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Nanocrystalline zinc ferrite (ZFO) has been synthesized from metal acetylacetonates by microwave

irradiation for 5 min in the presence of a surfactant. The as-prepared material is ZFO and has been

subjected in air to conventional furnace annealing and to rapid annealing at different temperatures.

Both annealing protocols lead to well-crystallized ZFO, with crystallite sizes in the range �8–20 nm,

which is ferrimagnetic, even at room temperature, with magnetization attaining saturation. While the

magnetization MS of conventionally annealed ZFO varies with crystallite size in the expected manner,

rapid annealing leads to high MS even when the crystallite size is relatively large. The coercivity is

greater in the conventionally annealed ZFO. Thermal and magnetic measurements suggest that the

inhomogeneous site cationic distribution within each crystallite caused by rapid annealing can be used

to tailor the magnetic behaviour of nanocrystalline ferrites.
Introduction

There has been renewed effort in the synthesis of spinel ferrites in

recent years, prompted by reports of novel properties of these

oxides in the nanometric regime. The effort is spurred also by the

miniaturization of magnetic and electronic devices, which

demands advanced materials that have smaller sizes, new forms,

and shapes. Hence there are many recent reports on nano-

particles of different ferrites, which have traditionally been

prepared in the bulk.1 Specifically, nanoparticles of zinc ferrite

(ZnFe2O4 or ZFO) have generated a lot of interest because of

their potential applications in gas sensing,2,3 semiconductor

photocatalysis,4 as the magnetic core of RF devices5 and in

magnetic resonance imaging.6

Ferrites with normal and inverse spinel structures exhibit

a variety of magnetic ordering and properties, depending on the

choice of the ion for the tetrahedral A-site. In zinc ferrite,

ZnFe2O4 (ZFO), a normal spinel, with nonmagnetic Zn2+ ions on

tetrahedral sites only, magnetic interaction takes place only

between the Fe3+ ions, which occupy only the octahedral B sites.

As such, bulk ZnFe2O4, a normal spinel, displays antiferro-

magnetic ordering below 10 K, and short range ordering at

higher temperatures.7–9 However, it has been shown recently

that, as the average particle size is reduced, ZFO exhibits
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ferrimagnetic behaviour. As various studies have shown,2,3,10–12

this is because of the distribution of both Zn2+ and Fe3+ among

the A and B sites of the ‘‘partially inverted’’ spinel lattice

whereas, in ‘‘bulk’’ ZFO, Zn2+ and Fe3+ occupy only the A and B

sites, respectively. The degree of such inversion, and the resulting

changes in the magnetic properties of ZFO, have been found to

depend sensitively on the method of synthesis and the subsequent

(thermal) processing of the nanocrystalline material.3,4,8,9,13–19

Complex oxides like ZnFe2O4 may be synthesized by different

techniques, such as sol–gel,20 combustion,21 coprecipitation,22

microemulsion,23 polyol,14 normal and reverse micelle,13 sono-

chemical,18,19 etc., apart from traditional ceramic synthesis

processes.16 The latter involve physical mixing of the individual

oxides (or oxide precursors, such as carbonates and oxalates),

calcinations, sintering at high temperature for extended dura-

tions, grinding and, finally, re-sintering. These processes require

long reaction times and rather high temperatures that are

undesirable both from technological and environmental points

of view. Furthermore, traditional ceramic synthesis routes do not

provide control of the grain size or a narrow size distribution at

the nanometric level. Therefore, sol–gel synthesis has been

employed in recent years. However, the inherent disadvantages

of the sol–gel method are the formation of multiphase materials

and the lengthy processing required. The disadvantages of the

combustion synthesis and spray pyrolysis techniques are their

rather large ‘‘thermal budget’’, the non-uniformity of the crys-

tallite size they entail, and the need for safety requirements.21 On

the other hand, the hydrothermal process is one of the most

promising methods for preparing fine ceramic powders.15,24 A

microwave-assisted hydrothermal synthesis of ceramics was first

attempted by Komarneni et al.25 The main advantages of

microwaves-based process over the conventional hydrothermal
J. Mater. Chem., 2012, 22, 2149–2156 | 2149
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process are that the kinetics of the reaction are enhanced mani-

