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ABSTRACT
This study reports on the bio-synthesis and the main physical properties of p-type Co3O4

nanoparticles for the first time by a completely green chemistry process using Aspalathus
linearis’s natural extract as an effective chelating agent. Their surface/interface and optical
properties are reported. In addition to the X-ray diffraction investigations, the Raman, and
infrared as well as X-ray photoelectron spectroscopies confirmed the single phase of the Co3O4

nanoparticles. As their average size can be as low as 〈fparticle〉 ∼3.6 nm, the reticular atomic
plans are under a slight compressive state.
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1. Introduction

Cobalt exhibits several possible oxidation states (Co2+,
Co3+, and Co4+), including several types of coordinations
(tetrahedral, pyramidal, and octahedral). Consequently,
cobalt oxides present a broad field for the creation of
many frameworks in view of their stoichiometric and
non-stoichiometric oxides, and mixed electronic
valency of cobalt, and/or the presence of oxygen
vacancies. This multi-electronic valence and rich coordi-
nation is proper to cobalt oxides in comparison to
other 3d metal oxides. This provides cobalt the ability
to be present in various spin states in its oxide forms:
low, high, as well as intermediate spin. These probable
spin states make the physics of the cobalt oxides attrac-
tive from a fundamental viewpoint and in spintronic
applications. Such a complexity in spin state originates
from the fact that the crystal field splitting of the 3d
energy level of the cobalt ion in cobalt oxides is of the
same order of magnitude as the Hund’s rule intra-
atomic exchange energy and the 3d-orbital bandwidth.

Being an antiferromagnetic p-type semiconductor, it
is a multi-functional material with several practical appli-
cations such as heterogeneous catalysis, electrochromic
sensors, pigments and dyes, energy storage, and anode
materials in Li-ion rechargeable batteries (1–6). Several
physical and chemical methodologies to synthesize
nanocrystalline Co3O4 were used: thermal decompo-
sition of cobalt oxalate, hydrothermal reaction, thermal
decomposition of sol-gel derived oxalates, solution

combustion method, microwave process, combustion
route, among others (7–13). Hitherto, yet these phys-
ical/chemical methods are very effective, they are
complex, and environmentally not generally friendly in
view of the required energy balance and/or generated
waste. To the best of our knowledge, bio-synthesis of
nanoscaled Co3O4 was never reported so far. However,
it was demonstrated that such an attractive green-
approach is successful in the synthesis of metallic nano-
particles as well as some limited oxides (14–19).

In this study, we report for the first time, the use of the
Aspallathus linearis’s natural extract as an effective che-
lating agent for the facile and rapid bio-synthesis of
pure Co3O4 single-phase nanoparticles at a low tempera-
ture. The fact that there was no use of inorganic/organic
solvents neither surfactants nor high temperature makes
this synthesis an effective green and eco-friendly
process.

2. Materials and methods

2.1. Preparation of the plant extract
A. linearis of the family Fabaceae, also known as Rooibos,
is a plant originally found in the Southern Africa. As
shown in Figure 1, A. linearis extract contains, among
others, two unique phenolic compounds, namely aspa-
lathin (a dihydrochalcone C-glucoside), and aspalalinin
(a cyclic dihydrochalcone). Other major phenolic com-
pounds present include flavones (orientin, isoorientin,
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vitexin, isovitexin, luteolin, chrysoeriol), flavanones
(dihydro-orientin, dihydro-isoorientin, hemiphlorin), and
flavonols (quercetin, hyperoside, isoquercitrin, rutin)
(20, 21). It is established that Aspalathin, which is a rare
C–C dihydrochalcone glycoside, and the two structurally
related chalcones (nothofagin and aspalalinin) are the
most bioactive compounds. These bioactive components
are believed to be potential chemical reduction agents
(20, 21).

