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Hot injection thermolysis of heterometallic pivalate clusters for the synthesis

of monodisperse zinc and nickel ferrite nanoparticles.

Khadijat. O. Abdulwahab," Mohammad A. Malik,* Paul O Brien,*** Grigore A. Timco," Floriana
Tuna,* Richard E. P. Winpenny," Richard A.D. Pattrick, Victoria S Coker,® Elke Arenholz

Abstract

The heterometallic pivalate clusters- [Zn,Fe,0,(0,C'Bu),o] (1) and [Fe,NiO(O,C'Bu)s(HO,C'Bu);]
(2) have been used as single source precursors to synthesise monodispersed zinc ferrite (ZnFe,O,)
and nickel ferrite (NiFe,0,4) nanoparticles respectively. The precursors were thermolysed with a
mixture of oleylamine and oleic acid in either diphenyl ether or benzyl ether as the solvent at their
respective boiling points of 260 and 300 °C. The effect of reaction time, temperature and
concentration (0.25 or 0.50 mmol) on the stoichiometry, the phase or morphology of the
nanoparticles were studied. TEM showed that highly monodispersed spherical nanoparticles of zinc
ferrite (3.2 + 0.2 nm) and nickel ferrite (3.3 + 0.2 nm) respectively were obtained from (1) and (2)
using 0.50 mmol precursor concentration at 260 °C. The decomposition of the precursors at 0.25
mmol and 300 °C gave larger nanoparticles of zinc ferrite (5.6 = 0.5 nm) and nickel ferrite (5 £ 0.6
nm) from (1) and (2) respectively. The effect of reaction time was investigated for both precursors at
0.25 mmol by withdrawing aliquots at 5 minutes, 15 minutes, 30 minutes, 1 hour and 2 hours.
Aliquots withdrawn at reaction times of less than 1 hour contain traces of iron oxide whilst only pure
cubic zinc or nickel ferrite was obtained after one hour. Magnetic measurements revealed that all the

ferrite particles are superparamagnetic at room temperature with high saturation magnetisation
values. XMCD confirmed that in nickel ferrite particles, most of the Ni** cations are in the

> octahedral site. The hysteresis loop observed on the zinc ferrite nanoparticles indicated that there is
cation redistribution, this is further evident in the XMCD analysis and EPMA result.

Introduction

Monodisperse  magnetic nanoparticles possessing unique
properties have become significant in science and technology in
recent times which is especially true for those of ferrite spinels.
Their study has established relationships between their magnetic
properties and their chemical structure. These properties depend
on the nature of the ions, their valency and their cation
distribution between octahedral and tetrahedral sites.'” Nickel
ferrite nanoparticles are an important material with the inverse
spinel structures typical with ferromagnetic properties, high
electrical resistivity, moderate saturation magnetisation, and their
ready availability.>* These properties make the material suitable
for applications in various fields such as in recording tapes, drug
delivery, Magnetic Resonance Imaging (MRI), gas sensors,
environmental remediation, bio separation, gas sensors, catalysis,
transformers and AC generators."*'" A number of synthetic
routes have been developed for nickel ferrite nanoparticles
including: co—precipitationlz’w hydrothermal,l‘F21 pulsed wire
discharge,1 sol-gel method,”>?*  flow reactor®* microbial
reduction® and thermal decomposition.”*?® Research has shown
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that the properties of such particles are influenced by their
monodispersity which

inturn depends on the method of preparation.

Zinc ferrite nanoparticles show significant differences in magnetic
properties as compared to the bulk material. Bulk zinc ferrite has a
normal spinel structure with the nonmagnetic Zn>" ions in the
tetrahedral sites and Fe®* ions in the octahedral sites leading to an
antiferromagnetic interactions at about 10 K. In the zinc ferrite
nanoparticles, however, there could be rearrangement of cations
due to the high surface area of nanoparticles. This migration of
cations in turn creates ferrimagnetic exchange interactions leading
to a higher saturation magnetisation®*>* Such particles have
found applications in (MRI),* gas sensors, absorbent material in
gas desulphurization,* and photocatalysts.”> These applications
have prompted the development of different synthetic methods
including co-precipitation,®®*’ sol-gel,*® biological,**° micro-
emulsion*' and thermal decomposition,'>?324!

