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Facile synthesis of magnetic metal (Mn, Co, Fe, and Ni) oxide nanosheets
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This paper demonstrated a simple, reproducible, and low-cost strategy of controlled synthesis of 2D
magnetic Mn2O3, Co3O4, Fe2O3 and NiO nanosheets. The products were characterized by X-ray diffraction
(XRD), field emission scanning electron microscopy (FE-SEM), and high-resolution transmission electron
microscopy (HRTEM). A kinetically controlled growth mechanism via a dissolution–recrystallization process
has also been proposed. This method proves the advantage of synthesizing metal oxide nanosheets without
employing catalysts, surfactants, templates, complex metal ligands or fatty-acids to assist growth. By using
generic reactants and one solvent, this route yields high-purity oxides providing a baseline for precise
characterization and property analysis.
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1. Introduction

Magnetic transition-metal oxides are of increasing importance due
to their remarkable technical applications such asmagnetic data storage
media, magnetic resonance imaging detectors, drug delivery systems,
energy storagematerials, and so on. Therefore, it is a pressing challenge
for inorganic chemists [1–4] to synthesize large-scale transition-metal
oxide nanocrystals of prescribed shape, size, phase purity, crystallinity,
and chemical composition via simple, economical and green
approaches. Considerable research has been directed towards the
synthesis of magnetic oxide nanocrystals, and numerous reports have
described their efficient shape-controlled route to obtain stable and
monodisperse products. Several methods including co-precipitation
[5,6], thermal decomposition and/or reduction [7–9], micelle synthesis
[10], hydrothermal synthesis [11], and laser pyrolysis [12] have been
investigated to obtain high-quality magnetic oxide nanocrystals.

Ultrathin two-dimensional (2D) magnetic oxide nanosheets have
not been widely studied due to the difficulty in fabricating crystalline
foils. Nonetheless, such nanosheets, with single-crystal quality, well-
defined chemical composition and extreme anisotropy, can be
regarded as a new class of materials [13–16]. These characteristics
yield physicochemical properties distinct from nanosized powders
and bulk materials. Especially, the nanosheets derived from layered
precursors are interesting because they can be used as building blocks
to construct a wide variety of nanostructured systems [17–21]. Metal-
oxide nanosheets are usually synthesized by delaminating precursor
crystals into robust fundamental layers by soft-chemical methods,
such as ion-exchange or exfoliation/delamination using complex
processes and high temperatures (800–1000 °C). However, the yields
of those methods are low even at high concentrations of reaction
surfactant or ligand, and to date, low-cost and large-scale production
has not been demonstrated [22,23].

Herein, we report the synthesis of single-crystal nanosheets of
several magnetic metal-oxides (Mn2O3, Co3O4, Fe2O3, NiO) through a
simple and low-cost pyrolysis of readily available precursor salts
refluxed in nontoxic diethylene glycol (DEG). This method demon-
strates the advantageous preparationmetal oxide nanosheets without
employing catalysts, surfactants, templates, complex metal ligands or
fatty-acids to assist growth. Because only DEG and one kind of
inorganic metal are required, the products are of high purity and
particularly suitable for magnetic and electronic materials.

2. Experimental

The chemical reagents (Sigma-Aldrich) were used without
purification. In a typical synthesis, 0.01 mol of the metal salt (Mn
(CH3COO)3·2H2O, Co(NO3)2·6H2O, Fe(NO3)3·9H2Oor Ni(NO3)2·6H2O)
was introduced to a round bottom flask and dissolved in 100 ml of DEG.
Clear solutions were obtained by refluxing at 190 °C (Mn-salt), 170 °C
(Co-salt), 140 °C (Fe-salt) and 190 °C (Ni-salt), for at least 3 h before
cooling to room temperature. The products were collected by
centrifugation (6000 rpm/30min), and then washed with ethanol and
deionized water three times to remove unreacted salts before drying
(60 °C/4 h). Themagnetic oxideswere prepared by calcination at 500 °C
in static air for 5 h with a heating rate of 1 °C min−1.

