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Octahedral Co304 nanoparticles were synthesised in an aqueous ammonia solution
using hexagonal 3-Co(OH), nanoplates as starting materials. Electron microscopy
analysis indicates that the Co304 particles have diameters of 20-40 nm and adopt
a well-crystallized cubic spinel structure. The octahedral habit was verified by
high angle annular dark field imaging. High resolution electron microscopy results
revealed that the long axis of the octahedral CozO4 nanoparticles coincides with
crystallographic <111> direction and the facets are the {111} planes. Magnetization
measurements reveal antiferromagnetic ordering below 10 K, with a paramagnetic
Curie temperature of 3 K and a paramagnetic susceptibility that is double that
expected for high-spin Co?*. The results show that a substantial fraction of the B-site
Co’" in the nanoparticles is in a high-spin state. © 2015 Author(s). All article content,
except where otherwise noted, is licensed under a Creative Commons Attribution 3.0
Unported License. [http://dx.doi.org/10.1063/1.4928494]

. INTRODUCTION

The mixed-valence oxide Co30y4 is a p-type semiconductor with the normal spinel structure
that has been used in lithium-ion batteries,'> gas sensors’® and catalysts.* The magnetic structure
was described 50 years ago by Roth.” High-spin Co®* occupies the tetrahedral A-sites of the spinel
structure, while low-spin Co>* occupies the octahedral B-sites. The Co®" is nonmagnetic, with a
3d® S = 0 configuration, whereas only the Co?*3d’ with S = 3/2 has a magnetic moment. The
A — A exchange interactions are weak and antiferromagnetic. They are unfrustrated in the spinel
structure, and the oxide orders antiferromagnetically with a Néel temperature of 40 K, which is
comparable to the magnitude of the paramagnetic Curie temperature (53 K). The magnetic prop-
erties of nanosized Co3;04 materials depend on the shape, size and crystallization conditions of
the nanoparticles,®'> and are particularly sensitive to the spin state of the Co>* ions near the
surface.!® A variety of novel Co304 nanostructures with variable morphologies including hollow
nanospheres,14 nanowires, nanoparticles,7 and nanotubes®® have been prepared, and anomalous
magnetic properties has been reported, due to their surface condition.

Octahedral single-crystal Co3O4 has a {111} habit exposing more close-packed planes and
exhibiting more stable electrochemical performances than other shapes of C0304.'® The synthesis
of single crystalline octahedral Co3Oy4 nanostructures usually involves the chemical reaction of Co>*
ions and an alkali base followed by subsequent thermal treatment.! Single crystalline Co30,4 mate-
rials can also be synthesized by one-pot hydrothermal methods.'® Previous syntheses sometimes
resulted in a large size distribution of particle diameters from few nanometres to few microme-
tres.!”!'® As a consequence, magnetic properties of Co3;0, nanostructures were often measured
on mixtures of particles with large size variations and thus the investigation of size-dependent
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phenomena was hampered. Therefore, a mild and simple synthetic procedure which results in
uniform, homogeneous and well-crystallized Co3;0O4 nanoparticles are desirable.

In this paper, a simple hydrothermal synthetic procedure is used to prepare crystalline nano-
scale Co30y particles with octahedral morphology that form at comparatively low temperatures. The
particles are characterized by electron microscopy, and magnetic properties are investigated.

Il. EXPERIMENTAL PROCEDURE

The applied synthetic procedure, involved two hydrothermal steps to prepare the Co(OH),
nanoplate-like starting material and the final Co304, nanoparticles, respectively. At the first stage,
0.2 mol CoCl,-6H,0 was dissolved in 20 mL deionized water and while stirring, 20 mL of a
0.5 M NaOH solution was added to the reaction mixture. This solution was then stirred for further
five minutes followed by heating at a temperature of 120 °C for 6 hours in a sealed teflon-lined
autoclave. The autoclave was allowed to cool to room temperature. A brown gel-like precipitate was
collected from the bottom of the autoclave and was washed with distilled water and ethanol. This
precipitate was then dried in an oven at 80 °C for 24 hours after which a dark brown, homogeneous
powder was obtained. This was used as the starting material for the preparation of Co304 nanopar-
ticles. In the second stage of the process, 0.02 g of this powder was dispersed 40 mL of an aqueous
ammonia solution (2.5 wt%). The reaction mixture was then sealed in a 50 mL teflon-sealed steel
autoclave and heated to 120 °C for 6 h. After the reaction, a black powder was obtained. It was
filtered off and washed several times with deionised water and used for characterization.

