a calibration curve obtained
by Inductively Coupled Plasma Atomic Emission Spectroscopy
(ICP-AES) for suspensions of maghemite nanoparticles, which was
shown to be independent of their diameters,'%* see Figure S12. The
proper dispersion state of the suspensions was checked by dynamic
light scattering with a remote head DLS setup (Vasco™ Flex,
Cordouan Technologies, Pessac, France). Finally, 0.7 mL of each
suspension was placed in a tube pre-heated at 37°C with a
thermostatic bath before measuring their longitudinal (77) and
transverse (73) proton relaxation times with a Bruker minispec
mq60 relaxometer with a 1.41 T magnet (60 MHz proton
resonance), using respectively inversion-recovery (IR) and Carr-
Purcell-Meiboom-Gill (CPMG) spin-echo sequences. Receiver
gain, repetition time (TR), echo time (TE), number of data points
per curve (typically 20 for IR sequence and 200 for CPMG) and
recycling delay (RD) were adjusted carefully using criteria to
optimize the signal-to-noise ratio and minimize the experimental
uncertainty on the measured 7; and T, values.'® The decay rates
defined as R;=1/T; and R,=1/T, were plotted as a function of [Fe]
and fitted by linear regression, imposing the intercepts with [Fe]=0
mM to the values measured for pure water: R;°= 0.25 s'! and R,°=
1.22 s''. Longitudinal (r;) and transverse (r,) relaxivities were
determined as the experimental slopes of these two plots (see
Figure 8).
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We show that the Nanocomposite material obtained by mild water oxidation of the reaction product
between potassium graphenide and an iron(II) salt consists of ultrasmall potassium ferrite nanoparticles,
bound to the graphene nanoflakes. Magnetic and relaxometric properties were show to be widely different
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X-ray Photoemission Spectroscopy
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Figure S1. Survey X-ray photoemission spectrum recorded on Fe(nP)/nC.
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Figure S2. XPS O Is (top left), Fe 3p (top right) and 2p (bottom) experimental spectra (empty black
circles), fitted deconvolution contributions (coloured lines), Shirley backgrounds (black line) and
resulting envelope (red line).



BE (eV) | Attribution | Ref
O 1s spectrum
529.8 Lattice O* FeO/FeOOH t
530.9 Lattice OH" FeOOH
5313 Adsorbed O
531.9 Adsorbed OH"
533.0 H,O
534.3 H,O
Fe 3p spectrum
55.9 | Fe3t 2]
Fe 2pa2 spectrum
708 pre-peak t
710.1 Fe*" multiplet
711.4 Fe*" multiplet
712.6 Fe*" multiplet
713.7 Fe’" multiplet
715.1 “surface” peak
717.3 shake-up
719.5 shake-up
721.8 shake-up
Fe 2p12 spectrum
723.7 Fe’" multiplet 1
724.9 Fe’" multiplet
726.0 Fe’" multiplet
727.2 Fe’" multiplet
728.4 “surface” peak
730.6 shake-up
732.8 shake-up
735.3 shake-up

Table S1. List of peaks components binding energies (BEs), their interpretation and relevant references.

Please note that the absence of Fe(Il) or Fe(0) removes fitting error inherent to mixed species due to
spectral overlap.”!

(1] B. Lesiak, N. Rangam, P. Jiricek, I. Gordeev, J. Toth, L. Kovér, M. Mohai, P. Borowicz,
Front. Chem. 2019, 7, 642/1.

[?] T. Yamashita, P. Hayes, Appl. Surf. Sci. 2008, 254, 2441.

[’] M. C. Biesinger, B. P. Payne, A. P. Grosvenor, L. W. M. Lau, A. R. Gerson, R. S. C. Smart,
Appl. Surf. Sci. 2011, 257, 2717.



Il. Mdssbauer spectroscopy

Table S2. °’Fe Mossbauer hyperfine parameters for each component extracted from the fit of
the spectra: isomer shift (8), quadrupole splitting (A) or shift (2¢) and hyperfine magnetic field
(Bnf). When a distribution of the A or Bur parameters was considered, the Lorentzian line width
(/) was fixed to 0.30 mm/s or 0.40 mm/s. The distribution is then characterized by its mean
value (*) and standard deviation (o). The relative area of each component is also reported.

component ) Aor2¢ o Bht o r area
mm/s mm/s mm/s | T T |mm/s | %

293K

dDQ 0.35(3) | 0.52% 0.22 0.3(-) | 31(4)

ds 0.43(5) | 0.05(5) | -- 39 [ 11 | 04(-) | 69(4)
4.2 K

ds1 0.473) |-0.033) | -- 51 [ 3 [04(-) |814)

ds2 0.56(3) | 0.06(5) | -- 44* [ 2 [ 04(-) | 194)




lll.  Magnetometry
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Figure S3. (top) 1 measurement for Fe(mnP)/nC of the field dependence of the magnetization (SQUID
measurements up to 2 T, VSM measurements up to 1.8 T); (bottom) close-up around zero field for

magnetization curves measured by VSM between 150 and 350 K.
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Figure S4. ZFC-FC magnetization (blue circles and black squares respectively) measured at 5 mT for

Fe(nP)/nC 2 months after the previous measurement.