Only few reports have been made on the use of single source
precursors for the synthesis of monodispersed nickel or zinc

J. Name., 2013, 00, 1-3 | 1
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ferrite nanoparticles.'>*”** In this paper, we report the first use of
heterometallic pivalate clusters for the direct synthesis of
spherical monodispersed nickel and zinc ferrite nanoparticles by a
hot injection thermal decomposition method. The effect of
concentration, temperature and reaction time on the morphology,
stoichiometry and the phase of the particles formed is described.
The particles were characterized by Powder X-ray Diffraction (p-
XRD), Transmission Electron Microscopy (TEM), High
Resolution Transmission Electron Microscopy (HRTEM),
Inductively Coupled Plasma (ICP) and the magnetic properties
were investigated using a Superconducting Quantum Interference
Device (SQUID). X-ray Magnetic Circular Dichroism (XMCD,
combined with Electronprobe Microanalysis (EPMA) were also
used to determine cation site occupancies in the ferrite
nanoparticles.

Experimental

All preparations were performed under an inert atmosphere of dry
nitrogen using standard Schlenk techniques. All reagents were
purchased from Sigma-Aldrich and used as received. Solvents
were distilled prior to use. Magnetic measurements were
determined with a Quantum Design MPMS-XL SQUID
magnetometer equipped with a 7 T magnet. Zero-field cooled
(ZFC) and Field-cooled (FC) magnetization were recorded over 5-
300 K temperature range with an applied field of 100 Oe. XMCD
was achieved by mounting the ferrite nanoparticles on carbon tape
attached to a copper sample probe and measured at the Fe and Ni
L, 5 X-ray absorption spectral (XAS) edges in vacuum using total
electron yield (TEY); it has an effective probing depth of ~3-4
nm. XMCD spectra are then obtained as the difference between
two XAS spectra recorded in two opposite applied magnetic fields
of + 0.6 T (parallel and antiparallel to the beam direction). These
data were then compared to calculated spectra for the appropriate
elemental sites and oxidation states, see Patrick e al.** and van
der Laan & Kirkman* for details. EPMA was undertaken using a
Cameca Camebax SX100, a beam size of 2 pm, a beam current of
20na, an accelerating voltage of 15KeV, wavelength,
spectrometry and pure metal standards; samples were mounted on
carbon tape.

Synthesis of Precursors

Iron-zinc pivalate [ZnsFe,0,(0,C'Bu);y] (1) was synthesised
following  the procedure described in literature*® and  the
synthesis of the iron-nickel pivalate

[Fe,NiO(0,C'Bu)s(HO,C'Bu);] (2) was adapted from our
previous work.*® A brief outlines of the syntheses is given below:

Compound 1

A three stage process was employed for the synthesis of this
cluster.

Stage 1: [Fe;0(0,C'Bu)g(H,0);]0,C'Bu was obtained according
literature procedure.

Stage 2: [Zn(0,C'Bu),],,

Zn(OAc), 2H,0 (5.0 g, 22.8 mmol) and HO,C'Bu (30.0 g, 294
mmol) were heated over 2 hours at 160 - 170 °C while stirring.
The fine crystals formed were washed with toluene and hexane

and dried in air.

Stage 2: ZnyFe,04(Piv)g
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[Zn(0,C'Bu),], (3.0 g) and [Fe;0(0,C'Bu)e(H,0)s] 0,C'Bu (1.5
g, 1.6 mmol) were heated to reflux in toluene (50 ml) for 1 hour.
The light-yellow solution was filtered and acetonitrile (50 ml) was
added. A pale-yellow product crystallised on cooling to room
temperature was filtered off, washed with a 1:1 mixture
toluene/acetonitrile and dried in air.