Powder X-ray diffraction (XRD) patterns were collected with a
Siemens D5005 instrument using Cu Kα radiation at a scan rate of
0.06°s−1. Transmission electron microscopy (TEM) and high-resolu-
tion transmission electron microscopy (HRTEM) were conducted at
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Fig. 1. XRD patterns of synthesized metal-oxide nanosheets: Mn2O3, Co3O4, Fe2O3,
and NiO.
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200 keV with a JEM-2100F field emission machine, after dispersing
the oxides in ethanol and depositing several drops of the suspension
on holey-carbon films supported by copper grids. TEM images were
used to establish lattice perfection, crystal size and shape, while fast
Fourier transformation of selected electron diffraction pattern
revealed crystallographic orientation. Field-emission scanning elec-
tron microscope (FE-SEM) operating with a JEOL JSM-3340F in
secondary electron mode was used to examine crystal morphology.

3. Results and discussion

XRDconfirmed thenanocrystallinenatureof theoxidesbybroadened
Bragg reflections shown in Fig. 1. The diffraction patterns match Mn2O3

(JCPDS: 89-2809, Ia3 ̄, a=0.9420 nm), Co3O4 (JCPDS: 78-1970,
Fig. 2. FE-SEM images of nanosheets (a) Mn
Fd3 ̄m, a=0.8085 nm), Fe2O3 (JPCDS: 87-1166, R3 ̄c, a=0.5035,
c=1.3749 nm), and NiO (JPCDS: 78-0643, Fm3̄m, a=0.4176 nm), and
no impurity phases were present at the detection limit (∼2 wt.%).

The surface morphology of the products can be illustrated by the
FE-SEM images shown in Fig. 2. The images reveal that the samples all
consist of nanosheets with lengths of 50–200 nm. The corresponding
TEM images were presented in Fig. 3(a),(c),(e) and (g). The result also
confirms that all of four products contain 2D nanosheets with widths
ranging from ∼20 to 80 nm and lengths from ∼50 to 200 nm. For
example, Mn2O3 appears as thin crystallites of uniform contrast,
characteristic of nanosheets in HRTEM image (Fig. 3b). HRTEM also
revealed clear Moiré patterns, duo to overlaid nanosheets, which
further confirms the high level of lattice perfection [24]. The Co3O4,
Fe2O3, and NiO nanosheets exhibit similar result to Mn2O3 in the TEM
and HRTEM characteristics (see in Fig. 3d, f, h).

As noted earlier, the growth of nanosheets was not catalyst
assisted. Instead, the successful synthesis of nanosheet is explained by
a kinetically controlled dissolution–recrystallization mechanism,
where the most important factor is the solubility of the salt and
crystal coarsening via Ostwald ripening [25–27] in which larger
crystals grow at the expense of smaller. To substantitally understand
the growth process, the samples at an early stage of reflux isolated
Mn2O3, Co3O4, Fe2O3 and NiO were characterized by TEM (in Fig. 4a, b,
c and d). In these images, we could only observe small crystal plates in
these samples, which suggest that the larger nanosheets grew further
from calcination. In addition, the precursors possess lamellar crystal
structures which may collapse to plate-like nuclei, arising with the
loss of water of crystallization during refluxing and the nanosheets
agglomerate topotaxially and grow during calcination.

4. Conclusion

A simple, reproducible, and low-cost strategy using generic
chemicals is described for the controlled synthesis of 2D magnetic
Mn2O3, Co3O4, Fe2O3, and NiO single-crystalline nanosheets. A
kinetically regulated growth mechanism via a dissolution–recrystal-
lization process is proposed. By employing only one reactant and one
2O3, (b) Co3O4, (c) Fe2O3, and (d) NiO.



Fig. 3. TEM and HRTEM (inset: ED pattern) images of as-prepared products: (a, b) Mn2O3, (c, d) Co3O4, (e, f) Fe2O3, and (g, h) NiO.
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Fig. 4. TEM image of Mn2O3, Co3O4, Fe2O3 and NiO nanoplates before calcination.
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solvent, this method yields products of extremely high purity that are
ideal for precise characterization and property analysis. Furthermore,
this simple synthetic methodology for preparing 2D inorganic oxide
nanomaterials is widely applicable and may lead to a wider consid-
eration of the unique properties of these structures and the thus
expanding their potential applications.

