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ABSTRACT

Surface modification of y-Fe,O; nanoparticles synthesized by a chemically induced transition has been attempted by
adding ZnCl, during synthesis. The structure of the modified particles was studied using X-ray diffraction (XRD) and
transmission electron microscopy (TEM). The experimental results showed that ZnFe,O, grew epitaxially on the y-
Fe,0; crystallites to form composite nanoparticles with the spinel structure, on which FeCl; might be adsorbed. The
apparent grain size d. estimated by XRD using the Scherrer equation was larger rather than smaller than the average
particle size (d) measured by TEM. This paradox can be explained by the effect of absorption in the coating heterolayer.
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1. Introduction

The interest in nanomaterials has grown because of their
distinct optical, magnetic, electronic, mechanical, and
chemical properties compared with those of the bulk ma-
terials. Magnetic nanoparticles with a size less than 100
nm represent an important class of artificial-nanostruc-
ture materials; they allow investigations of fundamental
aspects of magnetic ordering phenomena and could lead
to new technological applications [1]. Studies of mag-
netic nanoparticles have focused on the development of
novel synthetic methods [2]. In previous work, we pre-
sented a method to prepare magnetic nanoparticles using
a chemically induced transition, which involved treating
a hydroxide precursor with an FeCl, solution [3-5].

A nanocomposite is a material composed of two or
more phases, one of which has a grain size of less than
100 nm. The resulting combination of different physical
or chemical properties may give rise to completely new
materials [6,7]. Magnetic nanocomposites have applica-
tions ranging from ferrofluids to separation science and
technology [8]. Much research has shown that composite
nanoparticles can be prepared by surface modification of
particles, either during synthesis or in a postsynthesis
step [9]. Such composite nanoparticles can be described
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in terms of a core-shell model [10].

X-ray diffraction (XRD) is a useful technique for char-
acterizing the physicochemical makeup of unknown sol-
ids. For ferrite nanoparticles with the spinel structure, the
average size d. of the grains in a sample can be estimated
from the (311) peak using the Scherrer equation as

kA
¢ fPcosd

where £ is a constant (equal to 0.89), 4 is the wavelength
of the X-rays, 6 is the Bragg diffraction angle of the (311)
plane, and £ is the full width at half-maximum (FWHM)
of the (311) diffraction peak [11,12]. Generally, the av-
erage grain size given by XRD is less than the average
size obtained from transmission electron microscopy
(TEM), which is termed the physical size. However, ori-
ented attachment may occur, in which a relatively large
crystalline structure is formed by the attachment of crys-
talline primary particles [13], so that there may be some
agglomeration of the nanoparticles in such a way that the
particle size obtained from XRD is larger than the physi-
cal size obtained from TEM [12]. In the work presented
here, y-Fe,03/ZnFe,04 magnetic composite nanoparticles
prepared by surface modification were studied, and a
new explanation is proposed for the fact that the particle
size estimated using XRD is larger than the physical size
measured by TEM.
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2. Experimental

Nanoparticles were synthesized by a method based on a
chemically induced transition. The method involved two
steps.

1) Preparation of the precursor. An aqueous solution
of FeCl; (40 mL, 1 M) and Mg(NO;), (10 mL, 2 M, in
0.05 M HCI) was added to an NaOH solution (500 mL,
0.7 M). The mixture was heated and then boiled for 5
min with stirring. The red-brown precursor precipitated
gradually after the heating was stopped.

2) Synthesis of the nanoparticles.

a) Unmodified nanoparticles. The precursor was added
to a FeCl, solution (400 mL, 0.25 M), which was heated
at boiling point for 30 min. After the heating was stopped,
the product separated gradually from solution. It was
then dehydrated by aceton and dried naturely to obtain
y-Fe,05 nanoparticles [3], which we refer to as the un-
modified sample.

b) Modified nanoparticles. During the above process
of nanoparticle synthesis, after the FeCl, solution with
added precursor had been heated at boiling point for 20
min, ZnCl, solution (50 mL, 2 M) was added to perform
modification. The mixture was then boiled continuously
for 10 min. Particles were precipitated after the heating
was stopped. Finally, nanoparticles modified by the addi-
tion of ZnCl, were obtained after dehydrating and drying;
these are referred to as the modified sample.

