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ABSTRACT

 Synchrotron X-ray absorption near edge spectroscopy (XANES) and extended X-ray fine 
structure (EXAFS) are used to study the effect of temperature in the co-precipitation synthesis of 
iron oxides. Nanoparticles are rod-like and agglomerate into microscale aggregates. XANES spectra 
complement X-ray diffractometry in the phase identification of inverse spinel structured maghemite 
(γ-Fe2O3). In addition to the smallest crystallite size, EXAFS analysis revealed the highly distorted 
structure in the sample synthesized at 90OC. The samples synthesized at lower temperatures  
(25OC, 60OC) are ferrimagnetic with much larger magnetizations. The variation in magnetic properties 
with the synthetic temperature is related to the differences in crystallite size and distortion in the 
structure of γ-Fe2O3 nanoparticles. 

Keywords: Synchrotron X-ray absorption, EXAFS spectroscopy, XANES spectroscopy, 
Maghemite, Co-precipitation.

INTRODUCTION

 X-ray absorption spectroscopy (XAS) 
has successfully been used to analyze a variety of 
nanostructured materials including iron oxides. Iron 
oxides have extensive applications based on their 
polymorphic forms. Amorphous Fe2O3 and hematite 
(γ-Fe2O3) are employed as catalysis and pigments 

whereas magnetite (Fe3O4) and maghemite 
(γ-Fe2O3) nanoparticles have been implemented in 
ferrofluids, recording and biomedical applications1-4. 
Conventional phase identification by X-ray diffraction 
(XRD) cannot distinguish between Fe3O4 and γ-Fe2O3 
nanoparticles since XRD peaks of these two phases 
are close together and often overlap due to the peak 
broadening. 
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 Spectroscopic XAS is divided into two 
energy regimes, namely X-ray absorption near-
edge structure (XANES) and extended X-ray 
absorption fine structure (EXAFS). XANES spectra 
provide information on the oxidation state of the 
absorbing atoms and the electronic environment. 
Corresponding to a higher energy, EXAFS data 
indicate the type, the number and the distance to the 
nearest neighbor shells5. Several reports confirmed 
the difference between Fe3O4 and γ-Fe2O3 by the 
finger print approach using XANES and EXAFS 
spectra6-13. Other researchers also employed XAS 
to studies α-Fe2O3 nanoparticles14-16.

 In the present research, iron oxides 
synthesized using different temperatures in the 
co-precipitation were characterized by synchrotron 
XANES and EXAFS. Previous reports already 
suggested that the additions of pressure and 
sonication in the co-precipitation synthesis influenced 
structures of iron oxides linking to their magnetic 
properties17,18.

MATERIALS AND METHODS

 Nanoparticles were synthesized by the  
co-precipitation at three different temperatures, 
i.e. 25OC, 60OC, 90OC and respectively referred  
to as samples A25, A60 and A90 as listed in  
Table 1. All chemical reagents are analytical grade 
and purchased from Sigma-Aldrich and used without 
further purification. Ten ml of 1.0 M NaOH solution 
was dropwise added into the mixture of the iron salts 
aqueous solutions in the stoichiometric ratio of 1:2 
of FeSO4•7H2O (0.125 mmol) and Fe(NO3)3•9H2O 
(0.250 mmol). After the reaction was completed, 
ethanol was added to the suspension and then 
the dark brown product was precipitated by the 
centrifugation. The supernatant was discarded. 
The precipitates were washed by deionized water 
and centrifuged again to precipitate the particles. 
To obtain the samples in a powder form, samples 
were dried at 120°C for 2 hours. 