A BRUKER D8 ADVANCE X-ray diffractometer using graphite monochromatized Cu K,
radiation was used to perform X-ray powder diffraction (XRD) measurements. A scanning rate
of 0.02°s™! was applied and the patterns were recorded in the 20 range of 10-80°. A Carl Zeiss
Ultra scanning electron microscope (SEM) was used to image the morphologies of the cobalt oxide
nanoparticles. The SEM allowed us to perform energy dispersive X-ray spectroscopy (EDX) of the
sample. Before imaging the samples by SEM and transmission electron microscope (TEM), the
samples were drop cast from solution using a pipette onto an amorphous carbon film and allowed
to dry in air. The TEM used for these experiments was a 300 kV FEI Titan capable of performing
both electron energy loss spectroscopy (EELS) and EDX . In all cases a wide selection of individual
nanoparticles was examined to determine representative structures and morphologies. Magnetiza-
tion measurements were made using a 5-Tesla Quantum Design MPMS 5T SQUID magnetometer.

lll. RESULTS AND DISCUSSION

Figure 1 shows the typical XRD patterns of the starting material and the final product. The
recorded diffraction peaks of the starting material contain two phases. The trigonal 3-Co(OH),
phase (JCPDS file No. 30-0443) was the predominant phase, plus a small amount of rhombohedral
CoOOH phase (JCPDS 73-1213), as shown in Fig. 1(a). All the diffraction peaks of the final prod-
ucts can be exclusively indexed to the cubic spinel Co30y structure (JCPDS file No. 42-1467, space
group: Fd-3m (227); lattice constant: a = 0.808 nm).The lattice constant calculated from the XRD
pattern is 0.81 nm, which is coincident with the data. The grain size of the final product, which is
28-30 nm, has been estimated from the Scherrer formula.'®

As reported in FeNi(OH), plates?® and other related works on Co(OH), plates,?! the starting
material, i.e. Co(OH),, has a hexagonal-like thin plate shape with close-packed {001} crystallo-
graphic planes as its surface and bottom surfaces. Figure 2(a) is a typical TEM image of such a plate
with its hexagonal axis parallel to the beam direction. An enlarged edge profile of the discs is shown
in Fig. 2(b), which reveals the close-packed {001} planes. The corresponding electron diffraction
patterns corroborate the hcp f-Co(OH); structure viewed along the <001> direction. The side-view
of the plates in Fig. 2(d) shows chamfered edges. As discerned from the lattice arrangement in the
high-resolution TEM (HRTEM) image in Fig. 2(e), the side facets can be indexed as one of the
{110}, {010} or {100} planes (equivalent planes in the hcp structure, perpendicular to the hexag-
onal {001} plane). For the chamfered edge, the other two facets adjacent to the {110} side facet are
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FIG. 1. XRD pattern of (a) starting 3-Co(OH), and (b) final Co304 products obtained after reaction for 6 h at 120 °C.

belonged to the {113} group, which is deduced from the interplanar distancesand the proper angles
subtended by them. The angle between the edges are 134°, corresponding to the angles subtended
by the normal of {110} and {113} planes. A model of the plate is shown in Fig. 2(f). The plate
normal is along the <001> direction with the {001} plane as its hexagonal top and bottom facets (in
light blue). The side facets are the {110} facet (in pink) and the {113} facet (in dark blue).