fold, thus reducing process time, and that novel phases can be

obtained by the method. Microwave irradiation, a contactless

process, produces efficient and high rates of heating of a sample

(in the form of a solution for the present context) at the molec-

ular level, leading to a uniform increase in temperature, and to

high yields and reproducibility.26

Specifically, Komarneni et al.25 used the microwave-hydro-

thermal method to prepare nano-sized powders of various

ferrites with high specific surface areas. They reported using

a closed-vessel system, irradiated with microwaves at 2.45 GHz

and �650 W of power, to synthesize ferrites from aqueous

solutions of metal hydroxides. Crystalline ferrites were formed

within 4 min of reaction time at 100 psi and 164 �C, at a yield

>80%. However, traces of haematite (a-Fe2O3) were also formed.

Subsequently, Jin-Ho Lee et al.27 attempted to optimize the

reaction conditions (pH, temperature, and time) for the same

process, seeking to obtain the pure ferrite. It was found that a 30-

min-long exposure to microwaves at the higher temperature of

180 �C eliminates the variations due to the pH of the solution.

However, neither of these two studies reported the magnetic

properties of the material synthesized by the microwave hydro-

thermal method.

Most of the magnetic studies reported on nanocrystalline ZFO

to date have involved material processed over long durations,

effectively yielding equilibrium compositions of the resulting

ZFO. Microwave-assisted synthesis in the solution medium, by

contrast, is relatively rapid, which is likely to influence the

occupancy of the A and B sites in the resulting nanocrystalline

ZFO, and thereby its magnetic behavior. If, in addition, the post-

synthesis treatment of nanocrystalline ZFO is carried out by

rapid thermal annealing, the magnetic (and other) properties of

ZFO would be characterized by the site occupancies induced by

such rapid processing.

The aim of the present effort has been to develop a pH-inde-

pendent recipe for the preparation of ZnFe2O4 nanoparticles by

microwave-assisted synthesis in the solution medium, followed

by thermal treatment that seeks to alter the resulting ZFO. We

thus report a rapid, microwave-assisted, soft-chemical technique

for the in situ synthesis of phase-pure nanocrystalline ZnFe2O4,

its subsequent thermal treatment by two different protocols, and

the characterization of the resulting oxide. The magnetic prop-

erties of ZFO so obtained are also reported. We show that

microwave-assisted synthesis is an efficient and rapid process for

the preparation of ferrimagnetic nanocrystals at low

temperature.
Fig. 1 Schematic diagram of the modified domestic microwave oven

used for the synthesis of ZFO.
Experimental

We have employed safe, common solvents and metal–organic

precursors, namely metal acetylacetonates,28 which possess low

moisture sensitivity and are thus less susceptible to hydrolysis,

rendering them superior to metal alkoxides and halides often

used in oxide synthesis. The metal–oxygen bond present in ace-

tylacetonate complexes makes them appropriate precursors for

the synthesis of oxides.

The metal complexes, Fe(III)acetylacetonate (Fe(acac)3), and

Zn(II)acetylacetonate (Zn(acac)2), were synthesized and purified

in-house.29,30 The AR-grade solvents and the surfactant, cetyl
2150 | J. Mater. Chem., 2012, 22, 2149–2156
trimethylammonium bromide (CTAB), were used as received.

The typical procedure employed for the synthesis of nano-

particles of ZFO by the microwave-assisted chemical process is

as follows. Solutions of 1 mmol of Zn(acac)2 and 2 mmol of Fe

(acac)3 in 25 ml and 50 ml of ethanol, respectively, were mixed

and transferred to a 250 ml round-bottomed (RB) flask, while 0.4

g of CTAB dissolved in 25 ml of water was added to it. This

reaction mixture was irradiated in a ‘‘domestic’’ microwave oven

(2.45 GHz, 800 W, 5 min), fitted with a water-cooled reflux

condenser to avoid the loss of solvent during the reaction. A

brown precipitate was formed upon allowing it to cool to room

temperature. The schematic diagram of the apparatus (Fig. 1)

also illustrates the optical fiber temperature sensor directly in

contact with the solution for accurate measurement of reaction

temperature. The solid precipitate was separated by centrifuga-

tion (10 min at 4000 rpm), and washed repeatedly with ethanol

and acetone to remove unreacted material, and dried in air.

