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a  b  s  t  r  a  c  t

The  electrical  explosion  of  Fe  wire  in  air produced  nanoparticles  containing  the  binary  mixture  of  mag-
netite  (Fe3O4)  and  maghemite  (�-Fe2O3).  The  phase  identification  of  magnetite  and  maghemite  by  the
conventional  X-ray  diffraction  method  is  not  a simple  matter  because  both  have  the  same  cubic  structure
and  their  lattice  parameters  are  almost  identical.  Here,  we  propose  a  convenient  method  to assess  the
presence  of magnetite–maghemite  mixture  and  to  further  quantify  its phase  composition  using the  con-
ventional  peak  deconvolution  technique.  A  careful  step  scan  around  the high-angle  peaks  as  (5  1  1)  and
(4  4 0)  revealed  the  clear  doublets  indicative  of  the  mixture  phases.  The  quantitative  analysis  of the  mix-
agnetite
aghemite
ire explosion

-ray diffraction
econvolution

ture  phase  was  carried  out  by constructing  a calibration  curve  using  the  pure  magnetite  and  maghemite
powders  commercially  available.  The  correlation  coefficients,  R2, for  magnetite–maghemite  mixture  was
0.9941.  According  to the  method,  the  iron  oxide  nanoparticles  prepared  by  the  wire  explosion  in this
study  was  calculated  to contain  55.8  wt.%  maghemite  and  44.2 wt.%  magnetite.  We  believe  that  the  pro-
posed  method  would  be a  convenient  tool  for the  study  of  the  magnetite–maghemite  mixture  which
otherwise  requires  highly  sophisticated  equipments  and  techniques.
. Introduction

X-ray diffraction technique has been an indispensable tool for
he identification and characterization of various iron oxide phases.
evertheless, the identification of magnetite (Fe(II)Fe(III)2O4) and
aghemite (�-Fe(III)2O3) phases by X-ray diffraction is quite intri-

ate, because both phases possess the same spinel structure and
lmost identical lattice parameters.

In many previous studies, iron oxide particles have been suc-
essfully synthesized through various methods and indexed to
aghemite or magnetite based on the fact that its lattice parameter
as more close to one of the both phases [1–8]. Neverthe-

ess, more researchers employed various supplementary analytical
echniques in order to substantiate the identification of their iron
xides: wet chemical analysis [9–13], Mössbauer spectrometry
10,11,14–20], Raman spectroscopy [16,21,22], Fourier Trans-

orm Infrared (FT-IR) spectrophotometry [17,21,23–27], X-ray
hotoelectron Spectroscopy (XPS) [16,28,29], Field Emission Trans-
ission Microscopy with Selected Area Diffraction (FE-TEM/SAD)
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[4,16,18,27,30–36]. It appears that these techniques were very suc-
cessful for this purpose especially when the sample was  a single
phase magnetite or maghemite.

Mössbauer spectrometry has been considered to be the most
suitable technique, because the magnetite spectra consist of two
discrete sextets [10,11,17–20]. Even though Mössbauer spec-
troscopy can provide most reliable quantitative data, it often suffers
from the difficulties in fitting the complicated spectra [17,37].
Furthermore, the differentiation between non-stoichiometric mag-
netite and magnetite–maghemite mixture was claimed to be
almost impossible [38,39]. The quantification of Fe(II) and Fe(III) has
been widely attempted by the traditional wet-chemical method,
though an extreme care should be practiced to prevent the oxida-
tion of magnetite during the measurement routine [11]. XPS is a
surface-sensitive analytical tool providing little information on the
bulk properties. For example, the preferential oxidation on the sur-
face of magnetite to maghemite was  successfully analyzed using
XPS [28,29]. A simple FT-IR has also been adopted for the quantifi-
cation of iron-oxide mixture phase using a calibration curve with
relatively low coefficient of determination of R2 [25].
As  stated above, numerous analytical techniques have been
utilized to differentiate the magnetite and maghemite powders
produced by various methods. Nevertheless, to the best knowledge
of the authors, the quantitative analysis of magnetite–maghemite
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Table  1
Iron  oxide powders synthesized by the wire explosion in this study and the commercial powders used to prepare the standard mixture samples of known compositions.

Sample Maker Particle size Lattice parameter (Å)

33.8 ± 20.6 nm 8.3763 ± 0.006
1 �m 8.396 (JCPDS 19-629)
<50 nm 8.3515 (JCPDS 39-1346)
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Table 2
The  standard mixture samples prepared by mixing the commercial maghemite and
magnetite powders.