To characterize the modified sample, the morphology
of the particles was observed using TEM at 200 kV, and
the crystal structure was analyzed using XRD with Cu
Ka radiation. For comparison, the unmodified particles
ware also characterized by XRD.

3. Results and Analysis

TEM observation indicated that the modified particles
were nearly spherical nanoparticles, as shown in Figure
1. Statistical analysis showed that the sizes of the parti-
cles fitted a log-normal distribution; the median diameter
d, and standard deviation In o, were 10.47 nm and 0.27,
respectively. For spherical particles with a log-normal
size distribution, the average diameter (d), which is just
so-called physical size measured by TEM, can be calcu-
lated from [14]

(d)=exp[Ind, +05In’ 0, ]. )

The average diameter of the particles was given by this
equation as 10.86 nm. The results of high-resolution TEM
(HRTEM) revealed that the nanoparticles were highly
crystalline, and in the aggregations of the nanoparticles,
the particles exhibited different crystalline orientations,
as shown in Figure 2.

XRD patterns of an unmodified and a modified sample
are shown in Figure 3. It is evident that the unmodified
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Figure 2. HRTEM image of an agglomeration in the modi-
fied sample.

particles have a ferrite-like spinel structure with the fea-
tures of magnetite (PDF #39-1346), whose lattice con-
stant is 0.8352 nm. For the modified sample, there were
also clear diffraction peaks from the spinel structure, but
there were no diffraction peaks corresponding to the (110)
and (210) planes of y-Fe,03, and the peak for the (310)
plane was weaker, although other peaks were stronger
than in the unmodified sample. Therefore, we judged that
in addition to y-Fe,0s, there could be another phase with
the spinel structure in the modified sample, for which the
diffraction from the (110), (210), and (310) planes is ap-
parently too weak to produce peaks in the XRD pattern.
As a consequence, it can be inferred from the XRD re-
sults that the nanoparticles in the modified sample pos-
sess mainly the spinel structure. The diameter of the
grains in the modified sample could be obtained from the
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Figure 3. XRD patterns of unmodified and modified sam-
ple.

(311) peak using the Scherrer equation as d. = 13.43 nm.

4. Discussion

The XRD analysis indicates that the unmodified sample
consisted of y-Fe,O; nanocrystallites, which could be
coated with adsorbed FeCl; [15]. During synthesis of the
modified sample with ZnCl, addition, we infer that y-
Fe,0; crystallites were formed first. This is attributed to
the precursor transforming in the FeCl, solution, by the
same process as in the formation of the unmodified nano-
particles. After ZnCl, was added to the solution, another
crystal layer with a spinel structure similar to the y-Fe,O4
phase grew epitaxially on the y-Fe,O; crystallites. Unlike
the unmodified sample, the modified sample did not show
diffraction peaks from the (110) and (210) planes, and
the peak from the (310) plane was weaker in the modi-
fied sample. So, it can be judged that the additional crys-
tal layer is the ZnFe,O,4 phase, for which diffraction lines
from the (110), (210) and (310) planes are not present
(PDF #22-1024), and the lattice constant is 0.8441 nm.
The standard intensity data I(f) for both y-Fe,O; and
ZnFe,0, are listed in Table 1.

In addition, it was noticed that for the modified sample,
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the average size d. obtained by XRD analysis (=13.43
nm) is larger than the average size (d) obtained from
TEM (=10.47 nm). This is a similar result to that in [12],
in which it was attributed to the oriented attachment of
crystalline primary particles. However, the HRTEM re-
sults indicate that for the modified sample, the crystalline
orientations of the nanoparticles in an agglomeration are
different. Moreover, if instrumental broadening is taken
into account [16], the apparent grain size becomes higher
than the size d. given above. Instead, the paradox of the
difference between d, and (d) could be related to an ab-
sorption effect. We believe that the modified particles
may be coated with adsorbed FeCl;. For particles coated
with a different material, the X-rays diffracted by the
interior can be absorbed by the coating layer, so that the
diffraction peaks become weaker. For example, when a-
Al,O3 nanoparticles were coated with La(OH),, the dif-
fraction peaks of the a-Al,O; were very weak, and the
main diffraction peaks agreed with an La(OH); phase [17].
This absorption effect could result in the FWHM f of the
diffraction peak becoming less, so that the apparent d, of
the spinel structure would become larger for y-Fe,Os/
ZnFe,0, nanoparticles coated with FeCl;. This can be
explained as follows.

