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Co-based nanoparticles (NPs) have been extensively explored due to their prospective applications in areas as diverse as effi-
cient water treatment (Co NPs), hydrogen generation (CoO NPs) and combustion catalysis (Co3O4 NPs). In recent years, the
emergence of Co-based entities as bi-magnetic core/shell NPs has opened new avenues for their innovative use in fields ranging
from energy storage and magnetic recording to biomedicine. The control and characterization of these nanomaterials becomes
thus of paramount relevance for targeting their foreseen applications. Here, we show that the intentional oxidation of metallic
Co NPs with different sizes (3 - 50 nm) gives rise to a wide variety of core/shell morphologies involving Co, CoO and Co3O4
phases. Bridging the information coming from high-resolution transmission electron microscopy, X-ray absorption spectroscopy
and magnetic measurements gives us a self-consistent picture that describes the role played by morphology and microstructure
in the magnetism of Co and its oxides at the nanoscale.

Introduction

Oxidation in air of metals (OAM) such as Co, Fe, Cu, Zn
and Ni was historically one of the first electrochemical pro-
cesses reported and studied by humans. In industry, OAM is
frequently associated with corrosion and is considered as one
of the most pernicious drawbacks to circumvent. However,
in the last decades the natural tendency of metals to oxidize,
rather than an inconvenience, has been exploited as a simple
way to synthesize metal oxides. These materials display phys-
ical and chemical properties that differ markedly from those of
their respective starting metals, including high melting points,
low wear resistance and a wide range of electromagnetic fea-
tures.1–3 Besides, they have the great advantage of being sta-
ble in air containing environments, unlike most of metallic
pure elements.

OAM has been widely investigated in bulk systems, but in
the recent years a steadily increasing attention is shifting to-
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wards nanomaterials. When reducing the size of a material
down to the nanoscale, a large percentage of atoms get lo-
cated at the surface. This high area-to-volume ratio of nano-
sized materials is at the origin of their unique phenomenol-
ogy, being in some cases radically different from that of their
bulk counterparts.4,5 Therefore, the control of the size, shape,
morphology and composition of metal oxide nanoparticles
(NPs) could open up the path for tailoring a wide variety of
physico-chemical properties depending on the application tar-
get. Previous works on the oxidation of transition metal NPs,
such as Co-CoO/Co3O4,6–10 Fe-FexOy,11–13 Cu-Cu2O,14,15

Zn-ZnO16 and Ni-NiO,17–20 have yielded exhaustive under-
standing about the changes in the atomic architectures and the
diffusion processes that occur during NP oxidation.

Nanosized Co-based materials have been extensively inves-
tigated due to their scientific potential and technological appli-
cations.21 More specifically, Co3O4 nanomaterials have gen-
erated a huge interest due to their use in fields such as electro-
catalysis,22,23 gas and bio-sensing,24,25 supercapacitors26,27

and lithium batteries.28–30 In particular, Co3O4 NPs encapsu-
lated with carbon have been recently reported as highly active
catalysts for hydrocarbon combustion.31 In addition, nano-
sized CoO has been tested for hydrogen generation,32 energy
storage33,34 and biomedical purposes;35 however, its main ad-
vantage lies in its ability to stabilize the magnetization of small
ferromagnetic (FM) NPs against thermal fluctuations, thus
providing a route for increasing the storage density of infor-
mation in magnetic recording.1,36–39 This way of stabilizing
the magnetization of fine NPs is known as exchange bias (EB)
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effect. EB arises as a consequence of the magnetic exchange
interaction at the interface between two magnetic materials,
one of them having an anisotropy energy larger than the inter-
face exchange interaction energy between them.40 Concerning
the magnetic behaviour, bulk metallic Co is FM with a Curie
temperature of around 1388 K.41 When reducing the size be-
low a critical diameter (∼ 60 nm), the resulting Co NPs behave
as magnetic single domains, and transit from the blocked to
the superparamagnetic regime above a certain temperature.1,42

