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Abstract This paper proposes a facile two-step hydro-

thermal route for the synthesis of maghemite (c-Fe2O3)

nanocrystals. The synthesis route included two steps: (i)

hydrothermal synthesis of Fe3O4 nanocrystals, and (ii)

hydrothermal oxidation of the Fe3O4 nanocrystals to their

c-Fe2O3 counterpart. Phase transition from c-Fe2O3 to

hematite was studied by in situ XRD; the c-Fe2O3 nano-

crystals exhibited enhanced phase transition temperature

(>600 �C). The magnetization curves revealed that the

c-Fe2O3 nanocrystals showed ferromagnetic behavior with

high saturation magnetization of 68 emu/g at room

temperature.

Introduction

Iron(III) oxide has four polymorphs, namely, hematite

(a-Fe2O3), maghemite (c-Fe2O3), b-Fe2O3 and e-Fe2O3 [1].

Among these polymorphs, c-Fe2O3 is an excellent ferro-

magnetic oxide that has been widely used as magnetic

recording materials for the long period of time [2, 3]. As

the density of magnetic recording media increases, it is

technologically important to study the synthesis and

properties of c-Fe2O3 nanocrystals. In addition, nanocrys-

talline c-Fe2O3 has promising applications in ferrofluids

[4, 5], magnetic refrigeration [6], magneto-optical devices

[7], controlled drug delivery [8], bioprocessing [1, 9],

medical diagnosis [10, 11], and gas sensors [12]. Due to the

chemical stability, biocompatibility and heating ability of

c-Fe2O3 nanocrystals in an alternating field, ferrofluids of

c-Fe2O3 nanocrystals also can be used for magnetic fluid

hyperthermia (MFH) in tumour treatments [13, 14].

The usual technique to synthesize c-Fe2O3 powders is

still the thermal oxidation of magnetite (Fe3O4), which

includes two steps. First, Fe3O4 powders are synthesized by

coprecipitation of ferrous and ferric cations in alkaline

solution. Then, the Fe3O4 powders are oxidized to their

c-Fe2O3 counterpart between 100 �C and 250 �C in air. In

recent years, a variety of processes have been employed to

prepare c-Fe2O3 nanocrystals, including solvothermal

reduction [15], thermal decomposition [16], reduction–

oxidation method [17], high temperature aging methods

[18], ball-milling [19], coprecipitation technique [20],

reverse micelle technique [21], sol–gel mediated reaction

[22] and so on.

Hydrothermal method is a powerful technique in syn-

thesizing metal oxide nanostructures, but hydrothermal

synthesis of c-Fe2O3 nanocrystals is still less successful. In

usual hydrothermal processes, nanocrystalline hematite

(a-Fe2O3) instead of c-Fe2O3 can be obtained because

a-Fe2O3 is the most thermodynamically stable ferric oxide

[23, 24]. Chen and Xu have reported that c-Fe2O3 nano-

particles could be hydrothermally synthesized at 140 �C

for 7–10 days using 2-methoxyethanol (MOE)-H2O mixed

solvent and acetylacetone(Hacac) as additive from iron(II)

2-methoxyethoxides (Fe(MOEO)2) [25]. However, this

hydrothermal synthesis process is troublesome. In contrast,

hydrothermal synthesis of Fe3O4 nanocrystals have been

reported by many literatures [26–30]. Considering the

above points, we propose in this paper a facile two-step
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hydrothermal route for the synthesis of c-Fe2O3 nano-

crystals, which includes hydrothermal synthesis of Fe3O4

nanocrystals using hydrazine hydrate as an alkaline min-

eralizer and subsequent hydrothermal oxidation of the

Fe3O4 nanocrystals to its c-Fe2O3 counterpart.

Experimental procedure

The starting reagents used in this work were analytical-

grade ferrous sulfate hydrate (FeSO4�7H2O), hydrazine

hydrate 85% and hydrogen peroxide (H2O2) with a volume

concentration of 30%. At the first stage, 1.779 g of FeS-

O4�7H2O and 0.753 g of hydrazine hydrate 85% were ad-

ded to 160 mL of deionized water under vigorous magnetic

stirring. After 10 min of stirring, the above solution was

transferred into a Teflon-lined stainless steel autoclave

(capacity 200 ml) and sealed. The autoclave was heated at

150 �C for 12 h and then cooled down naturally to room

temperature. The black Fe3O4 nanocrystals was collected

by centrifugation. At the second stage, the Fe3O4 nano-

crystals, 10 ml of H2O2 and 150 ml of deionized water

were introduced into the Teflon-lined stainless steel auto-

clave and sealed. Once again, the autoclave was heated at

150 �C for 12 h and then cooled down naturally to room

temperature. Finally, the brown c-Fe2O3 nanocrystals were

collected by centrifugation and washing with distilled

water and alcohol for several times, and dried at 60 �C for

24 h in air.