[Fe,NiO(0,C'Bu)s(HO,C'Bu);] (2)

Iron nitrate nonahydrate (10.0 g, 24.8 mmol) and pivalic acid
(50.0 g, 490 mmol) were heated while stirring at 160 — 165 °C (~
5 hours), until the elimination of NO, has finished. Then the flask
was cooled to 100 °C and the basic nickel carbonate (1.5 g, 12.6
mmol) was added and the reaction was kept under a slow flow of
nitrogen. This was followed by the addition of toluene (25 ml).
After 1 hour, the temperature of oil bath was increased to 165 °C
in order to remove the toluene and the reaction mixture was kept
at this temperature for 7 hours. Next, the flask was cooled to 60 -
70 °C and acetonitrile (50 ml) was added in small portion while
stirring. After 1 hour, the product was filtered, washed with
acetonitrile (3-4 x 25 ml) and dried in air.

Synthesis of nanoparticles

The nanoparticles were synthesized by the hot injection thermal
decomposition  method. Reaction parameters including
temperature, concentration and reaction time were varied for each
precursor. The effect of concentration was studied at a fixed
temperature of 260 °C at 0.25 mmol and 0.50 mmol. The
temperature dependence was investigated at 0.25 mmol in either
diphenyl ether or benzyl ether as the solvent at their respective
boiling points of 260 and 300 °C. The reaction time was studied at
260 °C using 0.25 mmol precursor by withdrawing aliquots at 5
minutes, 15 minutes, 30 minutes, 1 hour and 2 hours. In a typical
experiment, a mixture of oleylamine (27 mmol), oleic acid (27
mmol) with either diphenyl ether or benzyl ether (20 ml) was
degassed at 100 °C under vacuum for 30 minutes and then heated
to the boiling point of the solvent under nitrogen. The required
concentration of the precursor (0.25 or 0.50 mmol) was dissolved
in the appropriate solvent (10 ml) and injected into the solution of
the hot mixture. The reaction was maintained at 230 °C for 2
hours. The dark mixture was allowed to cool and methanol was
added to precipitate the nanoparticles which were then isolated by
centrifugation. The residue was washed with methanol thrice and
then redispersed in toluene.

Characterisation of nanoparticles

Powder X-ray diffraction studies were performed on a Bruker
Discover 8 diffractometer with a Co- Ka radiation. TEM samples
were prepared by placing 1 or 2 drops of the nanoparticles
dispersion on a lacey carbon copper grids. TEM and HRTEM
were performed on Tecnai F30 FEG TEM instrument at an
accelerating voltage of 300 Kv. For XMCD, the Fe and Ni L, 3-
edge XAS spectra were collected on beam line 4.0.2 of the
Advanced Light Source (ALS), Lawrence Berkeley National
Laboratory, California, USA.

Results and discussions
The ferrite nanoparticles obtained from the precursors were

analysed by powder X-ray diffraction (p-XRD), TEM, ICP,
EPMA, XMCD and SQUID. The effect of the different
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parameters namely reaction time, temperature and concentration
on the morphology and phase of the nanoparticles are described.

Reaction time

The effect of reaction time was studied for both precursors by
injecting 0.25 mmol concentrations in oleylamine, oleic acid and
diphenyl ether at 260 °C and subsequently, aliquots were
withdrawn at 5 minutes, 15 minutes, 30 minutes, 1 hour and 2
hours.

The p-XRD pattern of nanoparticles obtained from
[Zn,Fe,0,(0,C'Bu),o] showed that the intensity of the peaks
increases with time (Fig. 1(a)). No product was formed at 5
minutes whilst the pattern obtained at 15 minutes was broad.
Distinct peaks begin to appear distinct at 30 minutes and were
predominantly of hexagonal iron oxide (ICDD Card No: 04-013-
3305). The peaks obtained after 1 hour were of cubic zinc iron
oxide (ICDD Card No: 04-006-1956). The diameter and
crystallinity of the particles increases over time as observed in the
images taken at 30 minutes (3.6 + 0.4 nm), 1 hour (4.2 + 0.8 nm)
and at 2 hours (5.1 £ 0.7 nm) (Fig. 1(b)-(d)).

