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Cobalt monoxide (CoO) nanocrystals were synthesized by thermal decomposition of cobalt oleate

precursor in a high boiling point organic solvent 1-octadecene. The X-ray diffraction pattern and

transmission electron microscopy studies suggest that pure face-centered-cubic (fcc) phase of CoO

can be synthesized in the temperature range of 569–575K. Thermolysis product at higher synthesis

temperature 585K is a mixture of fcc and hexagonal-closed-packed (hcp) phases. These nanocrys-

tals are single crystals of CoO and exhibit mixture of two types of morphologies; one is nearly

spherical with 5–25 nm diameter, and other one is 5–10 nm thick flake. The pure fcc-CoO nano-

crystals show enhanced, and mixture of fcc- and hcp-CoO nanocrystals show reduced antiferro-

magnetic ordering temperature. Such results provide new opportunities for optimizing and

enhancing the properties and performance of cobalt oxide nanomaterials. VC 2014

AIP Publishing LLC. [http://dx.doi.org/10.1063/1.4890512]

In 1961, N�eel suggested that at nanometer scale the anti-

ferromagnetic (AFM) cobalt monoxide (CoO) should exhibit

superparamagnetism or weak ferromagnetism.1 He attributed

the permanent magnetic moment to an uncompensated num-

ber of spins on two sublattices. Indeed, anomalous magnetic

properties in the nanostructures of AFM have been observed,

which are interpreted by several mechanisms such as (i) a size

effect which substantially lowers the N�eel point,2 (ii) the

appearance of uncompensated spins on the particle surface,3

(iii) the creation of a spin-glass structure,4 (iv) the formation

of the complicated magnetic structure caused by the canting

of the spins and increasing number of magnetic sublattices,5

and (v) the existence of the random magnetic disorder caused

by other factors such as enhanced grain surface effect6 and

magnetically disordered shell.7 Thus, the possibility of observ-

ing non-intrinsic property of CoO nanostructures in its mag-

netization is very high. On the other hand, a variety of Raman

spectra have been observed in the CoO nanostructures8–10 due

to the transformation of crystal structure of the CoO with the

Raman excitation laser power. This transformation of CoO

phase is found to be very localized. Therefore, the consequen-

ces of the laser power lead to an ambiguity in the assignment

of the Raman bands of CoO.11,12

The CoO generally crystallizes into one of the following

two phases: stable rock-salt phase with space group Fm�3m

and less stable wurtzite phase with space group P63mc, in

which Co2þ is octahedrally and tetrahedrally coordinated,

respectively.13 The face-centered-cubic (fcc) CoO structure

holds a thermodynamically stable state, but the hexagonal-

closed-packed (hcp) structure is relatively unstable and can

be easily transformed into a cubic structure by applying heat

and/or pressure due to the preference of Co2þ for octahedral

coordination.14 Theoretical lattice energy calculations sug-

gest that the rock-salt structure is more stable than the wurt-

zite structure by 0.27 eV per CoO, when the sum of the ionic

cohesive energy and the octahedral site preference energy

for both the phases are compared.15 Despite the numerous

reports on synthesis of CoO, the synthesis of pure CoO at

nano-scale is found to be rather difficult and limited, as it is

often being contaminated with more stable Co3O4 or Co

metal phases. In this article, we report the synthesis of single

crystal CoO nanocrystals by thermal decomposition of cobalt

oleate precursor in a high boiling point solvent 1-octadecene

with different synthesis temperatures. The phase, morphol-

ogy, N�eel temperature, and magnetization of these CoO

nanocrystals strongly depend on the synthesis temperature.

The synthesis of cobalt monoxide nanocrystals was carried

out using commercially available reagents. All the chemicals,

including absolute ethanol, hexane, oleic acid, 1-octadecene

ð90þ%Þ, sodium oleate ðC18H33O2Na; 85þ%Þ, and

CoCl2:6H2O ð97þ%Þ, were purchased from Sigma Aldrich.