In contrast, CoO and Co3O4 are antiferromagnetic (AFM) ma-
terials in bulk, with Néel temperatures (TN) of ∼ 290 K and
∼30 K, respectively.6,43,44

In all the aforementioned applications, especially in those
involving electrical and magnetic properties, a thorough un-
derstanding of the interplay between the microstructure and
the magnetic behaviour of the cobalt oxide NPs is a crucial
step towards tailoring their performance. Most of the previ-
ous fundamental research on CoxOy NPs provided detailed
knowledge focused either on the chemical and microstructural
transformations upon oxidation8,45–48 or on the magnetic re-
sponse.40,49–51 The aim of this work is to go a step further with
respect to the few already published studies covering simulta-
neously both aspects.38,52 In order to accomplish this purpose,
we have produced Co-based NPs with wide-ranging diame-
ters (D = 3 - 50 nm) embedded inside the pores of a meso-
porous activated carbon (AC) matrix. The one-pot synthesis
route using low-cost and easily obtainable ingredients opens
up the possibility to extend the production method to fabricate
a large amount of sample mass. This has obvious advantages
to achieve a realistic technological transfer. In particular, our
porous magnetic composites are ideal candidates for use in
applications that involve magnetic separation (i.e., heteroge-
neous catalysis, adsorption of contaminants in aqueous me-
dia, etc.). The morphology and crystal structure of the NPs
have been investigated by means of high-resolution transmis-
sion electron microscopy (HRTEM). Besides, we performed
X-ray absorption near edge structure (XANES) experiments to
accurately determine the chemical composition and oxidation
state of Co atoms. To complete the study, we combined mag-
netization vs. temperature and magnetic field measurements
in both dc and ac conditions aiming to correlate the complex
magnetic behaviour with the morphology and microstructure
of the NPs.

Experimental

Synthesis of nanoparticles

A commercial AC was employed as a nano-template for the
preparation of Co NPs. The AC material (M30), supplied
by Osaka Gas (Japan), has a large Brunauer-Emmett-Teller
(BET) surface area of 2350 m2 g-1, a high pore volume of 1.47

cm3 g-1 and a porosity made up of micropores and mesopores
of up to 6-7 nm in diameter (∼ 2.5 nm in average). In a typical
fabrication procedure, 1 g of AC is impregnated with a solu-
tion formed by 1 g of cobalt (II) nitrate hexahydrate in 4 mL of
ethanol, being subsequently vacuum-dried at 50 ◦C for several
hours. The impregnated sample is then heat-treated in a N2 at-
mosphere of up to a chosen temperature (TH), maintained at
TH for 3 hours and subsequently cooled down to room temper-
ature. Finally, the sample is exposed to a controlled air flow at
room temperature to achieve oxidation. The Co content was
∼ 8 wt% in all samples as deduced from thermo-gravimetric
analysis (TGA).

Structural and microstructural characterization

TEM specimens were prepared by first suspending a small
amount of powdered sample in ethanol. Several drops of the
solution were then placed on Cu TEM substrates with ultra-
thin carbon and Formvar support films, finally allowing the
solvent to evaporate. HRTEM images and SAED patterns
were recorded in a JEOL-JEM-2100F microscope (200 kV).
In each sample the size histogram is built from the count of
more than 1000 NPs using the PSA macro designed for Im-
ageJ program,53 and fitted to a lognormal distribution, char-
acterized by its mean diameter (DTEM) and standard deviation
(σ ). However, we use D to designate the diameter of individ-
ual NPs that can be measured directly from HRTEM images.

XANES experiments around the Co K-edge (E0 ∼ 7709
eV) were performed on the XAFS beamline (BL 11.1R) at
Elettra Sincrotrone Trieste (Italy). The spectra of the sam-
ples, together with Co, CoO and Co3O4 bulk standards, were
recorded at room temperature. The measured specimens con-
sisted of homogeneous layers of powder spread over an adhe-
sive Kapton tape. The thickness and homogeneity of the films
were optimized in order to attain the best signal-to-noise ratio.
The experiment was carried out in transmission mode, using
three ionization chambers. The first two were used for both
incident and transmitted X-ray intensities, while the third one
was placed after a reference Co foil in order to calibrate the
energy. The analysis of the absorption spectra including data
reduction, background removal and normalization was devel-
oped using Athena software from IFFEFIT package.54