The powder precipitates were subjected to heat treatment in air

at different temperatures under two different protocols (Table 1).

In the first, conventional annealing (CA) [ramp rate: 10 �Cmin�1]

was carried out in a muffle furnace for a chosen duration; in the

second, annealing was performed in a home-made rapid

annealing (RA) apparatus [ramp rate: 200 �Cmin�1] for a chosen

duration (see the ESI†). Labels in Table 1 indicate the temper-

ature and duration of annealing. It is expected that, for a very

short duration, the samples RA32 and RA52 attain a tempera-

ture considerably higher than indicated in Table 1, because of the

high intensity of the halogen lamps as they are turned on, and

because of the loose thermal anchoring of the powder sample to

the silicon substrate on which it was placed.

A thermal study of the as-prepared powder was carried out in

air over the temperature range of 25–900 �C using a simultaneous

thermo-gravimetric/differential thermal analyzer (TG/DTA, TA
This journal is ª The Royal Society of Chemistry 2012
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Table 1 ZFO samples and their post process treatment

Sample name Anneal protocol Ramp-up rate Ramp-down rate

UA00 As-prepared — —
CA32 CA [2 h @ 300 �C] 10 �C min�1 5 �C min�1

RA32 RA [2 min @ 300 �C] 200 �C min�1 150 �C min�1

CA52 CA [2 h @ 500 �C] 10 �C min�1 5 �C min�1

RA52 RA [2 min @ 500 �C] 200 �C min�1 150 �C min�1
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instruments, SDTQ-600). Thermogravimetric analysis of the as-

prepared powder was also carried out in the isothermal mode, in

air, so as to mimic the conditions of CA and RA. In mimicking

CA, as-prepared ZFO is heated (at 20 �C min�1) in air to 300 �C,
where it is held for 2 h, further heating followed (at 20 �C min�1)

up to 500 �C, and held again for 2 h. Similarly for RA, the as-

prepared sample was heated in air rapidly (at 80 �Cmin�1) to 300
�C (nominal) and held there for 2 min, heated further at the same

rate to 500 �C (nominal), and held there for 2 min. Elemental

analysis (CHNS) of the powder material was performed (Thermo

Finnigan FLASH EA 1112 analyzer). The crystallinity of

samples and their phase composition were examined by X-ray

powder diffractometry (XRD, JEOL JDX-80300), using Cu-Ka

radiation. Transmission electron microscopy (TEM, TECNAI

F-30, 200 kV) was employed to perform electron diffraction, and

to determine particle sizes and the particle size distribution.

Magnetic measurements on the powder samples were made using

a SQUID magnetometer (Quantum Design MPMS XL-5).
Results and discussion

Under microwave irradiation, the temperature of the reaction

mixture is found not to exceed 95 �C (see the ESI†). It is therefore

possible that organic moieties are a part of the powder precipi-

tate. To examine this and to determine the minimum temperature

required (in air) to remove them, TG/DTA data were gathered

on the as-synthesized sample from room temperature to 900 �C
(Fig. 2).

One broad endothermic peak and one strong exothermic peak

are present in the DTA data up to 300 �C, accounting together

for a total weight loss of 18%. This weight loss and the associated

thermal events may be attributed to desorption of solvents and

the combustion of organic moieties from the metal complexes
Fig. 2 Simultaneous TGA/DTA of the as-prepared ZFO.

This journal is ª The Royal Society of Chemistry 2012
and the surfactant (CTAB). Another broad exothermic event

takes place between 400 �C and 500 �C (Fig. 2). To understand it,

elemental analysis was carried out on the CA32 and CA52

samples, which revealed that their total organic content (by

weight) was 3.7% and 1.1%, respectively. Thus, thermal and

elemental analyses together show that the weight loss (2.6%)

between 300 �C and 500 �C is due to the removal of organic

moieties and, therefore, that annealing the as-prepared powder

at�300 �C would suffice to remove most of the organic chemical

moieties.