Phase identification of the products was carried out by

x-ray diffraction (XRD) using a Thermo ARL XTRA x-ray

diffractometer with Cu Ka radiation (k = 1.54178 Å). The

chemical compositions of the Fe3O4 and c-Fe2O3 nano-

crystals were analyzed by an Oxford Instrument’s INCA

energy-dispersive spectrometer (EDS). In situ high-tem-

perature XRD study of the c fi a-Fe2O3 phase transition

was performed in a high-temperature attachment of the

x-ray diffractometer. The sample was placed on a Pt stage

and heated in air. In situ XRD patterns were obtained at

different temperatures, i.e. 30, 100, 200, 300, 400, 500,

600, 650, 700, 750 and 800 �C. XRD scanning was started

when the sample was heated at a temperature for 20 min.

The morphologies of the Fe3O4 and c-Fe2O3 nanocrystals

were observed by a JEOL JEM 200 CX transmission

electron microscope (TEM) operated at 160 kV. The

magnetic properties were measured on a Quantum Design

Physical Property Measurement System (PPMS-9).

Results and discussion

The black product hydrothermally synthesized at the first

step and the brown product hydrothermally oxidized at the

second step were characterized by XRD. Their XRD pat-

terns are shown in Figs. 1a, b, respectively. Analyzed by

the Thermo ARL WinXRD software package, all the peaks

of the XRD pattern of the black product (shown in Fig. 1a)

are in good agreement with the JCPDS data (no. 79-0419)

of the cubic Fe3O4 with the lattice constant a = 8.40 Å.

The brown product can be indexed to cubic c-Fe2O3

(JCPDS no. 39-1346) with the lattice constant a = 8.35 Å.

No XRD peaks of impurities such as a-Fe2O3 phase were

found in Fig. 1b. Maghemite with cubic structure is closely

related to the structure of inverse spinel Fe3O4, but it dif-

fers from the latter by the presence of vacancies distributed

on the cation sublattice [31]. The Fe3O4 and c-Fe2O3

nanocrystals, consequently, show almost similar XRD

patterns (see Fig. 1). Fortunately, modern high-resolution

x-ray diffractometers have enough high precision to dis-

tinguish between Fe3O4 and c-Fe2O3. The inset of Fig. 1

clearly shows the amplified (511) and (440) peaks of the

Fe3O4 and c-Fe2O3 nanocrystals, in which obvious peak

difference can be found. In addition, the chemical com-

positions of the Fe3O4 and c-Fe2O3 nanocrytals were ana-

lyzed by EDS. Their EDS spectra and results of

quantitative analysis by the Oxford Instruments INCA

software package (INCA Energy 200) are shown in Fig. 2a

and b, respectively. As shown in Fig. 2, strong peaks for Fe

and O can be found in the spectra. The results of quanti-

tative analysis (see the insets of Fig. 2) reveals that the

O/Fe atomic ratios of the Fe3O4 and c-Fe2O3 nanocrytals

are 1.30 and 1.52, respectively. The values are consistent

Fig. 1 XRD patterns of the products: (a) Fe3O4 nanocrystals, and (b)

c-Fe2O3 nanocrystals
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with the theoretical O/Fe atomic ratios of Fe3O4 (1.33) and

c-Fe2O3 (1.50). In a word, the black and brown products

were Fe3O4 and c-Fe2O3, respectively.