@) @11)
(220) f\
AL 00 (s11) 440

1hr

30 min

Intensity(a.u)
*

Fig. 1 (a) The p-XRD pattern for cubic iron zinc oxide (Fe,ZnO,)
nanoparticles from [ZnsFe,0,(0,C'Bu);o] at different times prepared
by injecting 0.25mmol solution of the precursor at 260 °C.*corresponds to
Fe,0; peaks. (b)- (d): TEM images of ZnFe,0, withdrawn at 30 minutes, 1
hour and (d) 2 hours respectively.
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The p-XRD of the nanoparticles obtained from
[Fe,NiO(O,C'Bu)s(HO,C'Bu)s] at different times are shown in Fig
2 (a). No product was obtained at 5 minutes. Products obtained at
15 minutes and 30 minutes contain hexagonal iron oxide peaks
(ICDD card No: 04-013-3305) whilst the peaks obtained after 1
hour correspond to cubic nickel ferrite (ICDD Card No: 00-054-
0964). The intensity, sharpness and crystallinity of the peaks
obtained increase over time. The TEM images taken for samples
(Fig. 2 (b)-(d)) revealed that average diameter increases over
time, images obtained at 30 minutes show nanoparticles with an
average diameter of 3.1 £ 0.7 nm, 3.6 = 0.6 nm at 1 hour and 4.4
+ 0.6 nm at 2 hours.

For both precursors, it was observed that the diameter of the
nanoparticles obtained tend to increase over time (Fig. 3). This
observation reflects nanoparticle growth.

\

f
(1) (2200 | (400) (511) (440)

\ \ / Ja\ A
)?M«Ad\/uhw’/ S/ \\,WWJ/ \\:\ﬂ,&mwdfwf\aﬁ/ ~_1hr

Intensity(a.u)

40 50 60 70 80
2-Theta(degree)

20 30

Fig. 2 (a) The p-XRD obtained for cubic nickel ferrite nanoparticles from
[Fe;NiO(0,C'Bu)s(HO,C'Bu);] withdrawn at different times. The
nanoparticles were prepared by injecting 0.25mmol solution of the
precursor at 260 °C. *corresponds to Fe,O; peaks. (b)-(d):TEM images of
NiFe,O4 withdrawn at 30 minutes, 1 hour and 2 hours respectively.
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Fig. 3 Graphical representation of different phases and sizes of zinc and
nickel ferrite nanoparticles obtained at various reaction times.

Effect of temperature

The effect of temperature was studied for both precursors at the
boiling point of two different solvents- diphenyl ether at 260 °C
and benzyl ether at 300 °C at a fixed concentration of 0.25 mmol
over 2 hours.

The p-XRD pattern for nanoparticles obtained from
[Zn,4Fe,0,(0,C'Bu);o] at both temperatures (260 and 300°C) were
of cubic Zngg3Fe,O4 (ICDD card No: 04-006-1956) (Fig. 4(a)).
The average crystallite size calculated by the Scherrer equation
are: 4 nm for particles obtained at 260 °C and 5 nm for those
obtained at 300 °C whilst the average diameter calculated from
the TEM images for these particles are 5.1 + 0.7 and 5.6 £ 0.5 nm
at 260 °C and 300 °C respectively (Figs. 5(a) and (b)).

The thermolysis of [Fe,NiO(O,C'Bu)s(HO,C'Bu);] at both 260
and 300°C resulted in nanoparticles with p-XRD pattern
corresponding to cubic nickel ferrite (ICDD Card No: 00-054-
0964) (Fig. 4(b)). Using Scherrer formula, the particle size was
estimated to be 3.8 nm for particles obtained at 260 °C and 5 nm
for those obtained at 300 °C. The TEM images showed an
increase in diameter with the increase in temperature,
nanoparticles obtained at 260 °C have an average diameter of 4.4
+ 0.6 nm whilst 5 £ 0.6 nm was obtained at 300 °C.