All the chemicals were used as-received without any further

purification. The cobalt oleate complex was prepared by reac-

tion of sodium oleate and Co2þ chloride. The details of experi-

mental procedure has been described previously.12 Cobalt

monoxide nanocrystals are synthesized from the mixture of

3:68 g of cobalt oleate complex, 40ml of 1-octadecene, and

2ml of oleic acid at 569, 575, and 585K synthesis tempera-

tures. The reaction mixture was refluxed/aged at these tempera-

tures for 1 h under N2 flow with continuous stirring using

magnetic stirrer. Then, the reaction mixture was cooled down

to room temperature and transferred to a 15ml centrifuge tube

together with a 20ml mixture of ethanol and hexane, with a

volume ratio of 1:3. The de-emulsified mixture was then centri-

fuged at 6500 rpm for 15min to isolate the supernatant liquid.

The synthesis product was then dispersed in hexane for

storage.

The crystallinity and phase composition of the thermoly-

sis products were examined using Philips X’pert Pro X-ray

diffractometer. The shape, size, and chemical composition of

the nanocrystals were analyzed by Field Emission Scanning

Electron Microscope (FESEM) Quanta 400 F and transmis-

sion electron microscopy (TEM) coupled with high-

resolution TEM (HRTEM) using Tecnay G2 30 UT

0021-8979/2014/116(3)/033912/5/$30.00 VC 2014 AIP Publishing LLC116, 033912-1

JOURNAL OF APPLIED PHYSICS 116, 033912 (2014)

 [This article is copyrighted as indicated in the article. Reuse of AIP content is subject to the terms at: http://scitation.aip.org/termsconditions. Downloaded to ] IP:

129.120.242.61 On: Sun, 23 Nov 2014 15:01:02



microscope operated at 300 kV and having 0.17 nm point re-

solution. The Raman spectra were recorded on a Jobin-Yvon

LabRAM HR800UV spectrometer. The magnetization (M)

measurements were carried out using a superconducting

quantum interference device based magnetometer (Quantum

Design MPMS-5).

All these reactions were thermodynamically controlled

with reaction pathways plausible from the starting materials

except for different synthesis temperatures. The X-ray dif-

fraction patterns of thermolysis products synthesized at dif-

ferent temperatures are shown in Fig. 1. These X-ray profiles

show strong diffraction peaks that can be indexed to the pure

hcp and fcc cobalt monoxide phases without any evidence of

other phases. The peak position and relative intensity of all

diffraction peaks for the two products (curves (a) and (b), in

Fig. 1) match well with standard powder diffraction data.

The X-ray diffraction reveals that the reaction mixture

refluxed at temperatures 569 and 575K has yielded fcc-CoO

nanocrystals with lattice parameter 4.251 Å. On the other

hand, the curve (c) of Fig. 1 indicates that the thermolysis

product synthesized at temperature 585K contains the mix-

ture of both hcp and fcc cobalt monoxide phases. The aver-

age lattice parameter calculated from the X-ray pattern of

the fcc-CoO nanocrystals synthesized at temperature 585K

was found to be 4.243 Å, which is closer to that of the pure

fcc-CoO nanocrystals synthesized at temperatures 569 and

575K and bulk CoO 4.26 Å.13 We have also calculated the

average lattice parameters of hcp-CoO phase of the mixture.

The observed lattice parameters a ¼ b ¼ 3:22 Å and

c¼ 5.15 Å are also in good agreement with that of the

reported for bulk.13

The FESEM images of cobalt monoxide nanocrystals,

shown in Fig. 2, indicate weak agglomeration of nanocrys-

tals though they are well dispersed in hexane. From these

images, we observed that the nanocrystals of all the samples

show two types of morphologies; one is nearly spherical

with 5 to 25 nm diameter and other is 5 to 10 nm thick flake.

The nearly spherical morphology is predominant in the case

of nanocrystals with pure fcc-CoO (see Figs. 2(a) and 2(b)).

More comprehensive information of the phase composition

of CoO nanocrystals can be obtained from TEM studies. Set

of the low magnification and HRTEM images together with

corresponding electron diffraction (ED) patterns are shown

in Fig. 3. It can be seen from the inset of Figs. 3(a) and 3(c)

that the selected-area electron diffraction (SAED) pattern

recorded from randomly distributed nanocrystals exhibits

diffraction rings that correspond to only fcc-CoO. While, the

SAED pattern in the inset of Fig. 3(e) clearly shows the

FIG. 1. The h-2h X-ray diffraction patterns of CoO nanocrystals synthesized

at different temperatures. The peaks indexed with bold face (hkl) denote fcc

phase of CoO while the peaks indexed with normal (hkl) represents hcp-CoO.