XRD patterns of the as-prepared and annealed samples are

shown in Fig. 3 and Fig. 4. The as-prepared sample (UA00,

Fig. 3a) shows broad peaks, characteristic of very small crystals,

whereas all the annealed samples (Fig. 3b, 3c and 4) feature

distinct sharpening of the diffraction peaks of UA00, corre-

sponding to improved crystallinity (grain growth). The diffrac-

tion patterns can be indexed to cubic zinc ferrite, ZnFe2O4

(PCPDF No. 82-1049) and no other crystalline phase detected.

Given these findings, the weight loss of 2.4% between 500 �C and

900 �C (Fig. 2) can be attributed to loss of oxygen from the

lattice.

TEM analysis was used to study on a fine scale the

morphologies of the various powder samples and to obtain

particle size distribution data. The selective area electron

diffraction (SAED) pattern for the as-prepared powder shown

in Fig. 5(a) reveals diffuse rings characteristic of disordered or

barely crystalline material. However, the SAED patterns for the

annealed samples (Fig. 5b–e) show rings with spots, character-

istic of well-crystallized (polycrystalline) material; the patterns

are assignable to cubic ZnFe2O4. No other crystalline phase is

present in these SAED patterns, attesting to the phase purity of

the oxide obtained by the microwave method, followed by

annealing (CA/RA). The lattice parameter of the annealed
Fig. 3 XRD patterns of the (a) as-prepared and (b) & (c) annealed ZFO

samples.

J. Mater. Chem., 2012, 22, 2149–2156 | 2151
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Fig. 4 XRD patterns of various annealed ZFO samples.

Fig. 6 (a) TEM and (b) SEM images of sample RA32 show vividly that

even rapid annealing suffices for the formation of equilibrium shapes of

ZFO.
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samples was calculated from the SAED patterns and found to

be 8.45 � 0.01 �A, in good agreement with the value reported for

bulk zinc ferrite (8.44 �A). While the sample CA32 comprises

very fine crystals, the crystallites in the other annealed samples

display clearly polyhedral shapes characteristic of cubic

symmetry, indicating that even a brief exposure to elevated

temperatures, as in RA32 and RA52, suffices to allow grain

growth and the attainment of equilibrium shapes (Fig. 6). The

individual particles appear to be single-crystalline, as shown by

lattice imaging (Fig. 5f). Grain size distribution within the

annealed samples was found to be narrow and Gaussian

(Fig. 5), as estimated by counting �200 nanocrystals. The

average crystallite sizes are given in Table 2.
Fig. 5 TEM images and analysis of ZFO samples (a) UA00 (b) CA32 (c) CA

SAED patterns and the histograms track the growth of crystallites due to an

2152 | J. Mater. Chem., 2012, 22, 2149–2156
Magnetic properties

The magnetic properties of a nanocrystalline ferrite, such as

ZnFe2O4, depend inherently on the cationic distribution in the

lattice. As already noted, zinc ferrite in nanometric size is a partly

inverse spinel, with the Zn2+ and Fe3+ cations occupying both A

and B sites in the lattice. The degree of inversion increases as the

particle size is reduced, and is largely dependent on the method of

preparation.11 As magnetic properties of ZFO are determined by

crystallite size and the degree of inversion, even within the same

composition, the two different annealing protocols used are an

attempt to alter the degree of inversion.

As-prepared ZFO

The saturation magnetization (MS) and coercivity (HC) of the

various samples, measured on a SQUID magnetometer, are
52 (d) RA32 (e) RA52. (f) HRTEM images of the annealed samples. The

nealing on the 1–30 nm scale.