Figure 3(a) shows a typical SEM image of the product that formed after a reaction of 6 hours at
120 °C in dilute ammonia. The product is mostly composed of octahedra with edge lengths ranging
from 20to 50 nm. The size distribution of the octahedra is depicted in Fig. 3(b), which showsa
Gaussian profile with an average size of 30 nm. The mean dimension of the octahedra measured
from the SEM images is consistent with the value calculated from the XRD pattern using the Scher-
rer formula. These XRD and SEM analyses indicate that the octahedra are single crystals without
internal grain structures. This is further confirmed by TEM characterisation as described below. A
typical bright-field TEM image is shown in Fig. 3(c), further confirming that the particles exhibit a
uniform size with evident octahedral shape. The electron diffraction pattern (EDP) taken from the

FIG. 2. (a) TEM of a plane-view of plate hexagonal Co(OH), and its (b) Enlarged HRTEM image on edge and (c) its EDP.
(d) TEM of an edge-view of plate hexagonal and its (e¢) Enlarged HRTEM image on edge and (f) Schematic drawing of a
plate and its indexed facets.
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FIG. 3. Products after reaction in dilute ammonia solution (2.25 wt %) at 120 °C for 6 h. (a) Typical SEM image, (b) Diameter
distribution, (c) Typical TEM image and its corresponding EDP and (d) EDX spectrum.

ensemble of the nanocrystals (the inset in Fig. 3(c)) corresponds to a polycrystalline pattern that
arises from the aggregation of these nanosized cubic spinel structure. The diffraction rings, from
the inner to the outer sphere, are attributed to the {111}, {311} and {440} planes of cubic Co304
respectively. The EDX spectrum taken from the same area is provided in Fig. 3(d), indicating that
the nanoparticles contains Co and O with a Co/O ratio of about 3/4.

The lattice-resolved image is shown in Fig 4(a) which was taken from the area of an octahe-
dron indicated in the inset. The lattice spacing is 0.30 nm and corresponds to interplanar spacing
along the <110> direction. It suggests that the edge of the octahedral base (the square) is along
<110> direction and the zone axis is perpendicular to the base that is along <111> direction.It
is interesting to note that all the octahedral particles examined in the HRTEM experiments (about
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FIG. 4. (a) HRTEM image of the octahedron shown in the inset; view from <111>, the arrow indicates the <110> direction,
(b) An HAADF image of an octahedron showing its shapes and a corresponding schematic below. (c) Intensity profiles of
the HAADF image is plotted, and its geometrical thickness is plotted as the dashed line while the thickness calculated from
image contrast is plotted as red bold line.
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8-10 particles randomly selected) are defect free, which supports the single-crystalline nature of the
Co304 octahedron.

It is well known that high angle annular dark field (HAADF) images show the mass thickness
information of the materials, and the thickness of the sample can be deduced from its contrast by the

following equation:*>

r=—tma-1 )
M I

where ¢ is the thickness of the sample, u is the attenuation coefficient, I is the measured intensity
from the HAADF image and I is the intensity of the incident beam. The thickness calculated from
the HAADF image, as a function of location along the black line in Fig. 4(b), is shown as the
red bold line in Fig. 4(c). The thickness value extracted from the contrast is consistent with that
predicted from a solid regular octahedron (dashed lines in Fig. 4(c)). It indicates that our Co3;Oy4
nanoparticles have a regular and solid octahedral geometry. The Co3;04 nanoparticles were formed
through mild oxidation in the liquid phase. To reveal the formation mechanism, we have charac-
terized the morphology of intermediate products at different reaction times. The evolvement of the
microstructure and phase of these intermediate products (see the supplementary materials)>® show
that the Co(OH), plates were first oxidized into CoOOH and then to Co3;04 within 60 min at 120 °C,
which also confirms the XRD results (Fig. 1).