Magnetometry

The magnetic properties of the samples were investigated us-
ing Quantum Design PPMS-9T and MPMS (SQUID) mag-
netometers. Two types of dc magnetic measurements were
performed. (i) Temperature dependent magnetization, M(T ),
was recorded as follows. The sample was first cooled in zero-
field-cooling (ZFC) conditions from 335 K down to 10 K. A
magnetic field was subsequently applied and kept constant.
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The MZFC(T ) magnetization was then measured on increasing
the temperature from 10 K to 335 K. Subsequently, the field-
cooling (FC), MFC(T ), curve was recorded while cooling the
sample from 335 K down to 10 K. (ii) Field dependent mag-
netization, M(H) curves, were measured between -85 and 85
kOe at selected temperatures between 10 K and 300 K, after
cooling the sample from 335 K in both ZFC and FC condi-
tions. The value of the cooling field for the FC-M(H) curves
was Hcool = 20 kOe. HEB is defined as the horizontal shift
of the central point of the M(H) loop measured at a given
Hcool, relative to the Hcool = 0 loop, i.e., HEB = -(HC1 + HC2)/2,
where HC1 and HC2 are the left and right coercive fields, re-
spectively. Note that, throughout the present paper, the mag-
netization units (emu g-1Co) are normalized to the mass of
cobalt extracted from TGA analysis (see above). The spin dy-
namics was studied by measuring the real (χ’) and imaginary
(χ”) components of the ac magnetic susceptibility (χ = M/H)
between 10 and 335 K in the presence of a probing ac field of
3.13 Oe in amplitude, and at five frequency decades ( f = ω/2π

= 1, 10, 100, 1000 and 10000 Hz).

Results and discussion

Fabrication and morphological and microstructural char-
acterization

For this study, three samples were prepared using a one-pot
synthetic route based on a pyrolysis taking place within the re-
stricted volume formed by an AC porosity. Three well-defined
steps can be identified along the synthesis process (see Exper-
imental). (i) The AC porosity, impregnated with a solution
of Co nitrate, is heated up to a selected temperature (TH =
600, 750 and 900 ◦C for samples AC-Co600, AC-Co750 and
AC-Co900, respectively). Under these conditions, decompo-
sition of the Co salt into several Co oxides (CoxOy) takes place
first. As temperature is raised, oxides are reduced by means
of carbon (CoxOy + y C → x Co + y CO) and Co atoms nu-
cleate forming metallic Co NPs. The average size of the Co
NPs is controlled by means of TH, so that bigger NPs are ob-
tained as TH increases (Ostwald ripening phenomenon).55 (ii)
Afterwards, the sample is cooled down to room temperature
under an inert N2 atmosphere, in order to avoid oxidation at
high temperatures. (iii) Finally, the sample is exposed to a
controlled weak air flow to achieve oxidation of the Co NPs.
This procedure leads to Co-based NPs with mean diameters
and standard deviations [DTEM(σ )] of 7(4) (AC-Co600), 14(7)
(AC-Co750) and 28(12) (AC-Co900) nm, as derived from the
fits to lognormal distributions of the NP size histograms cre-
ated from HRTEM images (Supplementary Fig. S1). As
stated before, TH is the most important parameter governing
the shape of the size histograms [step (i) of the synthesis pro-
cess].

Fig. 1 (Left) Representative TEM images of samples (a) AC-Co600,
(b) AC-Co750 and (c) AC-Co900. (Right) SAED patterns of the sam-
ples, recorded on the selected areas displayed in the corresponding
left figures.

When exposed to air [step (iii) of the synthesis process],
each individual Co NP oxidizes in a different way, depending
on its size (D). Even though Co3O4 is the thermodynami-
cally stable phase of bulk and nanostructured Co in presence
of O2,56 it has been extensively reported that the diffusion of
oxygen throughout the NP depends strongly on factors such as
size,48 crystal structure46 and domain size.9 Therefore, a rich
variety of morphologies arises for NP sizes ranging from 3 to
50 nm.