This journal is ª The Royal Society of Chemistry 2012
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Table 2 Crystallite size and magnetic parameters of ZFO samples

Sample name
Crystallite
size/nm

MS @
30 K/emu g�1

HC @
30 K/Oe

MS @
300 K/emu g�1

HC @
300 K/Oe

UA00 —a 12.50 18 2.6 0
CA32 8.4 39.41 20 7.93 5
RA32 17.5 38.75 50 7.50 28
CA52 18.1 26.98 198 6.62 12
RA52 20.8 33.19 65 5.55 38

a Due to agglomeration and very small sizes (<5 nm) a precise value is not shown.
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given in Table 2. The hysteresis (M–H) curve (Fig. 7a) of the

as-prepared ZFO (UA00) displays: (i) superparamagnetism at

300 K, with zero coercivity (Fig. 7b); and (ii) ferrimagnetism at

30 K, even though the coercivity is only 5 Oe and the saturation

magnetization is �12.5 emu g�1. As seen from XRD data

(Fig. 3a), the crystallites in the as-prepared sample (UA00) are

very small (<5 nm). Nevertheless, the material displays satu-

ration in magnetization, unlike nanocrystalline ZFO prepared

by other methods.11,31 It is to be noted here that microwave

irradiation-assisted synthesis not only features a low process

temperature, but also a high degree of nucleation in the

medium of growth (the solution), limiting the size of the crys-

tallites as formed. Furthermore, the higher rate of crystallite

growth in the present process, than in other low temperature

processes for nanomaterial synthesis, may be expected to

influence site occupancy by metal ions (degree of inversion) to

be different from that in the thermodynamically most stable

configuration in bulk ferrite,8 and in nanocrystalline ZFO

prepared by slower methods. Thus, the observed saturation

magnetization MS and measurable coercivity (at 30 K) in the

as-prepared sample may be attributed to the cationic distri-

bution among the A and B sites resulting from microwave

synthesis.

On the other hand, saturation magnetization of the as-

prepared ferrite (UA00), even at 30 K, is low, which may be

attributed to the very small size of the crystals, with a large

fraction of their atoms residing on the surface. In nano-

crystalline magnetic materials, there is disorder among the

surface spins, arising from dangling bonds of the surface

atoms, leading to greater anisotropy and weak magnetization.11

Such disorder has been reported in other spinel ferrites as

well.32–34
Fig. 7 M–H curves of ZFO sample (UA00) measured at 30 K a

This journal is ª The Royal Society of Chemistry 2012
Annealing vs. magnetic behaviour

During post-synthesis annealing, the fine crystallites of the

ferrite in the as-prepared material begin to coalesce and grow.

Two hours of annealing at 300 �C (CA32) leads to crystallites of

8.4 nm, with a significantly higher (than in UA00) MS of 39.4

emu g�1 at 30 K (Fig. 8a). Similar annealing at 500 �C (CA52)

leads to larger crystallites (18.1 nm), but a lower saturation

magnetization, i.e., 27.0 emu g�1 at 30 K (Fig. 8a). The trend is

the same when measurements are made at 300 K (Fig. 8d). This

trend may be understood by noting that, during lengthy

conventional annealing (CA32, CA52), the ferrite crystallites

grow larger, whereby the contribution from surface spin

disorder is reduced. The crystals still being nanometric, the

partial inversion present leads to a higher value of MS than in

UA00, in which the crystals are much smaller. However, in

CA52, the higher annealing temperature not only leads to

crystallite growth, but also to cationic redistribution towards

that in normal-spinel ZFO. This explains14 the smaller value of

MS in CA52 than in CA32.

By contrast, two minutes of rapid annealing nominally at 300
�C (RA32) leads to crystallites of 17.5 nm, which are ferrimag-

netic, with MS of 38.7 emu g�1 at 30 K (Fig. 8a), while a similar

rapid anneal nominally at 500 �C (RA52) leads to larger crys-

tallites (21 nm), with a somewhat lowerMS of 33.2 emu g�1 at 30

K. Rapid annealing is known to promote rapid grain growth and

possibly introduce defects. However, being by definition a brief

process RA may be expected not to affect the cation site occu-

pancy8,35 significantly. The difference in MS between samples

annealed at low and high temperature is greater in CA than in

RA, regardless of whether MS is measured at 30 K or 300 K

(Fig. 8a and 8d). The trends in the variation of magnetization

with crystallite size for the two annealing protocols are shown
nd 300 K: (a) full scale; (b) at expanded field-strength scale.