Acknowledgements

The authors gratefully acknowledge the financial support by the
Scientific Research Foundation for the Returned Overseas Chinese
Scholars, State Education Ministry, the grants of National Science
Foundation of China (No.20806075), and the Singapore National
Research Foundation under CRP Award (No. NRF-G-CRP 2007-01).

References

[1] Jana NR, Chen Y, Peng X. Chem Mater 2004;16:3931–5.
[2] Park J, An K, Hwang Y, Park JG, Noh HJ, Kim JY, et al. Nat Mater 2004;3:891–5.
[3] Yin M, Wu CK, Lou YB, Burda C, Koberstein JT, Zhu YM, et al. J Am Chem Soc

2005;127:9506–11.
[4] Sun X, Zhang YW, Si R, Yan CH. Small 2005;1:1081–6.
[5] Willis AL, Turro NJ, O'Brien S. Chem Mater 2005;17:5970–5.
[6] Cushing BL, Kolesnichenko VL, O'Connor CJ. Chem Rev 2004;104:3893–946.
[7] Murray CB, Norris DJ, Bawendi MG. J Am Chem Soc 1993;115:8706–15.
[8] Peng X, Wickham J, Alivisatos AP. J Am Chem Soc 1998;120:5343–4.
[9] O'Brien S, Brus L, Murray CB. J Am Chem Soc 2001;123:12085–6.
[10] Langevin D. Annu Rev Phys Chem 1992;43:341–69.
[11] Wang X, Zhuang J, Peng Q, Li YD. Nature 2005;437:121–4.
[12] Bomati-Miguel O, Tartaj P, Morales MP, Bonville P, Golla-Schindler U, Zhao XQ,

et al. Small 2006;2:1476–83.
[13] Sasaki T, Watanabe M. J Am Chem Soc 1998;120:4682–9.
[14] Kaschak DM, Lean JT, Waraksa CC, Saupe GB, Usami H, Mallouk TE. J Am Chem Soc

1999;121:3435–45.
[15] Sasaki T, Ebina Y, Kitami Y, Watanabe M. J Physiol Chem B 2001;105:6116–21.
[16] Miyamoto N, Nakato T. J Physiol Chem B 2004;108:6152–9.
[17] Schaak RE, Mallouk TE. Chem Mater 2000;12:3427–34.
[18] Wang ZS, Sasaki T, Muramatsu M, Ebina Y, Tanaka T, Wang LZ, et al. Chem Mater

2003;15:807–12.
[19] Tanaka T, Fukuda K, Ebina Y, Takata K, Sasaki T. Adv Mater 2004;16:872–5.
[20] Yui T, Mori Y, Tsuchino T, Itoh T, Hattori T, Fukushima Y, et al. Chem Mater

2005;17:206–11.
[21] Chu SZ, Inoue S, Wada K, Hishita S, Kurashima K. Adv Funct Mater 2005;15:

1343–9.
[22] Yanagisawa M, Uchida S, Yin S, Sato T. Chem Mater 2001;13:174–8.
[23] Takagaki A, Sugisawa M, Lu D, Kondo JN, Hara M, Domen K, et al. J Am Chem Soc

2003;125:5479–85.
[24] Xu TG, Zhang C, Shao X, Wu K, Zhu YF. Adv Funct Mater 2006;16:1599–607.
[25] Roosen AR, Carter WC. Phys A 1998;261:232–47.
[26] Pacholski C, Kornowski A, Weller H. Angew Chem Int Ed 2002;41:1188–91.
[27] Hu Y, Mei T, Guo J, White T. Inorg Chem 2007;46:11031–5.


	Facile synthesis of magnetic metal (Mn, Co, Fe, and Ni) oxide nanosheets
	Introduction
	Experimental
	Results and discussion
	Conclusion
	Acknowledgements
	References