Figure 1 shows representative selected area diffraction
(SAED) patterns of the samples. All the rings detected in sam-
ple AC-Co600 (Fig. 1a) can be indexed as Bragg reflections
of a typical Fd3̄m spinel crystal structure of Co3O4 with a cell
parameter aCo3O4 = 8.08(1) Å. For sample AC-Co750 (Fig.
1b), diffraction rings corresponding to Co3O4 are observed
along with those associated with the rocksalt Fm3̄m crystal
structure of CoO [aCoO = 4.25(1) Å]. Finally, in the SAED
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Fig. 2 (a-f) HRTEM images of NPs with different sizes and crystal structures. (a) Co3O4 NPs of 4 nm. (b) (left) Co3O4 NP of 8 nm and (right)
NP of 12 nm containing both CoO (inner region) and Co3O4 (outer region) crystalline planes. (c-e) NPs with sizes ranging from 14 to 30 nm,
presenting a core(FCC-Co)/shell(CoO) morphology. (f) Detail of the edge region of (e), showing the core/shell interface. (g) SAED pattern
performed at the central part of (e), which exhibits a single-crystalline FCC-Co structure oriented along the [011] direction, as evidenced by
the indexation displayed in (h).

pattern of sample AC-Co900 (Fig. 1c) diffraction rings are
ascribed to CoO and to face-centred cubic (FCC) Co [aCo =
3.56(1) Å]. We can infer from the above that Co3O4 is the pre-
vailing state for small NPs (AC-Co600), while metallic Co is
stable in larger NPs (AC-Co900).

In order to get deeper insights into the size-dependent de-
gree of oxidation of the NPs, the lattice fringes of individual
NPs were accurately measured in HRTEM images (Fig. 2). As
a result, three types of NP morphologies are observed within
all the samples. (i) When D < 9 nm, solid Co3O4 NPs are
observed (Fig. 2a). (ii) NPs with 9 < D < 12 nm consist of
a mixture of CoO and Co3O4 (Fig. 2b), where CoO is found
at the inner part of the NP and Co3O4 is located at the outside
(shell). It is well known that the oxidation of Co into Co3O4
consists on a fast conversion 2 Co + O2→ 2 CoO, followed by
a much slower process 3 CoO + 1

2 O2→ Co3O4.57 Therefore,
the latter outside-inside transformation could be interrupted
at some point by local defects or grain boundaries, thus pro-
ducing the CoO/Co3O4 mixture. (iii) NPs larger than 12 nm
show a Co(core)/CoO(shell) morphology (Figs. 2c-f). Each
core is a single domain of FCC Co (Figs. 2g-h), while the
shell is made up of randomly oriented CoO crystallites (Fig.
2f). The thickness of the CoO shell is found to be around 2-3

nm and does not depend on the NP size. It is worth noting
that, even though the three morphologies are identified within
all samples, the most abundant morphology found in each
sample depends markedly on its size distribution (Fig. 3a).
Thus, most of the NPs in AC-Co900 (DTEM = 28 nm) display
a Co/CoO core/shell morphology whereas AC-Co600 (DTEM
= 7 nm) mainly consists of Co3O4 NPs. Nevertheless, when
comparing the number–average distributions (Fig. 3a) with
their volume–weighted counterparts (Fig. 3b), it arises that,
in the sample with smallest mean size (AC-Co600), Co/CoO
NPs play a major role in terms of volume (20%), even if they
are in the minority in terms of number of particles (6%) (Fig.
3c). This fact will have a dramatic impact on the magnetic
behaviour of the samples (see below).