FIG. 2. High magnification FESEM images of CoO nanocrystals prepared at

(a) 569K, (b) 575K, and (c) 585K.
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diffraction rings match with two phases of CoO (fcc and

hcp). Systematic HRTEM images indicated that all the nano-

crystals are single crystals. Applying Fast Fourier Transform

(FFT) to the HRTEM images of single nanocrystals allows

us to identify their crystal phase. The nanocrystals marked as

“A” and “B” in the HRTEM image (Fig. 3(b)) of the nano-

structure synthesized at 569K were processed by using the

FFT and corresponding FFT patterns are shown in the insets

of Fig. 3(b). The FFT patterns clearly indicate fcc-CoO

nanocrystals imaged along [001] and [111] zone axis, which

is consistent with the observed ring SAED pattern (Fig. 3(a))

and X-ray diffraction pattern of the nanocrystals. The similar

situation is observed for sample prepared at 575K (Figs. 3(c)

and 3(d)) where only fcc-CoO phase has been observed.

TEM results obtained from sample prepared at 585K are

shown in Figs. 3(e) and 3(f). In contrast to previous two sam-

ples, ED ring patterns can be indexed as mixture of fcc and

hcp structures. Weak ring corresponding to 2.78 Å d-spacing

is a clear indication of the presence of hcp phase and can be

indexed to d010 lattice planes. The FFT patterns obtained

FIG. 3. Bright field TEM images and

corresponding ED patterns of CoO

samples prepared at (a) 569K, (c)

575K, and (e) 585K. HRTEM images

of CoO nanocrystals prepared at (b)

569K, (d) 575K, and (f) 585K. FFT

patterns taken from different HRTEM

images of nanocrystals are given as

inset.
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from different nanocrystals imaged in Fig. 3(f) (A, B, and C)

are in agreement with ED patterns showing that nanocrystals

marked as A and C are definitely fcc structure viewed along

[111] and [001] zone axis while nanocrystal B exhibits d-

spacing corresponding to hcp CoO phase. This data show

further evidence of the observed X-ray pattern in Fig. 1.

The CoO nanocrystals are further studied using Raman

scattering. Since the Co2þ ions are octahedrally coordinated

to six O2� ions in fcc-CoO, the Oh symmetry should lead to

the observation of at least three Raman active modes (A1g,

Eg, and T2g) at room temperature.16,17 On the other hand, the

Co2þ ions are tetrahedrally coordinated in hcp-CoO which

belongs to the space group P63mc with two formula units in

the primitive cell and the zone-center optical phonons sym-

metry should lead to the observation of polar Raman active

modes (A1 and E1) and nonpolar Raman active mode (E2).