In practical applications, the FWHM f can be calcu-
lated as the ratio between the integrated intensity and the
maximum intensity [18], i.e.

[1d(2¢)
=

m

)

where [ is the normal diffraction intensity, I, is the
maximum of the intensity, and 2¢ is the deviation of 26
from the diffraction condition, as shown in Figure 4.
This value of f is generally termed the integral width.
When the diffraction from the grains is absorbed by a
coating layer, the FWHM is written as

. jl’d(ze)
=

m

B “
where [' is the curve of the diffraction intensity and 1/,
is the maximum of the intensity with absorption effect
from the coating layer. Generally, after the X-ray with
intensity /, passing through a matter of thick ¢, the inten-
sity becomes 1, = Ipe ", where u is coefficient of linear
absorption. Obviously, the longer the path of the X-ray
going is, the weaker the /; is. Thus, while absorption ef-
fect of the coating layer is considered, the curve of dif-
fraction intensity can be described as

I'=4(2¢)1 (5)

where [ is the curve of diffraction intensity without the
absorption effect and 4(2¢) is absorbing factor in relation
to 2e. Since 2¢ is very small, the 4(2¢) can be looked as a
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Table 1. Standard intensity data I(f) for y-Fe,O; (PDF #39-1346) and ZnFe,O, (PDF #22-1012).

hkl 110 210 220 310 311 400 422 511 440
7-Fe,05 5 5 35 2 100 16 10 24 34
ZnFe,0, - - 35 - 100 17 12 30 35

I 1
In
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I 1
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| 2
|
. |
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Figure 4. Schematic curve of X-ray diffraction intensity.

constant 4 less than one. Consequently, the FWHM f’ of
the diffraction intensity with the absorption effect can be
written as

,:Ajld/(28)
I

m

B Q)

where I’ is the maximum of the diffraction intensity in
the presence of the absorption effect. Obviously, if I,
is regarded as I,,, B’ = Ap. Since 4 < 1, ' < . This means
that in an actual XRD measurement, the curve of the dif-
fraction intensity in the presence of an absorption effect
is narrower than that for normal diffraction without an
absorption effect, as shown in Figure 5. Hence, it can be
said in summary that because of the effect of absorption,
the grain size d. estimated using the Scherrer equation
can be not only larger than the actual grain size but also
larger than the physical size measured by TEM.

Also, when the volume fraction of diffracting units (in
a mixture typically containing different crystallites) is
less than one, the maximum of the diffraction intensity
can be described by 17 = BI, and the curve of the in-
tensity is given by I” = BI, where B is defined as the
content factor and is less than one. So, the FWHM f”
of the diffraction intensity with a volume fraction of dif-
fracting units less than one is

, | 17d(2¢) _ [1d(2¢) _
T =p

m m

Equation (7) shows that the FWHM of the diffraction
curve remains unaffected; it has a constant value f. In

B O]
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Figure 5. Comparison between intensity curves for (a) nor-
mal diffraction and (b) diffraction with absorption effect.

other word, the ratio between the integral intensity and
maximum intensity is unchanged for both the diffraction
with insufficient diffraction unit and normal diffraction.

5. Conclusion

X-ray diffraction is an important tool for identifying the
structure of nanoparticles from the data on interplanar
spacings and relative intensities that it provides. In the
work presented here, the XRD results confirmed that
during synthesis, ZnFe,O, grew epitaxially on y-Fe,0;
crystallites to form composite nanoparticles, which were
then possibly coated with an FeCl; layer. The size of the
nanoparticles can be estimated from the XRD results
using the Scherrer equation, and should be less than the
physical size measured by TEM. However, our work
shown that for nanoparticles with a coating heterolayer,
the effect of absorption by the coating could weaken the
XRD intensity from the interior of the particle compared
with that for a bare particle without a coating layer, so
that the FWHM of the diffraction peak would be reduced,
making the apparent average size of the grains measured
by XRD larger than the actual size. Consequently, it is
possible that the apparent size of the grains obtained by
XRD may be larger than the physical size given by TEM.
When the volume fraction of diffracting units is less than
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one, both the FWHM of the diffraction peak and the ap-
parent grain size are unchanged, and comparison with the
FWHM of the unmodified nanoparticles may be used to
determine whether a coating heterolayer has formed on
the primary particles; that is, when f becomes smaller, a
coating heterolayer has formed on the particles.
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