It is well known that cubic c-Fe2O3 is only a metastable,

low temperature Fe2O3 modification and that the phase

transition to rhombohedral a-Fe2O3 occurs at temperature

range of 200–700 �C [32–34]. To meet technological

challenges for memory devices, the enhanced phase tran-

sition temperature implies better applicability of c-Fe2O3

even at high temperature. There have been many efforts to

stabilize c-Fe2O3 against transformation to a-Fe2O3 at en-

hanced temperatures [34–36]. In contrast to other thermal

analysis techniques such as DSC, DTA and TGA, in situ

XRD is a more powerful tool to study phase transition. In

this work, the c fi a-Fe2O3 phase transition was studied by

in situ XRD. Figure 3 shows the in situ XRD patterns

obtained at 30, 500, 600, 650, 700, 750 and 800 �C . As

shown in Fig. 3, no XRD peaks of a-Fe2O3 were detected

in the temperature range of 30–600 �C. When the c-Fe2O3

sample was heated to 650 �C, the XRD peaks of a-Fe2O3

(JCPDS no. 33-0664) began to occur. Furthermore, the

XRD peaks of the a-Fe2O3 became stronger and stronger

with increasing temperature. For instance, the (104) peak at

around 33.1�, the strongest peak in the standard card of

a-Fe2O3 (JCPDS no. 33-0664) didn’t occure until the

c-Fe2O3 sample was heated to 650 �C. In subsequent

heating to 800 �C, the (104) peak became increasingly

strong, meaning the phase transition was induced. Based on

above results, it can been concluded that the c-Fe2O3

nanocrytals synthesized via the two-step hydrothermal

route exhibited high phase transition temperature

(>600 �C), while the reported temperature of the c fi
a-Fe2O3 transition ranges from 200 C to 500 �C for nano-

particles [32]. We attributed the high transition temperature

(>600 �C) to the particular hydrothermal oxidation process.

The morphologies of the Fe3O4 and c-Fe2O3 nanocrys-

tals were observed by TEM; their typical TEM images are

shown in Fig. 4. Figure 4a shows the TEM image of the

black Fe3O4 product, which reveals that the product is

Fe3O4 nanocrystals with the diameter of ~70 nm. The TEM

images of the c-Fe2O3 product are shown in Figs. 4b, c,

which reveal that the c-Fe2O3 product has the same mor-

phology as that of the Fe3O4 nanocrystals. The inset of

Fig. 4c shows the selected area electron diffraction

(SAED) pattern of the c-Fe2O3 nanocrystals. The d values

corresponding to the two brightest rings (from the inner to

the outer) are 2.10 Å and 1.28 Å, corresponding well to the

{400} and {533} planes of the c-Fe2O3 (JCPDS no.

39-1346), respectively. Furthermore, as shown in Fig. 4,

the Fe3O4 and c-Fe2O3 nanocrystals are well dispersive.

The magnetization curves of the Fe3O4 and c-Fe2O3

nanocrystals are shown in Fig. 5. The related magnetic

parameters are given in Table 1. As shown in Fig. 4, their

magnetization curves measured at both 10 K and 300 K

exhibit obvious hysteresis loop. The hysteresis loops is the

Fig. 2 EDS spectra and results of quantitative analysis: (a) Fe3O4

nanocrystals, and (b) c-Fe2O3 nanocrystals

Fig. 3 In situ XRD patterns of the phase transition from maghemite

(c-Fe2O3) to hematite (a-Fe2O3)
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unique characteristic of the ferromagnetic behavior,

meaning that the Fe3O4 and c-Fe2O3 nanocrystals show

typical ferromagnetic behavior at 10 Kand 300 K. Due to

their high crystallinity, the c-Fe2O3 nanocrystals show high

saturation magnetization of 68 emu/g at 300 K, which is

close to the theoretical saturation magnetization of 76 emu/

g for bulk c-Fe2O3 at room temperature [37].

Conclusions

Maghemite (c-Fe2O3) nanocrystals were successfully

prepared via a facile two-step hydrothermal route. The

synthesis route includes two steps: (i) hydrothermal

synthesis of Fe3O4 nanocrystals, and (ii) hydrothermal

oxidation of the Fe3O4 nanocrystals to its c-Fe2O3

counterpart. The c-Fe2O3 nanocrystals were well-crystal-

lized and about 70 nm in diameter. In situ XRD study

reveals the c-Fe2O3 nanocrystals exhibit the enhanced

phase transition temperature (>600 �C). The c-Fe2O3

nanocrystals show ferromagnetic behavior with high satu-

ration magnetization of 68 emu/g at room temperature.

Fig. 4 (a) TEM image of the Fe3O4 nanocrystals, (b) the low-

magnification TEM image of c-Fe2O3 nanocrystals, and (c) the

magnified TEM image of the c-Fe2O3 nanocrystals, the inset is the

relative SEAD pattern

Fig. 5 Magnetization curves of the products measured at 10 K and

300 K: (a) Fe3O4 nanocrystals, and (b) c-Fe2O3 nanocrystals

Table 1 Magnetic properties of the Fe3O4 and c-Fe2O3 nanocrystals

obtained with the PPMS

Product Measuring

temp. (K)

Saturation magnetization

(emu/g)

Coercivity

(Oe)

Fe3O4 10 85 300

300 77 100

c-Fe2O3 10 76 132

300 68 76

Note: The masses of the Fe3O4 and c-Fe2O3 samples measured with

the PPMS are 8.0 and 82.4 mg, respectively
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