J. Mater. Chem., 2012, 22, 2149–2156 | 2153
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Fig. 8 M–H curves of annealed ZFO samples (a) measured at 30 K; (b) expandedM–H curves of UA00, RA32 and RA52 at 30 K; (c) expandedM–H

curves of UA00, CA32 and CA52 at 30 K, (d) measured at 300 K; (e) expanded M–H curves of UA00, RA32 and RA52 at 300 K; (f) expanded M–H

curves of UA00, CA32 and CA52 at 300 K.

Fig. 9 Variation of MS with crystallite size in CA and RA samples. The

dotted curve projects the possible optimization of MS by ‘‘tuning’’ the

RA process.
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schematically in Fig. 9, and are found to be similar but of

different magnitudes. An earlier report11 shows thatMS increases

as the crystallite size decreases, but only up to a limiting size,
2154 | J. Mater. Chem., 2012, 22, 2149–2156
below which MS decreases with any further reduction in crys-

tallite size.

ThoughMS vs. crystallite size shows the same trend in CA and

RA, the actual magnetization depends on the annealing scheme.

A closer look at the data in Fig. 9 and Table 2 reveals that, at 30

K, (i)MS is the highest in CA32, in which the average particle size

is the smallest, consistent with other reports on ZFO. However,

MS is nearly as high in RA32, though the particle is twice as

large. By contrast, (ii) MS is smaller in CA52, even though the

particle is comparable to RA32, while (iii) RA52, despite its

marginally larger particle size, has a largerMS than CA52. These

observations are in contrast with previous reports,14,22,24 where

a consistent relationship between MS and crystallite size is

reported. The present results show that, in nanoferrites, not only

the process of synthesis, but also the annealing protocol alters the

structure/composition and, thereby, magnetic behaviour. That is,

theMS of nanoferrites depend on various parameters, viz., degree

of inversion, surface disorder, and anisotropy, each of which is

affected by processing.

Isothermal TGA of the CA and RA samples reveals the

different ways in which they are affected by the two protocols

(Fig. 10a, 10b). The weight loss due to CA at 300 �C is negligible,

while it is 0.98% at 500 �C. By contrast, the weight loss due to RA

at 500 �C is much smaller (0.08%). As these samples have first
This journal is ª The Royal Society of Chemistry 2012
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Fig. 10 Isothermal TGA data for the as prepared ZFO samples held for: (a) two hours at 300 and 500 �C each imitating the CA process; (b) twominutes

at 300 and 500 �C (nominal) each imitating the RA process. Both (a) and (b) show an expected large weight loss during the temperature ramp-up.
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been annealed under CA and RA protocols (and thus the organic

content has been removed), the above weight losses are attrib-

utable to the loss of oxygen from the ferrites. Hence, the degree

of inversion in the CA and RA samples can be expected to be

different. In particular, the rapidity of the RA process limits

oxygen loss, and is likely to result in the inhomogeneity of oxygen

content (and thus the degree of inversion) within a given

crystallite.

These various factors affect not onlyMS but also the coercivity

of the annealed samples, both at 30 K and 300 K. It is to be noted

(Table 2) that the highest coercivity at 30 K is measured in CA52,

the sample which may be expected to be the closest to equilib-

rium structure and composition, including the degree of inver-

sion, because of the prolonged treatment at 500 �C. The equally
long annealing at 300 �C of the sample CA32 is not likely to have

been as effective in attaining the corresponding equilibrium

because of the slower kinetics at 300 �C. As is well known,31HC is

influenced by the degree of inversion, crystallite size and, thus, by

surface states. Given that CA52 represents equilibrium process-

ing, inhomogeneity of inversion within crystallites is unlikely.

Thus, it may be inferred that this homogeneity, and the larger

crystallite size in CA52 that renders surface states less important,

is conducive to attaining a larger HC.