Samples Composition

0% Pure magnetite
20% 20 wt.% maghemite + 80 wt.% magnetite
40% 40 wt.% maghemite + 60 wt.% magnetite

Supposedly, the maghemite phase is known to exhibit few extra
peaks at 23.77◦ (2 1 0) and 26.10◦ (2 1 1) which may  possibly be
used to distinguish it from the magnetite phase. However, in reality,
the intensities of these peaks are very weak (5%) for the positive
Iron oxide This study 

Magnetite (Fe3O4) Sigma–Aldrich no.310069 

Maghemite  (�-Fe2O3) Sigma–Aldrich no. 544884 

ixture by the X-ray diffraction method has never been attempted.
he iron oxide powders produced by the wire explosion in this
tudy appeared to contain both phases. Therefore, in the course of
he study on this subject, we could elaborate a simple way to verify
he existence of the magnetite–maghemite mixture and to further
uantify their relative compositions. For the quantification of the
ixture, a calibration curve was constructed from the standard
ixtures of known compositions using the commercial magnetite

nd maghemite powders.

.  Experimental procedure

.1.  Electrical explosion

The  explosion device consists of a high voltage dc power supply,
 bank of capacitors, a plasma switch and an explosion chamber.
he plasma switch initiates the discharge. The capacitance of the
xploding circuit was 3.5 �F and the applied voltage across the
0 mm-long wire was 11.4 kV. Therefore, the stored energy was
bout 227 J about 80–90% of which was considered to be transferred
o the wire. The diameter of Fe wire for the explosion experiment
as 0.3 mm.  To begin with, the explosion chamber was evacuated

nd flushed with pure argon gas. The explosion experiment was
onducted in a 30-l stainless chamber with the cover plate loosely
ightened. The total number of explosions for each condition was
bout 600. After the explosion, the powders were filtered through

 125 �m sieve to remove some misfired portions. The morphol-
gy of the nanopowders were examined by FE-TEM (Field-Emission
ransmission Electron Microscope, model JEM-2010F, JEOL Ltd.,
apan).

.2. X-ray diffraction

X-ray  diffraction (XRD, D/MAX 2200, Rigaku Corp., Japan) study
as conducted with Cu K� radiation equipped with a graphite
onochromator. A continuous scan XRD data were collected at

iffraction angles between 20◦ and 80◦ operating at 40 mA  and
0 kV. The step scan was conducted typically under the follow-

ng conditions: 2� range 56–58.5◦ for (5 1 1) peak and 61–64◦ for
4 4 0) peak; with the step width 0.01◦; counting time of 10 s. The
eak deconvolution and lattice parameter measurement were car-
ied out using the MDI  Jade 6.5 program furnished with the XRD.
he data profiles were fit with a pseudo-Voigt profile function. TEM
icrographs were analyzed for particle size measurement using a

ommercial image processing software (Image-Pro Plus 4.5.1). The
article size distribution was rather broad and the average particle
ize measured for more than 500 particles was 33.8 ± 20.6 nm.

.3.  Calibration curve

To  quantify the binary mixture, the standard mixture sam-
les were prepared by mixing the pure magnetite and maghemite
owders commercially available. Table 1 shows the commercial
owders used to make the mixture samples along with the pow-

ers synthesized in this study. The X-ray diffraction patterns from
he magnetite and maghemite matched exactly to JCPDS 19-629
nd JCPDS 39-1346, respectively. No other phases were observed.
ix reference samples (0 wt.%, 20 wt.%, 40 wt.%, 60 wt.%, 80 wt.%,
60% 60 wt.% maghemite + 40 wt.% magnetite
80% 80 wt.% maghemite + 20 wt.% magnetite

100% Pure maghemite

100 wt.% maghemite) containing corresponding amounts of mag-
netite and maghemite powders were mixed as listed in Table 2. All
step scan X-ray diffraction experiments were performed at least
in triplicate, and the average values were used to construct the
calibration curve.