4|J. Name., 2012, 00, 1-3
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Fig. 4 (a) and (b): the p-XRD pattern for cubic ZnFe,O4 and Fe,NiO4
nanoparticles obtained by the thermolysis of [ZnsFe;0,(0,C'Bu)g] and
[Fe:NiO(O,C'Bu)s(HO,C'Bu)s] respectively in different boiling point
solvents of diphenylether (260 °C) or benzyl ether (300 °C).

Fig. 5 (a) and (b): TEM images obtained for Zn,¢;Fe,O4 nanoparticles
from [ZnsFe;05(0,C'Bu)yo] (0.25 mmol) thermolysed in diphenyl ether at
260 °C or benzyl ether at 300 °C respectively.(c) and (d): TEM images
obtained for Fe,NiO4 nanoparticles from [Fe;NiO(O,C'Bu)s(HO,C'Bu)s]
(0.25 mmol) thermolysed in diphenyl ether at 260 °C or benzyl ether at
300 °C respectively.

This journal is © The Royal Society of Chemistry 2012
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The average diameter calculations from the TEM results obtained
in the two cases are in good agreement with those obtained using
the Scherrer’s equation. The increase in the nanoparticle’s
diameter with rise in temperature observed for these particles has
been reported by us and other researchers.** !

Concentration effects

The effect of concentration on the form and morphology of the
ferrite particles was studied for the two precursors by
thermolysing 0.25 mmol or 0.50 mmol at 260 °C for over 2 hours.

Particles from [ZnFe,0,(0,C'Bu),,] (1) at different precursor
concentrations

The p-XRD pattern for particles produced from
[Zn4Fe,0,(0,C'Bu);] at 0.25 mmol corresponds to cubic
Zngy93Fe,0,4 (ICDD card No: 04-006-1956) whilst those obtained
at 0.50 mmol were of Franklinite, ZnFe,O4 (ICDD card No: 01-
070-6393) (Fig. 4(a)). The average diameters calculated by the
Scherrer’s equation are: 3 and 4 nm for nanoparticles obtained
from 0.50 and 0.25 mmol respectively.

TEM images revealed that Znl (ZnFe,O4 nanoparticles obtained
with 0.50 mmol) have improved monodispersity with an average
diameter of 3.2 + 0.2 nm whilst Zn2 (Zng ¢3Fe,0, produced at 0.25
mmol) have an average diameter of 5.1 + 0.7 nm. The TEM
analysis is in good agreement with the calculated sizes from the
Scherrer equation. The synthesised nanoparticles are crystalline as
seen in the lattice fringes with a d-spacing of 2.98 A which is very
close to the (220) reflection of zinc iron oxide (ICDD Card No:
01-070-6393) (Fig. 6(a)). Znl and Zn2 correspond to zinc ferrite
nanoparticles obtained from 0.50 mmol and 0.25 mmol precursor
concentrations respectively. Our nanoparticles show a very good
size distribution and are spherical compared to those previously
reported using solvothermal method.'>*’

Magnetic properties of zinc ferrite nanoparticles from
[Zn,Fe;0,(0,C'Bu);g] (1)

Magnetic  measurements of ZnFe,O, obtained from
[Zn,Fe,0,(0,C'Bu),g] are superparamagnetic at room
temperature, that is, the orientation of their magnetic moments
responds freely to thermal fluctuations. An estimate for the
blocking temperature (7g) of the samples was done and the data
showed that Ty increases with increasing nanoparticle diameter,
ranging from 10 K for ZnFe,O4 with an average diameter of 3.2
nm to 20 K for ZnFe,0, with an average diameter of 5.1 nm (Fig.
6(c)). Above the blocking temperature, the thermal energy is
enough to overcome the anisotropy energy barrier of the particles,
thus the remanent magnetisation tend towards zero and the
particles are said to exhibit superparamagnetism.**

Field dependent magnetisation studies performed at temperatures
of 5 and 300 K on zinc ferrite nanoparticles showed that the
saturation magnetisation (M) increases with the average particle
diameter at both temperatures (Fig. 6(b)). ZnFe,O4 of average
diameter 3.2 nm are characterised by M; values of 59 (5 K) and 22
emu/g (300 K) whilst those of ZnFe,O4 with average diameter of
5.3 nm exhibit My values of 87 (5 K) and 37 emu/g (300 K).