Law of approach fit procedure
The following full equation was considered:!

M(T,H)zMs(T)[1_%_i_L

In this expression the b/H? term is associated with magnetic domains rotation due to the torque
exerted by the competition between the external magnetic field and the nanoparticle magnetic
anisotropy, and yo(T) is the increase of the spontaneous magnetization that can be linked here as we
said with either impurities or the smallest nanoparticles. The a/H term is associated with defects due
to dislocations or non-magnetic inclusions and voids,® while the c/\/H term would result from point-
like defects.®™ While b must necessarily be positive, a and c may be linked with an exchange constant
and must be of the same sign. Fitting with the whole equation yields results that are heavily correlated
and very much dependent on the fitted data range. We thus limited the fit to the 0.4—2 T upwards
branch, and cancelled the a and c term: the simplest fits with only the b term were already satisfactory,
and the improvement brought by the a and c terms was at the cost of having incoherent signs between

the three terms.

Generalized Bloch Law

The saturation magnetization Ms at low temperatures is usually described using the Bloch-
Dyson spin wave theory,'®! resulting in the well-known expression

Ms(T) = Ms(0)[1 — (T/T)P]
where p = 3/2 for bulk ferromagnetic systems. When considering nanostructured materials,
deviations are expected due to finite-size effects and a surface-to-volume ratio that cannot be
neglected anymore. Corrections were proposed, such as using p close to 2 for nanoparticles!”.
In our case, we were able to fit (R? of 0.9876 and 0.9990 respectively, Figure 4) satisfactorily

with p = 3/2, that is the value used for bulk ferromagnetic systems.

[*] S. Chikazumi, Physics of Ferromagnetism, 1997.

[°1 M. Vazquez, W. Fernengel, H. Kronmiiller, Phys. Status Solidi 1989, 115, 547.
[°] U. Kobler, J. Phys. Condens. Matter 2002, 14, 8861.

[']1J. L. Dormann, D. Fiorani, E. Tronc, in Adv. Chem. Phys., 1997, pp. 283—494.
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A generalized Bloch law for ferromagnetic nanostructures can be derived analytically
considering a Heisenberg spin model taking into account size, shape and surface boundary
conditions effects:!®]

My(T) = Ms(0) [1 — BT2 — FTInT — CT]
with B the standard Bloch coefficient for the bulk material, C and F size, shape and boundary-

conditions dependent parameters that can take either positive or negative values.

[*] S. Cojocaru, A. Naddeo, R. Citro, Ep/ 2014, 106, 17001/1
9



Table S3. Saturation magnetization Ms, b and yo(7) term resulting from the law of approach to
saturation (LAS) fit, remanent magnetization M,, coercive field poH. for all measured
isothermal magnetization curves, with fit or estimated errors in brackets. No reported error
indicates that the value of yo(7) was constrained to follow the linear variation with temperature

observed overall.

T (K) Ms (pe/Fe) b(10° | 7o(T)(10° [ M (ne/Fe) | toHe(mT)
A2m?) Alm)
1°* measurement (Figure S3)

5 0.5704(6) 18.8(10) 44.5 0.2321(7) 53.9(14)
10 0.567(3) 13.0(9) 45.3(25) 0.207(1) 42.3(6)
20 0.566(4) 13.2(9) 45.0(27)  0.164(10 27.5(3)
50 0.553(3) 13.1(9) 45.9(26) 0.0865(6) 9.21(7)

100 0.5307(9) 14.4(10) 47.2| 0.04285(7) 4.51(2)

150 0.470(1) 17.5(14) 48.5 0.04028(7) 3.73(1)

200 0.430(1) 16.9(15) 49.9 0.0225(1) 2.51(2)

250 0.389(4) 12.4(9) 51.9(32) 0.0085(2) 0.96(1)
2" measurement (Figure 3 in Main Text)

1.8 0.552(1) 19.3(9) 55.2 0.22(1) 37(7)

3 0.549(5) 19.3(11) 55.2(37) 0.21(1) 32(2)

5 0.546(1) 19.07(12) 549  0.199(5) 26.5(4)
10 0.543(4) 17.1(10) 55.0(29)  0.182(6) 21.5(2)
20 0.541(4) 16.3(11)  54.1(32) 0.12(3) 13(4)
40 0.536(4) 16.1(10) 53.8(29) 0.101(4) 11.4(9)
60 0.527(4) 15.7(10) 53.1(28) 0.0769(8) 8.4(1)
80 0.521(4) 16.1(11) 52.5(31) 0.061(1) 6.3(1)

100 0.513(1) 16.5(6) 521 0.050(1) 5.0(1)
125 0.499(4) 16.2(10) 51.9(28) 0.0399(1) 4.23(4)
150 0.485(4) 16.3(11) 51.1(28) 0.0308(1) 3.3(1)
175 0.469(4) 16.1(11) 50.2(27) 0.0213(1) 2.27(7)
200 0.451(3) 16.1(11) 49.1(26) 0.0125(4) 1.32(9)
250 0.413(3) 15.9(11) 47.7(24) 0.0026(8) 0.4(2)

10
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IV.  X-ray Absorption Spectroscopy and X-ray Magnetic Circular
Dichroism
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Figure S9. X-ray absorption XMCD measurements of a deposition of FeO nanoparticles measured at
1.8 £ 0.2 K. XMCD (green line) is obtained from the difference right (o-, blue line) and left (c+, red
line) polarized lights with a saturation field of 2 T.