X-ray absorption spectroscopy analysis

The near-edge (XANES) region of the X-ray absorption spec-
troscopy spectrum extends ∼ 50 eV from the absorption edge
and provides information about the valence state and the
chemical coordination of the absorbing atoms.58 We have esti-
mated the quantitative amount of metallic Co, CoO and Co3O4
in the samples using the XANES spectra, which were mod-
elled as a weighted combination of the spectra of bulk Co,
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Fig. 3 (a-b) Size and volume histograms for samples AC-Co600,
AC-Co750 and AC-Co900, as determined from TEM measurements,
along with fits to lognormal distributions (dashed and solid lines).
NPs detected within the samples present different microstructures de-
pending on their diameter (c) Comparison of the fraction that each NP
morphology (Co3O4, CoO/Co3O4, Co/CoO) represents of the total
number of NPs and total volume of the samples (see text for details).

CoO and Co3O4 standards (after data reduction, background
removal and normalization). The optimum fit was calculated

Fig. 4 Room temperature Co K-edge XANES spectra (left) and their
derivatives (right) for samples AC-Co600, AC-Co750 and AC-Co900
(red circles), together with the best fits (black lines) to weighted com-
binations of Co, CoO and Co3O4 references. The spectra of the bulk
standards included in the fits are also shown at the bottom of the fig-
ure.

by a least squares method performed in the energy range of -20
eV to 50 eV (Fig. 4). For each sample the best refinement re-
produces rather well the most relevant spectral features found
in the experimental XANES spectrum, including the shape of
the spectrum, the relative energy separation between oscilla-
tions and the measured intensities. The estimated percentages
of Co atoms in each phase (XCo, XCoO, XCo3O4 ) are given in Ta-
ble 1, and are in good agreement with qualitative information
from SAED patterns.

To sum up, in all samples, the presence of three phases in-
volving Co atoms (Co, CoO, Co3O4) is confirmed. Metallic
Co only appears at the centre of Co(core)/CoO(shell) NPs (D
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Table 1 Values of the most relevant magnitudes obtained from the microstructural and magnetic characterization of the samples.

AC-Co600 AC-Co750 AC-Co900
TEM (lognormal fit) DTEM(σ ) (nm) 7(4) 14(7) 28(12)
XANES XCo (%) 7(1) 28(2) 74(2)

XCoO (%) 23(1) 57(2) 22(2)
XCo3O4 (%) 70(1) 15(2) 4(2)

M(H) curves T = 300 K HC (kOe) 0.113(1) 0.327(1) 0.154(1)
MS (emu g-1Co) 12.4(1) 44.9(1) 127.8(1)
Mr (emu g-1Co) 1.7(1) 12.7(1) 18.8(1)

T = 10 K HC (kOe) 1.354(1) 0.992(1) 0.643(1)
Mr (emu g-1Co) 5.3(1) 14.6(1) 30.6(1)
χHF (10-4 emu g-1Co Oe-1) 6.4(3) 5.0(2) 4.5(3)
?HC,FC (kOe) 1.743(1) 1.206(1) 0.744(1)
?HEB (kOe) 0.838(1) 0.724(1) 0.316(1)

?HC,FC and HEB were obtained from the hysteresis loops measured after cooling the samples from room temperature down to T
= 10 K under an applied magnetic field of Hcool = 20 kOe.

> 12 nm), whereas CoO and Co3O4 adopt two different mor-
phologies. Both of them are present in NPs of sizes between 9
and 12 nm, which exhibit a gradient in the degree of oxidation
of Co from CoO (inner part of the NP) to Co3O4 (outer region
of the NP). Besides, Co3O4 forms solid particles of diameters
D < 9 nm, while CoO constitutes the shell of NPs larger than
12 nm.

Temperature dependence of the magnetization

We show in Fig. 5a and Supplementary Fig. S2-a the tem-
perature dependence of the ZFC and FC magnetization curves
[MZFC(T ) and MFC(T )] measured between T = 10 K and T =
335 K under a magnetic field of 100 Oe. Even though samples
AC-Co600, AC-Co750 and AC-Co900 have very different NP
size distributions, all of them present the same qualitative fea-
tures and their magnetization scales to the amount of metallic
Co obtained from XANES results. Therefore, the magnetic
behaviour of the samples seems to be essentially due to the
largest NPs in the tails of their size distributions, rather than
to the average ones.