The magnetisation versus field measurements at 5 K for zinc
ferrite nanoparticles display a hysteresis loop with a coercive
field (H,) (i.e. the magnetic field needed for the magnetisation to
return to zero) and remanent magnetisation (Mg) (i.e. the

This journal is © The Royal Society of Chemistry 2012
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magnetisation retained by nanoparticles when the magnetic field
is switched off) of ca. 0.14 kOe and 11.5 emu/g respectively for
nanoparticles of average diameter 5.1 nm whilst the remanence
and coercivity of zinc ferrite nanoparticles of average diameter 3
nm are negligible.

(c)

M | emu. g‘1

© N &b O ®

H=100 Oe

T T T T T T
50 100 150 200 250 300
TIK

Fig. 6 (a) TEM and HRTEM images of ZnFe,O4 at 260 °C over 2 hours.
Znl and Zn2 correspond to zinc ferrite nanoparticles obtained from 0.50
mmol and 0.25 mmol precursor concentrations respectively, (b) the
hysteresis loops measured at 5 and 300 K for Zn1 of average diameter 3.2
+ 0.2 nm and Zn2 of average diameter 5.1 = 0.7 nm (c) Zero field cooled
(ZFC) and Field-cooled (FC) magnetisation curves for Znl and Zn2.

Bulk zinc ferrite has a normal spinel structure with the absence of
Fe’* ions in the tetrahedral sites thus making zinc ferrite
antiferromagnetic below 10 K. However, in our zinc ferrite
nanoparticles, the saturation magnetisation values and coercivity
are enhanced. This can be explained by the cation redistribution,
involving migration of some Fe®* ions to the tetrahedral sites
thereby creating a stronger ferrimagnetic interaction between the
Fe’'ions in tetrahedral and octahedral sites.*>>***

Particles from [Fe,NiO(O,C'Bu)s(HO,C'Bu);] (2) at different
concentrations

The p-XRD pattern for particles obtained from
[Fe;NiO(0O,C'Bu)s(HO,C'Bu);] at both 0.50 and 0.25 mmol were
matched with cubic NiFe,O4 (ICDD card No: 00-054-0964) (Fig.
4(b)). The average diameters of the nanoparticles calculated by
the Scherrer equation are: 3.3 and 3.8 nm respectively for
nanoparticles obtained from 0.50 and 0.25 mmol precursor
concentrations. TEM  images showed  monodispersed
nanoparticles were obtained from both precursor concentrations
but with smaller sizes at higher concentration. The average
diameter estimated from the TEM are 3.3 = 0.2 nm (Nil) and 4.4
+ 0.5 nm (Ni2) at 0.50 and 0.25 mmol respectively (Fig. 7(a)).
The lattice fringes of the nanoparticles are distinct, indicating the
high crystallinity of the nickel ferrite nanoparticles. A d-spacing
value of 2.512 A was obtained which is the same as the (311)
reflection of nickel iron oxide (ICDD Card No: 00-054-0964)
(Fig. 7(a)). Our results showed that nickel ferrite nanoparticles
prepared by the hot injection thermal decomposition have superior

J. Name., 2012, 00, 1-3 | §
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monodispersity and without aggregation compared with those
prepared using the sol-gel method.*
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Fig. 7 (a) TEM and HRTEM images of NiFe,O, obtained at 260 °C over 2
hours. Nil and Ni2 are the nickel ferrite nanoparticles obtained from 0.50
mmol and 0.25 mmol precursor concentrations respectively, (b) the
hysteresis loops measured at 5 and 300 K for Nil of average diameter 3.2
+ 0.2 nm and Ni2 of average diameter 5.1 + 0.7 nm (c) Zero field cooled
(ZFC) and Field-cooled (FC) magnetisation curves for Nil and Ni2.