The FeO Fe(nP)/nC nanocomposites was obtained by a gentle oxidation of the starting Fe(0)
Fe(nP)/nC nanocomposites by dosing pure oxygen in the fast entry chamber of the beamline
(Po2 = 5%10°mbar, t = 2 min). One can readily see that line shapes for both absorption and

dichroic spectra are completely different from the ones measured for Fe(III) nanoparticles.



Table S4. A/B; and B1/B; intensity ratio in Fe L, 3 XMCD at different temperatures, compared
with ratios for ferrihydrite and maghemite.["!

A/B2 31/32

ferrihydrite® 0.52 0.40
maghemitel 0.70 0.69
1.8K 0.62 0.60

4K 0.59 0.59

60 K 0.60 0.57

150 K 0.65 0.55

[°] Y. Guyodo, P. Sainctavit, M.-A. Arrio, C. Carvallo, R. Lee Penn, J. J. Erbs, B. S. Forsberg,
G. Morin, F. Maillot, F. Lagroix, P. Bonville, F. Wilhelm, A. Rogalev, Geochemistry, Geophys.
Geosystems 2012, 13, n/a.
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Sum rules

Quantitative information from XMCD data arises from a sum rules analysis, that is based on
the integration of the XAS and XMCD spectra.['! It is then possible to obtain the orbital ()

and spin (ms) magnetic moments on the Fe ion using the following equations:['%!

my = —(6p —4q)(10 — n3y) /T m, =-4q(10-n59)/3r
(1)

mg = —(6p —4q)(10 —n3q) /T 2

where m; and ms are given in units of Bohr magnetons per cation (us/cation) and n3q is the 3d electron
occupation number.['"!?! The n;, values used for the calculation is 5.3 for Fe*" ion as reported in

IL12] The values of p and ¢ were extracted from the integration of the XMCD spectra (see

literature.!
Figure S10) and the r value by integrating the isotropic XAS spectra of Fe L, 3 adsorption edge (see

Figure S10) after the subtraction of a step-function background.

['] C. T. Chen, Y. U. Idzerda, H.-J. Lin, N. V. Smith, G. Meigs, E. Chaban, G. H. Ho, E.
Pellegrin, F. Sette, Phys. Rev. Lett. 1995, 75, 152.

['"]J. A. Moyer, C. A. F. Vaz, D. A. Arena, D. Kumah, E. Negusse, V. E. Henrich, Phys. Rev.
B - Condens. Matter Mater. Phys. 2011, 84, 1.

['?] D.J. Huang, C. F. Chang, H. T. Jeng, G. Y. Guo, H. J. Lin, W. B. Wu, H. C. Ku, A. Fujimori,
Y. Takahashi, C. T. Chen, Phys. Rev. Lett. 2004, 93, 2.
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Figure S10. (a,c,e,g,) (6"+07)/2 spectra with a double step baseline and the resulting integrated curve
corresponding to the gray area; (b,d,f,h) XMCD (c™-06") at four different temperature and the resulting
integration (blue line) corresponding to the gray area.
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Table S5. Estimation by the sum rules analysis, imposing n3q4 = 5.3, of mr, and ms at the four
different temperatures; the sum rules at 150 K has been performed by fitting the area of the

XAS and XMCD spectra.

Temperature m (uB/cation) m; (uB/cation)
1.8K 7E-3 0.52(3)
4 K 5E-3 0.49(2)
60 K 8E-3 0.41(2)
150 K (fit) 1E-2 0.28(1)
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Demagnetization correction
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Figure S11. Isothermal magnetization curves at 1.8 K (top) and 100 K (bottom) plotted with the applied

field and with the approximated demagnetizing field correction.
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VI. [Fe] UV-Vis determination
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Figure S12. Determination of the equivalent iron concentration by superposing the experimental UV
Vis absorption spectrum between 250 and 850 nm to a reference curve determined by ICP-AES.
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VIl.  Dynamic Light Scattering
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Figure S13. (top) Dynamic Light Scattering autocorrelograms for three samples dispersed in water:
sample 1 in PAA (red circles), 0.22pum Cellulose Acetate filter, [Fe]=0.67 mM, dz=320 nm, PDI=0.26;
sample 2 (blue circles), 0.45um MCM filter, [Fe]=0.40 mM, duz=114 nm, PDI=0.28; sample 2 in PAA
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(violet circles), 0.45um Cellulose Acetate and 0.22um PTFE filter, [Fe]=0.17 mM, du=112 nm,
PDI=0.225. Dotted lines represent the corresponding fits by 2" order Cumulant analysis. (bottom)
Hydrodynamic diameter dispersions resulting from the fits for all three samples.
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