 The morphology of the samples was 
investigated using SEM model Zeiss MERLIN 
compact. Vibrating sample magnetometry (VSM) 
was used to measure the magnetic properties 
the nanoparticles. The samples in a powder form 
were covered by sticky tape and then attached 
to the sample holder. The magnetization of the 

nanoparticles was measured by the lock-in amplifier 
as a function of varying magnetic field from 0 to 
5 kOe produced by an electromagnet in opposite 
directions to complete M-H curves. From these 
M-H curves, the coercivity (Hc) is obtained from the 
x-intercept and the remanent magnetization (Mr) is 
obtained from the y-intercept. To examine the phase 
of iron oxide nanoparticles, XRD was carried out 
from 2q =10° to 80° using a Bruker D2 PHASER 
desktop diffractometer with  CuKα radiation (l=1.54 
Å).  The X-ray generator was operated at 30 kV and 
10 mA with step time 0.5 sec/step. The average 
crystallite sizes of the particles are calculated by 
using Debye-Scherrer equation:

 (1)

 Where D is the crystallite size of the 
particles and l is the X-ray wavelength (1.54 Å). 
q is the diffraction angle and b is the full width at 
half maximum.

 To verify the phase of iron oxide and 
investigate the local structure around Fe atoms, 
the XAS experiment was carried out at BL8, 
Synchrotron Light Research Institute (SLRI), Nakhon 
Ratchasima, Thailand with electron energy of 1.2 
GeV and a maximum electron current of 150 mA. 
Samples were prepared by grinding dried powder 
in a mortar to reduce the particle size and then 
thinly casted on the frame and covered by polyimide 
tape.  The edge-jump was firstly measured to ensure 
that the uniform optical thickness was obtained. All 
spectra were collected at room temperature in the 
transmission mode with the ion chamber detectors. 
In the XANES measurement, the photon energy 
was scanned from -100 eV below the edge to 100 
eV above the edge. The XANES spectra and the 
extracted EXAFS signals were respectively analyzed 
using Athena program and Artemis program19. The 
spectrum data processing included a pre-edge, post-
edge background subtraction and normalization.

RESULTS AND DISCUSSION

 Magnetic properties of three samples are 
compared by M-H curves in Fig. 1 and magnetic 
parameters in Table 1. Samples A25 and A60 exhibit 
very narrow hysteresis loops with magnetization 
approaching the saturation in 5 kOe field referred 
to as M5kOe in Table 1. The inset magnifying  
Fig. 1 at low magnetic field confirms that the samples 



38TANGWATANAKUL et al., Orient. J. Chem.,  Vol. 35(Special Issue 1), 36-42 (2019)

are not hysteresis-free superparamagnetic, but 
soft ferrimagnetic. As listed in Table 1, samples 
A60 has the highest coercivity whereas samples 
A25 synthesized at the lowest temperature has the 
highest magnetization. On the other hand, sample 

A90 synthesized at the highest temperature has 
paramagnetic properties with minimal magnetization. 
The result suggests that the magnetic properties 
is decreased with increasing temperature in the  
co-precipitation.

Table 1.  Crystallite size (D), magnetization in 5 kOe field (M5kOe), remanent 
magnetization (Mr) and coercivity (Hc) of iron oxides synthesized at varying 

temperatures

Sample Synthetic temperature (°C) D (nm) M5kOe (emu/g) Mr (emu/g) Hc (Oe)
  
  A25 25 8.1 25.8 0.37 5.6
  A60 60 7.9 20.8 0.32 8.2
  A90 90 1.9 0.2 0.01 0

 The SEM micrograph of sample A60 is 
exemplified in Fig.  2.  The micro-sized aggregates are 
composed of nanoparticles with rod-like morphology.  
The lengths range between 200 and 300 nm and the 
diameters are around 20 - 50 nm.  The agglomeration 
of these nanoparticles is due to their ferrimagnetic 
behaviors without surface modification20.