Magnetic properties of nickel ferrite nanoparticles from (2)

Magnetic measurements were performed on  NiFe,O,
nanoparticles; Nil (from 0.50 mmol) with average diameters 3.3 +
0.2 nm and Ni2 (from 0.25 mmol) of average diameter 4.4 + 0.5
nm. The blocking temperature of both Nil and Ni2 nanoparticles
is about 11 K, both are well defined indicating a narrow
distribution of particle diameters (Fig. 7(c)). Above the blocking
temperature, the magnetisation orientations average to zero and
the nanoparticles become superparamagnetic. The saturation
magnetisation values were measured for these nanoparticles at 5 K
and 300 K. For Nil (average diameter 3.3 nm) 34 and 26.5 emu/g
were recorded, whilst for Ni2, (average diameter 4.4 nm) 42 and
29.3 emu/g values were obtained (Fig. 7(b)). The coercivity and
remanence of these nanoparticles are negligible at both
temperatures.

Bulk nickel ferrite has a saturation magnetisation value of about
56 emu/g™ which is higher than the values obtained for our
nanoparticles. This difference is usually observed in nanoparticles
and is most likely attributed to the existence of organic coating
agents and intrinsic canted spins on the surface of such small
nanoparticles.”

ICP-OES, EPMA and XMCD analysis of zinc ferrite and
nickel ferrite nanoparticles

ICP-OES analysis showed that the [Fe]: [Zn] is approximately 2:
1 for Znl (ZnFe,O, nanoparticles obtained at 0.50 mmol). In
addition, the [Fe]: [Zn] of the nanoparticles were determined
using EPMA, and this were found to be 2.2: 0.7 for Znl, slightly
lower in Zn than indicated by ICP-OES.

XMCD of'iron is dependent upon the magnetic moments of the Fe
in the two sub-lattices in the ferrite structure, (spin up and spin
down), valence state (via the number of d electrons) and site
symmetry (crystal field).”® Thus the distribution of Fe cations
within the magnetite structure can be determined by comparison

6|J. Name., 2012, 00, 1-3
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of the XMCD to atomic multiplet calculations.”®* The technique
has been used successfully to determine site occupancies in ferrite
spinels*~7 and nanoparticulate bio-ferrites.’®

The Fe L,;-edge XAS of the Znl sample (Fig. 8(a)) has a small
shoulder on the low energy side of the L;-edge which is similar to
that seen in the XAS of Fe®" oxide minerals such as goethite and
ferrihydrite and held as indicative of the presence of more Fe**
than in stoichiometric magnetite. This excess could be the result
of either surface oxidation by air exposure or the presence of a
cation (such as Zn>") replacing the Fe*" within the spinel structure,
altering the ratio of Fe’": Fe’', and giving a spectral shape
dominated by oxidised iron. Examination of the XMCD spectra
(Fig. 8(b)) show three peaks derived from the Fe L;-edge
characteristic of the three iron structural environments within
magnetite. These can be fitted using multiplet calculations for the
three iron environments to give the quantitative data shown in
Table 1. These data indicate that the magnetite is deficient in both
Fe'0y, and Fe®'T,, but has excess Fe**O,,. This suggests that there
is partial oxidation of Fe*" to Fe®* within the structure but the
amount of excess Fe*™ in O, sites cannot account for all the
‘missing’ Fe** in O, geometry. It can therefore be assumed that at
least some of the sites that would normally be occupied by Fe**
contain Zn as is supported by the magnetometry measurements. In
addition, since Zn has a strong affinity for Ty sites™ it is
unsurprising that there is a deficit of Fe®* due to Zn substitution. It
should be noted that Fe ratios suggest 0.34 cations of Zn are in the
T, site and using the EPMA data, half of the Zn resides in Oy
geometry.