The small values ofHC at 30 K in the RA samples, despite their

large values ofMS, indicate the relative importance of the various

parameters in determining MS and HC, as measurement

temperature is varied. That is, a high value of MS does not

necessarily result in high HC. The low value of HC at 30 K in the

RA samples probably indicates the detrimental effect of inho-

mogeneous inversion on HC, suggesting that crystalline and

compositional perfection, and the effects of surface anisotropy,

are more important in determining HC at low temperature than

at room temperature. At 300 K, HC in RA32 and RA52 is

considerably greater than in CA52, which displays the highest

HC at 30 K. This may be interpreted as the effect of ‘‘pinning’’

magnetic order that inhomogeneity in inversion has at high

temperatures. Thermal effects appear to suppress HC in the CA

samples, which are otherwise more ‘‘perfect’’ than the RA
This journal is ª The Royal Society of Chemistry 2012
samples. In the RA samples, the adverse thermal effects on HC

are probably overwhelmed by the effects of ‘‘pinning’’. Thus, it

appears possible that rapid post-synthesis processing and

microwave-assisted rapid chemical synthesis can be combined to

tailor the microstructure and magnetic properties of nano-

crystalline ZFO. It can be expected that, by optimizing the

processing conditions, the value of MS may be raised to a higher

value than reported here, as projected in Fig. 9.

One salient feature of the annealed ZFO samples of the

present effort is that they are ferrimagnetic up to room

temperature, with a corresponding saturation magnetization

(Fig. 8a and 8d). This contrasts with reports31 showing that

saturation is not attained in nanocrystalline ZFO prepared from

solution through ‘‘soft’’ methods, followed by prolonged

annealing, presumably resulting in equilibrium structure and

composition. Indeed, the present results are consistent with the

rapid growth of high quality, crystalline nanostructures of ZnO

from Zn(acac)2 through microwave irradiation, in the as-

prepared form.36 Reaction rate enhancement by microwaves is

largely attributed to thermal effects involving microwave

dielectric heating mechanism, wherein ‘‘molecular radiators’’ are

formed through collisions between molecular moieties set

rotating by the direct coupling of microwave energy and

reagents.26 As a result, locally high temperatures are generated,

leading to rapid formation of products from the energized

molecules.37 In a typical synthesis of the present type (precur-

sors in solution) chemical reactions generate ‘‘monomers’’ for

nucleation which, in due course, undergo growth to produce

nanocrystals. It is surmised that the very high density of

nucleation that occurs instantly in the solution, upon irradia-

tion, leads to nanocrystals of high quality, with equilibrium

morphology attained either during synthesis itself or during

grain growth that occurs via subsequent annealing, however

brief. It is likely also that ZFO is partially inverted as-grown,

consistent with the size of the nanocrystals that result from the

high nucleation density. This is supported by the saturation of

magnetization, and appreciable coercivity, measured in the as-

grown sample (at 30 K).
J. Mater. Chem., 2012, 22, 2149–2156 | 2155
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Conclusions

Nanocrystalline zinc ferrite can be synthesized within minutes

when a solution of metal acetylacetonates is irradiated with

microwaves, in the presence of a surfactant. While the as-

prepared material is superparamagnetic at room temperature, it

is ferrimagnetic at low temperature. Conventional, prolonged

furnace annealing in air leads to a well-crystallized ZFO that

displays saturation magnetization, as well as an appreciable

coercivity, both at room and low temperature. Rapid annealing

for two minutes suffices to achieve significant grain growth and

well-faceted crystallites, with MS greater than in conventionally

annealed ZFO, both at room and low temperature. While the

variation of MS with crystallite size in conventionally annealed

ZFO is consistent with earlier reports, rapid annealing leads to

site occupancy of metal ions in the ferrite lattice different from

that in equilibrium (conventional) annealing. This results in

significantly higherMS for a given ZFO crystallite size than does

conventional annealing. However, conventional annealing leads

to greater coercivity at low temperature for a given crystallite

size, although HC is greater at room temperature in rapid-

annealed ZFO. These findings show that rapid annealing causes

inhomogeneity in cationic occupancy within crystallites, altering

the magnetic properties of ZFO, suggesting that annealing

protocols can be employed to tailor the magnetic behaviour of

nanocrystalline ferrites.
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