In all samples, the MZFC(T ) curves are almost flat at low
temperature and climbs rapidly on heating above a certain
temperature. This is a clear signature of the progressive un-
blocking of the Co core magnetic single domains, as their
magnetic anisotropy energy (KV ) becomes comparable to the
thermal energy (kBT ), according to Néel relaxation theory.59

At low temperatures all the spins inside the Co core remain
blocked, giving rise to a flat region in the MZFC(T ) curves.
This region extends to higher temperatures as the NP size in-
creases (Supplementary Fig. S2-a). Moreover, the MZFC(T )
and MFC(T ) curves do not overlap at any temperature within
the measuring range. This may indicate that some Co cores

in the samples are large enough to possess a blocking tem-
perature, T B > 335 K, although we cannot rule out magnetic
interactions between NPs as a source of the blocking temper-
ature enhancement.

If we turn our attention to the MFC(T ) curves, we perceive a
steadily increase of the magnetization during the cooling pro-
cess, and a broad maximum around 175 K. This temperature
fairly coincides with a well-defined peak in the temperature
derivative of MZFC(T ), dMZFC/dT vs. T curve (Fig. 5a and
Supplementary Fig. S2-b),51 which reveals the unblocking of
the majority of the Co core spins due to a sudden drop of the
magnetic anisotropy. Bearing in mind that the two main con-
tributions to the magnetic anisotropy in NPs are the magne-
tocrystalline (Kmag) and the interfacial core/shell (Kint) ones,59

and assuming that for Co Kmag does not change significantly
in the measured temperature range,60,61 the drastic fall of the
total anisotropy at T ∼ 175 K may be due to the reduction of
the anisotropy exerted by the CoO shell, Kint on the Co core.
For bulk CoO this drop should occur at TN ∼ 290 K, but it
has been widely reported that surface spin disorder induced
by size reduction in nanosized systems can disrupt the AFM
order, leading to a spin glass (SG)-like state.4,19

Ac magnetic susceptibility

The hypothesis of a magnetically disordered state of the CoO
shell spins seems to be confirmed by measuring the tempera-
ture dependence of the real part of the ac magnetic susceptibil-
ity [χ’(T )] at several frequencies (Fig. 5b). As stated above,
since the magnetic signal of the Co cores overwhelms the one
coming from Co2+ spins in the CoO shell, it is not possible to
study directly the magnetic behaviour of the CoO shell, but it
can be inferred from the features of the magnetization of the
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Fig. 5 (a) (Left) ZFC (blue) and FC (red) magnetization curves for
sample AC-Co600, measured under an applied magnetic field of 100
Oe. (Right) Temperature derivative of the MZFC(T ) magnetization.
Inset shows a magnified image of the MFC(T ) curve. (b) Temperature
dependence of the real (χ’) and (inset) imaginary (χ”) parts of the ac
susceptibility at various frequency decades for sample AC-Co600.
(c) Temperature derivative of (b). Inset displays the fit of the peaks
frequency shift to a critical slowing down law.

Co cores. As a result, the freezing temperature of CoO should
be related to the maximum increase in the magnetization of
the cores, due to the decrease of the interfacial anisotropy that
they experience. For this reason the characteristic peak of the
SG-like transition is observed in the temperature derivative of
χ’(T ) rather than in χ’(T ) itself, as it could be expected for
canonical SG systems.62 The maximum of the dχ’/dT curves
(TP) shifts toward higher temperature with smaller amplitude
when the frequency increases (Fig. 5c), which constitutes a
footprint of superparamagnetic and SG systems.62 Moreover,
the calculated value for ∆TP/(TP∆[log10 f ]) is around 0.027(5)
for the three samples, thus revealing the presence of a SG-like