ICP-OES analysis showed that the ratio of Fe to Ni is
approximately 2: 1 for NiFe,O, particles obtained at a higher
precursor concentration (Nil). The Ni L,;-edge XAS spectra
(Fig. 8(c)) are indicative of Ni*" in an octahedral environment as it
is similar to the spectral shape in Coker et al.>® which agrees with
calculations for this Ni environment in van der Laan and
Kirkman.** Both samples are similar and the presence of XMCD
at the Ni L,3-edge, the Ni is therefore magnetic and that Ni has
been incorporated into the spinel structure in the expected
coordination and geometry.

(@)

Intensity (arb. units)
z
IS

Intensity (arb. units)

T T T
700 7o 720 730
Photon energy (V)

710 720 730
Photon energy (V)

1© —nit
—nNig

Intensity (arb. units)

Photon energy (V)

Fig. 8 Fe L,3-edge (a) isotropic XAS and corresponding (b) XMCD for
samples Znl, Nil and Ni2, data (black) and XMCD calculated fits (red).
(c) Ni L, 3-edge XAS and XMCD for Nil (black) and Ni2 (red)

This result is confirmed by quantitative fitting of the respective Fe
L, ;-edge XMCD spectra for each of the samples (Fig. 8(b); Table

This journal is © The Royal Society of Chemistry 2012
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1, which show a deficit in Fe*" in Oy, geometry within the spinel,
suggesting substitution by the Ni cation. The Fe L;-edge XAS
(Fig. 8(a)) has a shoulder feature on the low energy side as seen
above in the Zn samples, with Ni2 having a more pronounced
feature. Again this shows that the sample is oxidised compared to

Journal of Materials Chemistry C
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stoichiometric magnetite, which would be expected if Ni*' is
substituting for Fe*" in the spinel structure.

Table 1. Fe site occupancies determined using Fe'cation ratios, XMCD spectra and atomic multiplet calculations.

Fe+Co=3 Fe site
Precursor (Sample) Conc(mmol) (EPMA) Ratios occupancies
Fe Zn | ) T Ta/Oy Fe' O,  Fe*' Ty Fe** O,
[Zn4Fe;05(0,C'Bu)o] (Zn1) 0.50 22 0.7 0.21 0.43 0.38 0.66 1.17
[ZH4F6202(02C'BH)10] (an) 0.25
Fe Ni
[FeaNiO(0>C'Bu)s(HO,C'Bu)s] (Nil) 0.50 2.12 0.88 0.18 0.72 0.37 1.03 1.07
[FeaNiO(0>C'Bu)s(HO,C'Bu)s] (Ni2) 0.25 0.22 0.44 0.41 0.69 1.17
Magnetite 3 0 0.5 0.5 1 1 1
6
5
4
3
2
1 300 °C (nm)
0 260 °C (nm)
conc of precursor
recursor 1
P precursor NiFe NiFe
precursor
precursor

Fig. 9 Graphical representation of different sizes of zinc and nickel ferrite nanoparticles obtained by varying precursor concentration

Conclusions

The bimetallic pivalate clusters of [Zn,Fe,0,(0,C'Bu)o] (1)
and[Fe,NiO(0,C'Bu)s(HO,C'Bu);] (2) were used as single source
precursors for the direct synthesis of zinc and nickel ferrite
nanoparticles. Highly monodispersed zinc ferrite and nickel ferrite
nanoparticles were obtained from precursors (1) or (2) at 0.50
mmol. The effect of decomposition temperature studied for the

25

This journal is © The Royal Society of Chemistry 2012

and temperature.

three precursors revealed that larger nanoparticles of zinc and
manganese ferrites were obtained at 300 °C at 0.25 mmol from (1)
or (2). A mixture of iron oxide and the corresponding ternary
oxide were obtained at reaction times of less than 1 hour in both
cases whilst the pure ferrite was obtained after 1 hour.

XMCD analysis established that the majority of Ni*' is in
octahedral sites in the nickel ferrite nanoparticles. The hysteresis
loop observed in the zinc ferrite nanoparticles indicates that there
is a cation redistribution i.e. some of the Zn cations are in the

J. Name., 2012, 00, 1-3 | 7
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octahedral sites: this is further evident in the EPMA result and
XMCD analysis.
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