However, a variety of Raman spectra have been observed on

CoO and such variation of CoO Raman spectra is due to the

gradual modification of CoO structure by the excitation laser

intensity of the Raman spectrometer.11,12 Therefore, we have

recorded the Raman spectra of all CoO nanocrystals with

lowest possible excitation laser intensity (1mW). The

Raman spectra of the CoO nanocrystals synthesized at 569,

575, and 585K are plotted in the Fig. 4. The Raman spec-

trum of fcc-CoO nanocrystals synthesized at 569K shows a

weak shoulder at 489 cm�1 and two prominent peaks at 540

and 690 cm�1 identified as Eg, T2g, and A1g modes, respec-

tively.12 Qualitatively, similar Raman spectrum is also

observed for the CoO nanocrystals synthesized at higher

temperatures. A red shift of Eg, T2g, and A1g modes is

observed for nanocrystal synthesized at 575K and of T2g and

A1g modes for nanocrystal synthesized at 585K. The Raman

spectrum of nanocrystals synthesized at 585K does not show

any contribution from hcp-CoO structure that could be due

to its relatively unstable structural state and can be easily

transformed into a cubic structure by applying heat, laser

power, and pressure.14

In Fig. 5, we show 5G field-cooled (FC) temperature de-

pendent magnetization M(T) of the CoO nanocrystals

synthesized at 569, 575, and 585K. In Fig. 5(a), the magnet-

ization of the CoO nanocrystals synthesized at 569K

decreases rapidly and then slowly with the increase of tem-

perature until an anomaly in magnetization is reached at

304K. On further heating the nanocrystals upto 360K, the

magnetization deceases gradually. The temperature associ-

ated with the magnetic anomaly is identified as the N�eel tem-

perature (TN) of the CoO. Interestingly, as the cooling field

is increased to 100G, the magnetic anomaly at �304K of

the CoO nanocrystals disappear, which indicates weak anti-

ferromagnetic nature of the nanocrystals. The M(T) of CoO

nanocrystals synthesized at 575K exhibits a peak at �320K,

which is associated to the TN. However, as the synthesis tem-

perature is further increased to 585K, the TN of the CoO

nanocrystals decreases to �286K. So, the CoO nanocrystals

synthesized at 569 and 575K exhibit enhanced TN while the

nanocrystals synthesized at 585K shows reduced TN com-

pared to that of the bulk CoO (TN� 293K (Ref. 18)). In

addition, the magnetization at temperature below TN is

superimposed to a larger paramagnetic signal due to the

magnetic exchange coupling between the nanocrystals.19

The field dependent magnetization M(H) at 10K of CoO

nanocrystals synthesized at different temperatures is shown

in the Fig. 5. In Fig. 5(d), as the magnetic field decreases

from 4.5 T, the magnetization of the CoO nanocrystals syn-

thesized at 569K decreases linearly upto 0.15 T followed by

nonlinear decrease till �0.15 T. On further decreasing the

field to �4.5 T, the magnetization decreases linearly.

Interestingly, the same path of magnetization is retraced

when the magnetic field increases from �4.5 T to 4.5 T.

Qualitatively similar M(H) curves with larger magnetization

is observed for the CoO nanocrystals synthesized at higher

temperatures, shown in Figs. 5(e) and 5(f). The maximum

observed magnetization at 10K under 4.5 T magnetic field

corresponds to 8.07, 9.12, and 14.0 emu/g for the CoO syn-

thesized at temperature 569, 575, and 585K, respectively. In

CoO, a saturation magnetization of 224 emu/g results if all

Co spins in bulk CoO were to order ferromagnetically with a

spin only moment of 3 lB.
20 Though the CoO nanocrystal

FIG. 4. Room temperature Raman spectra of CoO nanocrystals synthesized

at (a) 569K, (b) 575K, and (c) 585K.

FIG. 5. Temperature [panel (a)–(c)] and magnetic field [panel (d)–(f)]

dependent magnetization of CoO nanocrystals synthesized at temperatures

569, 575, and 585K, respectively.
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prepared at 585K exhibits a large magnetization (14 emu/g),

it is evident that the observed value of magnetization is sig-

nificantly lower than that of the theoretically expected value

of 224 emu/g for CoO with Co spin order ferromagnetically.

So, a small ferromagnetically ordering of around 6% would

thus follow for the CoO nanocrystal prepared at 585K.

However, this calculation does not consider the exchange

coupling between the nanocrystals. But the presence of

exchange coupling between the nanocrystals and/or surface

disorder is clearly observed in the M(T); the increase of mag-

netization below N�eel temperature. Therefore, the observed

moments of these nanocrystals which are around 6% ferro-

magnetically order Co spin of CoO are attributed to the

uncompensated surface spin3,21 and paramagnetic exchange

between the nanocrystals.19 Hence, the nonlinear change of

M(H) could be due to an appreciable net magnetic moment

from uncompensated surface spins.3,21

In conclusion, single crystal nanocrystals of CoO pre-

pared from the thermal decomposition of cobalt oleate at 569

and 575K exhibit pure fcc-CoO phase. But further increase

in the decomposition temperature to 585K leads to the mix-

ture of fcc and hcp-CoO phases. All CoO nanocrystals are

single crystalline and exhibit mixture of two types of mor-

phologies; one is nearly spherical with 5 to 25 nm diameter

and other is 5 to 10 nm thick flake. These nanocrystals show

red shift of Raman modes and enhanced magnetization at

10K with increase of thermal decomposition temperature.

The fcc-CoO shows enhanced, and mixture of fcc- and hcp-

CoO shows reduced antiferromagnetic ordering temperature.

Around 6% ferromagnetically order Co spin of CoO and the

nonlinear change of M(H) of the CoO nanocrystals can be

explained by the paramagnetic exchange between the nano-

crystals and appreciable net magnetic moment from uncom-

pensated surface spins.
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