phase in the system.63 The variation of TP with frequency (or,
equivalently, with the relaxation time, τ = 1/ f ) follows a crit-
ical slowing down law (τ = τ0 exp[T /Tg -1]-zν ), Tg being the
glass freezing temperature, zν the critical exponents and τ0
the characteristic relaxation time.62,64 For sample AC-Co600,
the best fit of the ac data to a critical slowing down law (in-
set in Fig. 5c) gives τ0 ∼ 3.7(5) 10-11s, Tg ∼ 175(1) K, and
zν ∼ 9.2(1), in good agreement with previously reported SG-
like systems.65–67 Therefore, Tg could be ascribed to a tem-
perature for the onset of the SG-like freezing of the spins lo-
cated at the CoO shells enveloping the Co cores, caused by the
small size and random orientation of the CoO nanocrystallites
(Fig. 2). It is also worth noting that the flatness of the χ’(T )
curves below the expected Néel temperature of Co3O4 (TN ∼
30 K) makes it not straightforward to discern the existence of
magnetically disordered spins in Co3O4 NPs as previously re-
ported,50,68 since their magnetic response could be masked by
the dominant signal of the Co cores.

Field dependence of the magnetization

The M(H) curves measured at T = 10 and 300 K under ZFC
conditions are depicted in Fig. 6 and the values for the most
relevant magnetic magnitudes can be found in Table 1. At both
temperatures, the M(H) curves exhibit non-zero coercive field
(HC) and remanent magnetization (Mr) (hysteresis loops) due
to the blocking of the spins in the NPs (right insets in Fig. 6).
At T = 300 K the saturation regime for the magnetization (MS)
is almost reached under an applied magnetic field of∼ 20 kOe
(Fig. 6a), and the value of MS increases with the NP size as
a result of the higher percentage of metallic Co. Furthermore,
the value of MS normalized by the atomic fraction of metal-
lic Co derived from XANES (XCo, Table 1), coincides with
the MS of bulk Co (MS

bulk ∼ 166 emu g-1Co).10 However, the
magnetization at low temperature is far from being saturated
(see the hysteresis loops at T = 10 K in Fig. 6b), although
the M(H) curves are reversible for H > 20 kOe. Taking into
account that the value of MS for metallic Co is nearly constant
in the range 10 - 300 K, we may ascribe this non-saturating
behaviour of the hysteresis loops to the highly anisotropic SG
state of Co2+ spins in the CoO shell as well as to uncompen-
sated suface/interface spins with enhanced local anisotropy.

In order to study the temperature dependence of the non-
saturating magnetization, M(H) curves were recorded at se-
lected temperatures between 10 K and 300 K. If the high-field
susceptibility (χHF) is defined as the slope of the hysteresis
loops for H > 20 kOe, we observe that the χHF(T ) curves
reach a maximum at T ∼ 75 K and vanish above T ∼ 175 K
(Fig. 6c). This finding can be correlated to the temperature
dependence of dMZFC/dT (Fig. 5a and Supplementary Fig.
S2-b), since the interfacial anisotropy exerted by CoO spins
on the Co ones at the NP core starts to diminish at T ∼ 75
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Fig. 6 (a-b) M(H) curves of the samples measured in ZFC conditions at (a) T = 300 K and (b) T = 10 K. Insets show an enlarged view
of the central part of the loops. (c-e) Temperature variation of χHF and HC, measured under ZFC conditions, and of HEB, measured under
FC conditions (Hcool = 20 kOe). Lines provide guides for the eyes. Inset in (e) shows the loop shift arising from the EB effect for sample
AC-Co750.

K (rapid increase of dMZFC/dT ) and vanishes at T ∼ 175 K
(maximum of the dMZFC/dT vs. T curves). In addition, all
samples seem to present a kink around T ∼ 30 K, which could
be related to the freezing of Co3O4 spins, although its true
nature cannot be ascertained.

Let us turn now our attention to analyse the behaviour of the
coercive field as a function of temperature in these Co-based
NPs (Fig. 6d). For samples AC-Co750 and AC-Co900, HC
drops above T ∼ 175 K due to the unfreezing of the CoO shell
spins. The higher value of HC at T = 10 K for AC-Co750
compared to AC-Co900 seems to be due to the fact that the
interfacial anisotropy exerted by the CoO shell becomes more
relevant as the core size is reduced. In contrast, for sample

AC-Co600, HC decreases sharply above T ∼ 50 K. This may
suggest that Co3O4 phase also contributes to the coercive field
below its Néel temperature (TN ∼30 K).