High-quality dried A. linearis leaf powder was
weighted and cleaned extensively with deionized cold
H2O (15°C). Following a drying phase under sunny con-
ditions at ambient temperature (26°C), the samples
were ground. An estimated 8 g of A. Linearis leaf
powder was mixed with 300 ml of de-ionized H2O at
25°C for 48 h. The duration of 48 h was considered to
ensure the maximum extraction of the bioactive com-
pounds (highlighted in Figure 1) from the ground
A. Linearis leaf powder. This was verified by UV–VIS–NIR
spectroscopy; the optical absorbance spectrum does
not change for higher extraction periods. The brown sol-
ution was filtered two times to eliminate residual solids
(if any). The extracted natural dye has a pH of 5 at
room temperature. The homogeneous mixture with the
Cobalt precusor dropped to a pH of 3.8. One has to
mention that the used A. Linearis leaf extract is slightly
fermented so as to minimize and even preclude the oxi-
dation of the green leaves’ polyphenols. The chemical
composition is nearly similar to that of fresh leaves

except for few enzymatically catalyzed changes which
occur with extreme rapidity following plucking, as in
the case of green tea (22).

2.2. Synthesis of the Cobalt oxide nanoparticles
and characterization

A. linearis’s natural extract was used to reduce several
Cobalt-based salts, including Cobalt nitrate hexahydrate
(Co(NO3)2 6H2O, melts 55°), Co Chloride hexahydrate
(CoCl2 6H2O, d 87), and Co hydroxide (Co(OH)2 D. 160)
as well as Ammonium-Cobalt (II)-sulfate-hexahydrate
((NH4)2Co(SO4)2·6H2O))-based precursors. This communi-
cation focuses on the green reduction of Co (NO3)2·6H2O
initial precursor as a proof of concept of bio-synthesis of
single-phase Co3O4 nanoparticles. Analytical grade
reagent Co (NO3)2·6H2O from Sigma-Aldrich was used.
Dry leaves of A. linearis from its original region (i.e. the
Cederberg region, South Africa) were used. In a typical
set-up, 6.65 g of the A. linearis leaves were heated in
250 ml of de-ionized water at a temperature between
75°C and 85°C for 2–3 h, yielding a brown extract (pH
= 5). To the filtered brown aqueous extract obtained
after cooling to room temperature was added to a 6.0 g
of Co(NO3)3·6H2O solution of pH of 3.8. At room tempera-
ture, while swirling, the Co salt was observed to dissolve
completely in the aqueous extract under 3 mins. The
resultant solution was allowed to settle over a period
of 24 h, after which a precipitate was observed without

Figure 1. Structure of the various bioactive molecular compounds within the A. Linearis’s natural extract.
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any heating. The precipitate was then separated from the
aqueous extract, first by decanting then by centrifuging
at 1000 rpm 3 times for 10 min each over successive
additions of de-ionized water to wash the precipitate
of any residual aqueous extract. As the synthetized
oxides-based nanoparticles by green process are gener-
ally amorphous, an annealing was necessary to induce an
effective crystallization (23–32). In this case, the as-
obtained centrifuged precipitate was heated at 90°C for
90 min to remove bio-compounds in excess. Following
such a phase, the Co-based precipitate was submitted
to annealing during 2 h in air at several temperatures:
100°C, 300°C, 400°C, and 500°C.

Various characterizations were carried out on the
annealed powder. For the High Resolution Transmission
Electron Microscopy (HRTEM), a Jeol JEM 4000EX elec-
tron microscopy unit with a resolution limit of about
0.12 nm, equipped with a Gatan digital camera, was
used. The Energy Dispersive X-Ray Spectroscopy (EDS)
spectrum was collected with an Oxford instruments X-
Max solid-state Silicon drift detector operating at 20
keV. The crystallographic properties were recorded by
using X-ray Diffraction (XRD) Model Bruker AXS D8
Advance of radiation Cu(Kα . 1.5406 Å) and a Jobin-
Yvon-SPEX integrated Raman spectroscopy. The FT–IR
spectra of (as pellets in KBr) were recorded in ABB
Bomem MB series instrument. For the X-ray Photo-
electron Spectroscopy (XPS), a VG Scientific LAB MK-II

spectrometer with an Mg–Ka X-ray source (1253.6 eV)
was used. The pressure inside the chamber was held
below 5–10–8 Torr during analysis. The carbon C(1s) elec-
tron binding energy corresponding to graphitic carbon
was referenced at 284.6 eV for calibration of Co(2p)
and O(1s) core level peaks.