3.  Results and discussion

3.1.  X-ray diffraction study of the explosion products

Fig. 1 shows the X-ray diffraction pattern of nanoparticles syn-
thesized by the wire explosion in this study. It shows a cubic
structure which may  be indexed to either magnetite or maghemite.
No other peaks from other oxide phases as hematite or wüstite
were noticed. As previously stated, the lattice parameters of the
magnetite and maghemite phases are very close and difficult to
be differentiated unless it is a single phase of well-crystallized
structure. In this study, the lattice parameter calculated from the
pattern in Fig. 1 was 8.3763 Å (see Table 1) which lies between that
of magnetite and maghemite (8.396 Å and 8.3515 Å, see Table 1).
Therefore, it was  not possible for us to decide whether the reaction
product is the magnetite or the maghemite. We  supposed that it
may  be a mixture of both phases.
Fig. 1. X-ray diffraction pattern from the iron oxide nanoparticles produced by
the explosion of Fe wire in air. Here, the peaks correspond to either magnetite or
maghemite phase though the (2 1 0) and (2 1 1) peaks which are the characteristic
peaks  of the maghemite phase are not obvious.
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Fig. 2. A typical step scan pattern of (5 1 1) peak from nanoparticles produced by the
explosion of Fe wire in air. The peak is deconvolutioned into the magnetite (Fe3O4)
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Fig. 3. X-ray diffraction patterns of the commercial powders used to prepare
the  standard mixture samples. The characteristic (2 1 0) and (2 1 1) peaks of the
maghemite  phase are obvious: (a) magnetite (Fe3O4), Sigma–Aldrich 310069 (b)
maghemite (�-Fe2O3), Sigma–Aldrich 544884.

Fig. 4. Step scan X-ray diffraction patterns of (5 1 1) peak obtained from the stan-
nd maghemite (�-Fe2O3). Here, � represents the raw pattern and © represents the
attern after K�2 removal.

dentification of the maghemite phase. In addition, even though one
an observe these extra peaks from the maghemite phase, it does
ot guarantee that it is a single phase maghemite since it could be

 mixture of both phases.
Therefore,  assuming that our iron oxide nanoparticles are a

agnetite–maghemite mixture, we applied the step-scan method
xpecting to observe two peaks from both phases. Fig. 2 shows a
ypical step scan pattern of (5 1 1) peak taken at angles between 56◦

nd 58.5◦. Here, the peak profile delineated by � shows the origi-
al data, which clearly shows two peaks at approximately 57◦ and
7.3◦. The presence of both phases was more obvious after K�2 was
emoved (delineated by ©). As a result, we assigned the 1st peak at
ower angle as the magnetite peak and 2nd peak at higher angle as
he maghemite peak. The peak deconvolution routine was carried
ut for K�2-substracted peaks using JADE 6.5 program. Apparently,
ur postulation appears to be correct. Supposing that the iron oxide
anoparticles are the mixture of both magnetite and maghemite, it
ould be informative if we can determine the relative amount of

ach phase. We  thus prepared the standard mixture samples using
he commercial magnetite and maghemite powders to construct a
alibration curve as will be explained in the following sections.

.2.  Preparation of standard magnetite–maghemite mixture

In  the preparation of the standard mixture samples using the
ommercial powders (Table 1), it is very important to verify that
ach powder is not a mixture. This point is particularly important
onsidering the recent report by Chowdhury et al. that the commer-
ial magnetite they purchased for As removal study was not a single
hase but a mixture of magnetite and maghemite [29]. Fig. 3 shows
he X-ray diffraction patterns of both powders. They matched well
ith the standard patterns: magnetite with JCPDS 19-629 (Fig. 3a)

nd maghemite with JCPDS 39-1346 (Fig. 3b). However, accord-
ng to our previous postulation, the close lattice parameter match

ould not be the enough condition for the verification of a single
hase structure. Therefore, we applied the step scan routine to the
ommercial powders for the (5 1 1) and (4 0 0) peaks. The results
howed that the peaks were quite symmetrical suggesting that both
owders are not the mixture phases at least under our precision

evel (see 0% and 100% maghemite peaks in Fig. 4). It would also
e helpful to note that the characteristic (2 1 0) and (2 1 1) peaks of
he maghemite phase can be clearly observed in Fig. 3(b). Based on

he previous results, we consider the commercial powders as the
ingle-phase magnetite and maghemite from which a calibration
urve can be constructed.
dard  samples of pre-determined compositions prepared by mixing the commercial
magnetite  (Fe3O4) and maghemite (�-Fe2O3). Here, the lower angle peak represents
the  magnetite and the higher angle peak represents the maghemite phase.