Exchange bias measurements

An enhanced coercive field (HC,FC) together with a shift to-
ward the negative field axis of the hysteresis loops is observed
at T = 10 K if the samples are cooled down under a magnetic
field of Hcool = 20 kOe (inset in Fig. 6e). The latter are strong
evidences for the existence of an EB effect.69 The three sam-
ples exhibit a linear-like decrease for the EB field (HEB) de-
pendence with temperature, following the random-field model
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(HEB ∼ 1 - T /T EB) (Fig. 6e), as expected for a system with cu-
bic exchange anisotropy.70 The EB effect vanishes at T ∼ 175
K (well below the Néel temperature of bulk antiferromagnetic
CoO, TN ∼ 290 K), thus coinciding with the freezing temper-
ature of the Co2+ spins inside the CoO shell (Tg). Therefore,
the EB effect in this temperature range seems to be induced
by the magnetic coupling at the Co(FM)/CoO(SG) interface.
Nonetheless, the EB effect resulting from the magnetic cou-
pling between CoO and Co3O4 phases cannot be discarded.
Fig. 6e shows a crossover in the temperature dependence of
the EB field for samples AC-Co600 and AC-Co750, probably
due to a different role played by CoO and Co3O4. The volume
fraction of the CoO phase is higher in AC-Co750 (57%) than
in AC-Co600 (23%) Therefore, the EB at temperatures above
50 K arising from Co/CoO interface is larger for AC-Co750.
In contrast, in sample AC-Co600 Co3O4 (with TN ∼30 K) is
more abundant (70%) than in AC-Co750 (15%). Hence, the
low temperature (T < 50 K) contribution to the EB resulting
from the coupling between CoO and Co3O4 phases becomes
more significant in AC-Co600. Deeper information about the
impact of surface and interface spins on the EB effect upon
size variation is very difficult to obtain in systems of multiple
phase core/shell NPs, as is the case of our Co-based compos-
ites. Recent studies claim the existence of a critical particle
size (∼ 10 nm) above which the interface spin effect con-
tributes primarily to the EB, but below which the surface spin
effect dominates.71 72 Further research should be adressed to
confirm this statement in order to ensure the enhancement of
the EB properties in these Co-based core/shell systems.

Conclusions

The room temperature controlled air exposition of three sam-
ples containing metallic cobalt nanoparticles (with mean di-
ameters of 7, 14 and 28 nm) allows obtaining different NP
morphologies and a concomitant variation of the magnetic
properties. Our results suggest that, in each sample, most of
the smallest NPs (D < 9 nm) get oxidized into Co3O4, NPs
with 9 < D < 12 nm consist of a mixture of CoO and Co3O4
and NPs larger than 12 nm present a Co(core)/CoO(shell)
morphology. The main contribution to the room temperature
magnetization of the samples comes from the Co cores. As
a result, the saturation magnetization increases with the NP
size, due to the higher percentage of metallic Co. In con-
trast, the low temperature magnetic behaviour seems to be
governed by the SG-like state of the Co2+ spins inside the CoO
shell, whose magnetization is not saturated even under H = 85
kOe. Furthermore, the exchange coupling at the Co/CoO and
CoO/Co3O4 interfaces gives rise to a moderate EB effect for
temperatures above and below 50 K, respectively. The onset
temperature for the EB effect is considerably reduced with re-
spect to the Néel temperature of bulk antiferromagnetic CoO

but coincides with the freezing temperature of the spins inside
the CoO phase (T ∼ 175 K). Given that all stages of oxida-
tion in Co NPs are highly suitable for a number of applica-
tions ranging from energy storage to biomedicine, this study
provides a simple route to access different compositions and
morphologies with inherent magnetic properties by means of
choosing the size of the initial Co seeds.
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The intentional oxidation of metallic Co NPs with different sizes (3 - 50 nm) gives rise to a wide variety of core/shell 

morphologies involving Co, CoO and Co3O4 phases and diverse magnetic behaviours. 
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