Figure 5(a) shows the magnetization data of the Co30, nano-octahedra as a function of temper-
ature in an applied magnetic field of 1.0 T, carried out using two different samples. The nanoparti-
cles show an antiferromagnetic phase transition at a Néel temperature Ty of 10 K, which is much
less than the bulk value.’ Furthermore the plot of the susceptibility in Fig. 5(b) shows that the
paramagnetic Curie temperature 0 is slightly positive, 3 + 1 K, and the effective Bohr magneton
number peg is 6.2 + 0.3. The susceptibility is fitted to the equation

% = ¢ + Noper”up?/(T-0), 2)

where the number N, of Co®" ions corresponds to one per formula unit. The expected spin-only
value of peg for the bulk oxide is g[S(S+1)]'/? which is /15 = 3.9 for high-spin Co**. However,
there is usually a small orbital contribution to the Co?" moment, so a typical experimental value
of peg is about 4.8.>* The observed susceptibility of our nanoparticles (1.13 * 107 m? kg™!) is
twice as large as the bulk value (0.6 x 10 m? kg™!).?> The Co®* ions at the B-sites normally
have no moment, due to the large crystal-field splitting of the 3d orbitals by the octahedral cubic
field. However, it has been shown both experimentally?* and theoretically'® that Co®* may adopt
a high-spin state on octahedral states near the surface. In some Co3;04 nanoparticles a shift of the
field-cooled hysteresis loop has been attributed to exchange bias from a ferromagnetic surface layer
on the particles.”?

poH=1.0T

H

Magnetization (Am? kg™')

T T T T T T
0 50 100 150 200 250 300 0 50 100 150 200 250 300

T(K) T(K)

FIG. 5. Magnetic properties of Co304 nano octahedra (a) Temperature-dependence of magnetization for the CozO4 nanooc-
tahedra measured at uyoH = 1.0 T. The inset shows the enlargement of Fig. 5(a) in the low temperature region. (b) Plot of the
susceptibility as a function of temperature. The susceptibility is fitted to the equation y, = ¢ + Nopeg?ug?/(T - 8) (Equation (2)).
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We can estimate the quantity of high-spin Co®* in our nanoparticles derives from the excess
susceptibility, the third term was added to equation (2) and susceptibility of our nanoparticles can be
expressed in equation (3),%*

% = ¢ + Noper®tp®/(T - 0) + 2f N3pen®u?/(T - 0) A3)

where f is the fraction of Co>" in a high-spin state. Since the spin-only value of p.g for high-spin
Co**, S =21s 424 = 4.9, and the usual experimental value is 5.4,3 it follows that the fraction of
high-spin Co®" in our material is f = 0.36. This would correspond to a surface layer on a 30 nm
particle that is 5 nm thick.

It is interesting to note that the presence of the high-spin Co>" in the nanoparticles is associ-
ated with a shift towards a slight predominance of ferromagnetic interaction, as indicated by the
reduction in the Néel temperature, and the slightly positive paramagnetic Curie temperature. Ferro-
magnetic exchange in mixed-valence spinel-structure oxides such as Fe;O4 is normally associated
with electron hopping between B-sites occupied by high-spin ions of the same element in different
charge states. Here we have the same ion in different spin states, and we speculate that the charge
hopping might involve the following exchange

Co**(hs) + Co**(Is) & Co**(hs) + Co**(hs) 4)

In any case, most of the cobalt in the Co304 nanoparticles, unlike the bulk, is in a high-spin state.

IV. CONCLUSION

Octahedral Co304 nanoparticles 20-40 nm in size were synthesised in an aqueous ammonia
solution using hexagonally shaped Co(OH), nanoplates as starting materials. The octahedral Co304
nanoparticles have a spinel structure with <111> as their long axis and {111} facets exposed to the
air. The Co304 nano-octahedra show an antiferromagnetic phase transition at a Néel temperature
Ty of approximately at 10 K. Much of the Co®* is in ahigh-spin state. In addition, the dimension
of the nanoparticles can be controlled by varying the reaction parameters, e.g., the temperature and
reaction time, which shows the controllability of the synthesis.
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