3.3. Construction of the calibration curve
To construct a calibration curve for phase quantification, the
standard mixture samples containing 0, 20, 40, 60, 80, and 100 wt.%
maghemite were prepared (see Table 2). Fig. 4 shows the step scan
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Fig. 5. A calibration curve showing the relationship between the pre-determined
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[ A.K.  Das, S.V. Bhoraskar, Scr. Mater. 54 (2006) 1235–1240.
omposition  of magnetite–maghemite mixture (Table 2) and the measured inte-
rated intensity % of maghemite phase.

esults of (5 1 1) peaks from the six standard mixture samples. The
eaks delineated by © are the patterns after K�2 subtraction. Here,
he magnetite (Fe3O4) and maghemite (�-Fe2O3) peaks are marked
y arrows on the figure. It is seen that the (5 1 1) peak was decon-
olutioned into the magnetite and maghemite peaks in the same
anner as shown previously in Fig. 2. The deconvolution of (4 4 0)

eaks was also carried out and showed similar results (not shown).
The quantitative determination was based on the assumption

hat the amount of a phase is proportional to its integrated inten-
ity fraction in the overlapping peak. For the magnetite–maghemite
ixture, the amount of maghemite can be expressed from the inte-

rated intensity fraction of the (5 1 1)maghemite peak as Eq. (1).

I(5 1 1)maghemite

I(5 1 1)maghemite + I(5 1 1)maghemite)

]
= Kwmaghemite (1)

here  I(5 1 1)maghemite represents the deconvolutioned (5 1 1)
eak intensity of the magnetite, I(5 1 1)magnetite the decon-
olutioned  intensity of the magnetite, wmaghemite wt.% of
he maghemite in the standard mixture, and K a constant.

 can be determined from the calibration curve. Fig. 5
hows the relationship between the measured intensity %
f maghemite [I(5 1 1)maghemite/(I(5 1 1)magnetite + I(5 1 1)maghemite)] and
t.% of maghemite [wmaghemite] for the standard mixture samples.

A  linear relationship was found between the intensity fraction
f maghemite and wt.% of maghemite in the standard mixture. The
lope (K) was 1.0136 and y-intercept was −0.2371. The calibration
urve is summarized as Eq. (2). Here, the coefficient of determi-
ation (R2) was found to be 0.9941. The detection limit (DL) for
he maghemite quantification in the mixture was estimated using
he root mean square error (RMSE) method (Eq. (3)) [40]. RMSE
escribes the difference between predicted values and measured
nes based on the linear calibration curve. The calculated detection
imit for the maghemite was calculated to be 9.5 wt.% according to
q. (3).

]

I(5 1 1)maghemite

(I(5 1 1)maghemite + I(5 1 1)maghemite
= 1.0136 × wmaghemite − 0.2371

(2)
4 (2012) 348– 352 351

Detection Limit(DL) = 3 × RMSE
slope

(3)

3.4.  Determination of phase composition of the wire explosion
products

Now,  following the method previously described above, we
determined the phase composition of the nanoparticles prepared
by the wire explosion technique in this study. When the suggested
method was applied to our nanoparticles (see Fig. 2), the amount
of maghemite and magnetite phases was  calculated to be 55.8 wt.%
and 44.2 wt.%, respectively. It is interesting that the amount of
maghemite appears to be relatively high considering the fact that
we could not positively locate the characteristic (2 1 0) and (2 1 1)
peaks of the maghemite phase. On the contrary, the two charac-
teristic peaks were clearly identified in the case of the commercial
maghemite powder (see Fig. 3(a)). Considering this, it should be
noted here that the absence or observation of the characteris-
tic peaks may  not be used as a sufficient criterion for the phase
identification. As previously stated in the introduction, most of
the previous studies report the synthesis of either a single-phase
maghemite or magnetite. Therefore, it may  be that the synthesis
of magnetite–maghemite mixture phases in this study appears to
indicate the inhomogeneous nature of the wire explosion reaction
originating from the high energy deposition in a very short time. In
any case, it should be worth mentioning that the step-scan routine
as demonstrated in this study may  provide a simple approach to
identify and quantify other mixture phases whose lattice parame-
ters do not allow an instant phase identification.

4. Conclusions

The electrical explosion of Fe wire in air produced iron oxide
nanoparticles containing the mixture of magnetite and maghemite
phases. The presence of mixture phase was  verified by the step-scan
X-ray diffraction method. A careful step scan of high angle peaks
as (5 1 1) or (4 4 0) revealed distinct magnetite and maghemite
peaks and resolved through the deconvolution routine. Their phase
quantification was  also carried out by constructing a calibration
curve using the commercial magnetite and maghemite powders.
Accordingly, the iron oxide particles produced by the wire explo-
sion in air contained 55.8 wt.% maghemite and 44.2 wt.% magnetite.
In this study, it was  well demonstrated that the method can be
used as a simple means to differentiate and further quantify the
magnetite–maghemite mixture which otherwise requires highly
sophisticated equipments and techniques.
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