3. Results and discussion

3.1. Morphology and size distribution

Figure 2 shows the typical observations made using
transmission electron microscopy (TEM), (Figure 2(a))
and HRTEM (Figure 2(c)) observations on the precipi-
tate annealed at 100°C. More accurately, Figure 2(a)
shows that the synthesized powder consists of non-
agglomerated quasi-spherical in shape nanoparticles.
Following a digitization phase of various images such
as Figure 2(a), the average diameter of the particles
ranging from 2 to 7 nm estimated by fitting the histo-
gram data with a Log-Normal distribution was 〈fparticle-

〉 ∼3.57 nm with a 0.05 nm of standard error (Figure 2
(b)). To conclude on the degree of crystallinity of the
nanoparticles, several HRTEM observations (Figure 2
(c)) and Selective Area Electron Diffraction analysis
were carried out (Figure 2(d)). From such observations,
it was noticed that, statistically, the bulk of the nano-
particles exhibited a low-range atomic ordering

Figure 2. TEM images (at various magnifications) of the cobalt oxide nanoparticles, with their size distribution and a typical electron
diffraction pattern.
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(Figure 2(b) and 2 (d)). The major of the nanoparticles
were amorphous.

3.2. Elemental composition

Figure 3 shows a typical EDS spectrum on the annealed
sample at 100°C. Excluding the Carbon from the Carbon-
coated Copper grid, no other elements are observed
except Cobalt and Oxygen. Hence, one could
conclude that the chemical reduction of the hexahy-
drated Co(NO3)2·6H2O precursor is complete, which is
in line with the XRD results presented in Section 3.3.
The average Co/O atomic ratio deduced from the EDS
studies is about 2.91/3.95, which is, within the bar
error, consistent with the theoretical value of ¾, that is,
Co3O4 and not CoO neither Co2O3 nor Co hydroxide Co
(OH)2. No other element has been detected so far, indi-
cating, a priori, the significant chemical purity of the
Co3O4 nanoparticles following the preparation and final
filtration protocol.

3.3. Crystallography and atomic structure

Figure 4 reports the room temperature XRD pattern of
the annealed filtered precipitate. All observed Bragg
peaks are indexed in line with the JCPDS card 00-042-
1467 of the face-centered cubic Co3O4 with an average
lattice parameter 〈aexp〉= 8.071 Å (〈abulk〉= 8.08370 Å)
highlighting the purity of synthetized Co3O4 crystallites
and the absence of any crystallographic texture. As the
lattice difference (〈aexp〉-〈abulk〉)/〈abulk〉 is ∼ –0.16%, one
could deduce that the reticular plans are slightly com-
pressed. The Bragg peaks are broad with a width at
half maximum 〈ΔΘ1/2〉 ∼1 deg sustaining the nano-

scaling of the synthesized Co3O4 crystallites even after
the heat treatment of ∼400°C.

3.4. Vibrational properties

To sustain the purity of the synthesized Co3O4 nanopar-
ticles, room temperature Raman spectroscopy studies
were carried out. As highlighted previously, the Co3O4

with Co2+ (3d7) and Co3+ (3d6) located at tetrahedral
and octahedral sites, respectively, crystallizes in a
spinel configuration for which the space group theory
predicts the following active modes as an “Fd3m” sym-
metry: Γ= A1g (R) + Eg (R) +F1g (IN)+3F2g (R)+2A2u (IN)
+2Eu (IN)+4F1u (IR)+2F2u (IN), where (R), (IR), and (IN)
represent Raman active vibrations, infrared-active
vibrations, and inactive modes, respectively. Figure 5
shows the typical Raman spectrum of the annealed
Cobalt oxide nanoparticles. One can distinguish six
active Raman modes; they are approximately located
at ∼185.5, ∼465.3, ∼506.6, ∼601, ∼670, and ∼755.5
cm–1. Excluding the last mode, all observed modes are
in agreement with the values of pure Co3O4 spinel
structure yet with an average shift of the order of
Δν∼5 cm–1 (191, 470, 510, 608, and 675 cm−1). While
the Raman mode at 684.5 cm−1 is attributed to charac-
teristics of the octahedral sites A1g, the Eg, and F2g
modes are related to the combined vibrations of tetra-
hedral site and octahedral oxygen motions (23). The
average shift of Δν∼5 cm–1 may be attributed to size
effects or surface stress/strain.