Fig. 2. SEM micrograph of sample A60

 According to XRD patterns in Fig. 3, the 
diffraction peaks of all samples can be indexed to 
crystalline planes of iron oxides with the inverse spinel 
structure. The phase is either γ-Fe2O3 (PDF card no. 
39-1346) or Fe3O4 (PDF card no. 75-0449). Because 
of their similar structure and peak broadening, Fe3O4 

and γ-Fe2O3 nanoparticles cannot be distinguished 
from XRD patterns but can further be identified by 
XAS. The synthetic temperature affects the crystallite 
size shown in Table 1. Whereas samples A25 and 
A60 have comparable crystallite size between 7.9 
and 8.1 nm, sample A90 has a much smaller size 
only around 1.9 nm indicating the lack of long-range 
periodicity in this sample. This is attributed to the high 
energy from the high temperature process (90oC in 
this case) disrupting the crystal growth in Lamer 
mechanism. This smallest crystallite size can be 
used to explain the minimal magnetization previously 
obtained in sample A90.

Fig. 1. M-H curves of iron oxides synthesized at 25OC, 60OC and 90OC (Samples A25, A60 
and A90). The inset shows their magnification in the low magnetic field regime
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shell j. S2
0 is the amplitude reduction factor and fj(k)  

is the phase-shift function s2
j.  is the Debye-Waller 

factor and lj(k)  is the electron mean free path.

Fig. 3. XRD patterns of iron oxides synthesized at 25OC, 
 60OC and 90OC (Samples A25, A60 and A90)

 The phase of iron oxides can be identified 
by using fingerprinting XANES in Fig. 4. Each 
iron oxide phase has a unique spectrum whose 
absorption edge is shifted to a higher energy due 
to an increase in oxidation state of Fe. Normally, 
the energy of the absorption edge is increased by 
~ 3 eV when the oxidation state increases from +2 
to +321. In the inverse spinel structure, Fe3O4 has 
with Fe2+ and Fe3+ ions distributing in octahedral 
sites with residual Fe3+ occupying tetrahedral sites. 
The Fe3+ ions in the tetrahedral and octahedral 
sites have opposite spin directions. With the same 
spinel structure, γ-Fe2O3 contains only Fe3+ in both 
tetrahedral and octahedral sites. The γ-Fe2O3 having 
oxidation of +3.0 and the Fe3O4 with +2.67 average 
oxidation state and are therefore distinguishable. The 
normalized Fe K-edge XANES spectra for samples 
synthesized at three different temperatures with  
Fe, FeO, Fe3O4, γ-Fe2O3 as references are shown in 
Fig. 4(a). By comparing with these standard references, 
the XANES characteristic features for all three samples 
resemble that of γ-Fe2O3. This is confirmed by the first 
derivative plot as shown in Figure 4(b).

 To characterize the local structure of 
iron oxides, the spectra were fitted to the EXAFS 
equation: 

 (2)

 Where Nj is the coordination number of 
backscattering atoms in neighbor shell j at a distance 
Rj from the absorbing atom and )(kf j  is the absolute 
value of the backscattering amplitude of the atom in 

Fig. 4. (a) XANES spectra and (b) corresponding first-
derivative plots at Fe K- edge of iron oxides at 25OC, 

 60OC and 90OC (Samples A25, A60 and A90) compared
 with standard references

 The quality of the fit can be judged by the 
R-factor defined as normalized sum of residuals.

  (3)

 For the theoretical model of Fe K-edge 
EXAFS of Fe3O4 nanoparticles, the absorber atoms 
are Fe in the octahedral site and the first neighboring 
shell consists of 6 oxygen atoms at 2.06 Å. The 
second shell and the third shell consist of 6 Fe atoms 
at 2.97 Å and 3.48 Å respectively. However, γ-Fe2O3 
nanoparticles have a vacancy in their structure and 
the coordination numbers should then be lower than 
the value predicted by the Fe3O4 structural model. 
Normally in nanoparticles, a reduction of coordination 
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numbers of outer shells and an increase in Debye-
Waller factor are expected due to the large fraction 
of atoms near the surface and the higher disorder 
of the surface sites. Therefore, both coordination 
numbers and Debye-Waller factor terms were freely 
varied. The amplitudes of the EXAFS function c(k) 
and the Fourier transform of the c(k) weighting with 
k3 and the fit results for samples are shown in Fig. 
5. The transformation is limited in the k range from 
3.0 to 10 Å-1 due to a low signal to noise ratio in the 

high k region. To obtain the radial distance (Rj) of 
Fe neighboring atoms, Fourier transform-EXAFS 
spectra of the first and second peaks were fitted to 
the EXAFS equation with the R range from 1 to 3.5 
Å. Only the single scattering was used because the 
multiple scattering can be neglected when the study 
was limited to the first two peaks of the spectrum22. 
The structural information can be extracted from the 
EXAFS data are summarized in Table 2. Moreover, 
R-factors values are lower than 0.02 indicating a 
very good quality of the fits.

Fig. 5. (a) k3 weight EXAFS function and the fitting of sample A25 (b) corresponding FT magnitude and the fitting at Fe 
K-edge of samples A25. (c) and (d) are FT magnitude and the fitting of sample A60 and A90 respectively

 As commonly observed, the first FT peak 
around 1-2 Å in all samples corresponds to the 
single Fe-O shell whereas the second peak in  
2- 3.5 Å range is the contribution of two Fe-Fe shells 
at different radial distances. While the intensities in 
all first peaks are comparable, the second peaks 
intensity tends to reduce in samples synthesized 
at high temperature (A90). This peak reduction is 
related to an increase in Debye-Waller factor and the 
reduction of coordination number. A higher Debye-
Waller factor indicates disorder in the structure and 
samples A60 and A90 therefore has a distortion 

inside their structure. From Table 2, the structural 
parameters extracted from EXAFS fitting of the 
samples are closely resembles that of γ-Fe2O3 
standard which agree well with XRD and XANES 
results. By varying the synthesis temperature, the 
radial distances of the Fe-O and Fe-Fe bonding are 
increased with increasing temperatures signifying 
the higher distortion inside the structure. 

 The sample A90 has the highest distortion 
but the lowest crystallite size and magnetization. 
This result indicates that magnetic properties of 
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these γ-Fe2O3 nanoparticles are influenced by both 
crystallite size and structural distortion.

Table 2: Structural parameters obtained from the best 
fitting of Fe K-edge EXAFS spectra of iron oxides

Sample Shell Rj (Å) Nj s2 (Å2) DE0

γ-Fe2O3  Fe-O 1.947 ± 0.014 4.9 0.014 ± 0.003 0
standard Fe-Fe 2.990 ± 0.013 3.9 0.013 ± 0.003 
 Fe-Fe 3.454 ± 0.008 3.8 0.008 ± 0.003 
   A25 Fe-O 1.951 ± 0.018 4.2 0.012 ± 0.002 -4.338
 Fe-Fe 2.979 ± 0.020 2.9 0.012 ± 0.004 
 Fe-Fe 3.443 ± 0.020 3 0.009 ± 0.005 
   A60 Fe-O 1.956 ± 0.024 4.5 0.005 ± 0.004 -3.209
 Fe-Fe 3.027 ± 0.024 8.4 0.018 ± 0.013 
 Fe-Fe 3.421 ± 0.024 5.2 0.018 ± 0.013 
   A90 Fe-O 1.963 ± 0.010 4.3 0.012 ± 0.004 -3.775
 Fe-Fe 3.028 ± 0.015 7.3 0.025 ± 0.006 
 Fe-Fe 3.421 ± 0.015 2.2 0.013 ± 0.007 

CONCLUSION

 Iron oxides were synthesized by using 
the co-precipitation at 25OC, 60OC and 90OC. XRD 
and XANES analysis indicated the inverse spinel 
structure of γ-Fe2O3 nanoparticles. EXAFS revealed 
that the increase of distortion inside the structure with 
increasing synthetic temperature from 25OC to 90OC. 

The structural distortion and crystallite size from 
these combined characterizations were linked to 
magnetic properties of γ-Fe2O3 nanoparticles useful 
in biomedical applications. For such applications, 
nanoparticles are further surface-modified in 
order to functionalize with appropriate stability and 
attachments.
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