To validate once more the spinel Co3O4 nature of
the synthesized particles and their purity, Attenuated
Total Reflection-Fourier Transform Infrared spec-
troscopy (ATR-FTIR) studies were conducted at room
temperature. Figure 6 reports the typical ATR-FTIR
spectrum of the annealed Cobalt oxide nanoparticles
in the spectral range of 400–4000 cm–1. The IR
optical transmission is plotted versus the Log of the
wavenumber so as to single out the major IR absorp-
tions observed at lower wavenumbers. Two main rela-
tively sharp absorptions centered at ∼570 and ∼668
cm–1. These modes correspond to the so-called
absorption bands v1 (at 565 cm–1) and v2 (661 cm–1),
which originate from the fingerprint stretching
vibrations of the Cobalt-Oxygen bond of the Co3O4

spinel oxide (24). More precisely, the observed 570
cm–1 band is characteristic of O–Co with Co denoting
the Co3+ in the octahedral site) while the 668 cm–1

band is attributable to the Co2+ Co3+O3 (the Co2+

being in the tetrahedral site) vibration in the spinel
lattice (25, 26). In addition, the ATR-FTIR spectrum
shows no residual organic compounds such as NO3

–

after filtration and centrifugation. A weak and wide
Figure 3. Typical electron dispersion spectrometry profile of the
annealed cobalt oxide nanoparticles.
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asymmetric band centered at about 1627 cm−1 could
be attributed to the presence of OH− groups due to
the absorption of atmospheric water vapor by the
nanoparticles.

3.5 Surface-interface properties

To support the previous EDS, XRD, Raman, and the ATR-
FTIR results, XPS investigations were carried out. The XPS
investigations were conducted using a constant 50 eV
pass energy mode, in 0.1 eV increments at a 50 ms

Figure 4. Typical room temperature X-ray diffraction of the annealed Co3O4 nanoparticles.

Figure 5. Typical Raman spectrum of the annealed Co3O4

nanoparticles.
Figure 6. Typical Attenuated Total Reflection FTIR spectrum of
the annealed Co3O4 nanoparticles.
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dwell time with the signal averaged for at several regular
scans. Figure 7 shows the typical XPS spectrum of the
annealed Cobalt oxide nanoparticles. More precisely, it
reports the characteristic Co2p peaks and corresponding
binding energies. The 2p1/2 and 2p3v/2 are centered at
779.4 and 794.3 eV. The Co2p and O1s regions are consist-
ent with stoichiometric Co3O4 (27).

3.6. Pre-conclusion

While the TEM, HRTEM, and XRD investigations demon-
strated the nano-scale aspect of the synthesized par-
ticles, the XRD, EDS, ATR-FTIR, Raman, and XPS
spectroscopy combined studies sustained the nature
and/or single phase of the Co3O4 nanoparticles. Yet
this green methodology has been validated for
several other nano-oxides such as CdO, ZnO, In2O3,
Mn3O4, and Cr2O3 using A. Linearis leaf extract (28–
32); the mechanism of formation of such nanoparticles
is not understood and is being investigated using in
situ and ex situ High Performance Liquid Chromato-
graphy and Liquid Chromatography Mass Spec-
trometry. As mentioned previously, A. Linearis leaf
extract contains, among others, two unique phenolic
compounds: aspalathin (a dihydrochalcone C-gluco-
side) and aspalalinin (a cyclic dihydrochalcone). Other
major phenolic compounds present include flavones,
flavanones, and flavonols (21, 22). It is established
that the phenolic compounds exhibit higher anti-
oxidant potential and therefore possess a significant
reduction capacity of metal ions, hence favoring the
green synthesis of nanoparticles. In addition, the high
content of proteins, lipids as well as amino acids con-
tribute to stabilize the growth of such nanoparticles
while inhibiting their agglomeration (20).

4. Conclusions

The green synthesis of high-purity amorphous Co3O4

quasi-spherical nanoparticles (〈fparticle〉 ∼3.57 nm) by
green process using the natural extract of A. Linearis as
an effective bio-reduction/bio-oxidizing chemical agent
was demonstrated. Thermal annealing at ∼400°C
during 2 h under normal air conditions allows the acqui-
sition of crystallized single-phase Co3O4 nanoparticles as
substantiated by the EDS, XRD, Raman, ATR-FTIR, and
XPS investigations. The follow-up study will consist of
identifying the mechanism (s) and will follow the
dynamic of formation of the Co3O4 nanoparticles
during the interaction of the Co precursor and the
A. Linearis extract.
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