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a-Fe,O5; nanoparticles were prepared by the sol-gel process with ethylene oxide (EO) and FeCl; as starting
materials. The influences of the molar ratio of EO to Cl~, the concentration of FeCl;, the volume percentage
of ethanol and heat treatment on the structural properties of the a-Fe,O; nanoparticles were investigated by
XRD, TEM and SAXS (small angle X-ray scattering) techniques. It was found that the mean size of the
a-Fe,O3 nanoparticles formed via the sol-gel process is smaller than those formed via the sol process. The
values of the mass fractal dimension (D) for the a-Fe,O; nanoparticles formed via the sol and sol-gel

processes are 2 < Dy, < 3 and 3 < D,, < 4, respectively.

1 Introduction

a-Fe>O3 (hematite) nanoparticles have attracted great attention
in recent years because of their wide applications in the areas of
pigments, catalysts,' nonlinear optics,” gas sensors” and so on.
Considerable efforts have been made in the development of
synthetic approaches to iron oxide nanoparticles, such as
chemical precipitation,“’5 forced hydrolysis,é”7 the microemul-
sion technique,® sol-gel processes,™ etc.'®1? The sol-gel and
chemical precipitation methods are widely used in preparing
high yields of a-Fe,O; nanoparticles using an inorganic iron
salt and base as starting materials. However, it was reported
that it is difficult to wash the alkali out of the precipitate if the
base is an alkali hydroxide.'> Furthermore, if ammonium
hydroxide is used, contamination by the anion of the iron salt
cannot be avoided. Moreover, the hydroxide or metal oxide
nanoparticles will aggregate if attempts are made to get rid of
the contamination by washing.

In our new method, a simple chemical precipitation
approach via a sol-gel process was successfully employed to
synthesize o-Fe,O3 nanoparticles without the problems of
contamination and aggregation mentioned above.'* o-Fe,O;
nanoparticles were prepared by using ethylene oxide (EO)
and FeCl; as starting materials. Two communications have
reported the use of ethylene oxide or epichlorohydrin and
ZrOCl, as starting materials to produce ZrO, nanoparti-
cles.'>! In addition, propylene oxide was used as a gelation
agent to prepare porous iron oxide monoliths from Fe(tr)
salts.!”” In these papers, epoxides were very effective in the
synthesis of metal oxide nanoparticles or monoliths via sol-gel
processes with inorganic salts as precursors. In this full paper,
we will investigate the details of the influences of different
preparation conditions on the formation of a-Fe,O3 nanopar-
ticles by XRD, TEM and small angle X-ray scattering (SAXS)
techniques.

2 Experimental

The principle of the formation of a-Fe,O; nanoparticles has
been briefly introduced elsewhere'* and it will be described in
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detail in this paper. In this work, EO and FeCl; were used
as the precursors to produce a-Fe,O3 nanoparticles. EO was
selected as one of the starting materials because it reacts
readily with HCI, one of the hydrolysis products of FeCls. It
is already known that a hydrolysis equilibrium exists in the
aqueous FeCl; solution:

FeCl; + 3 H,O — Fe(OH); + 3 HCI (hydrolysis) (1.1)

and o-Fe,O3 particles will form through a two-step phase
transformation: %!

Fe(OH); — B-FeOOH — a-Fe,O3 (phase transformation) (1.2)

If C,H4O0 (EO) is added to the above system, the reactions
illustrated below will take place.'416-2%-2!

H2CH?
C{DSHZ*HCI > ? | (Mainreaction)  (2)

o OH 1

CH2CH

2 2+ H)O —> $H2$H2 (Side reaction)  (3)
OH OH

CH2CH2 initiator (Ring-opening
1 \O; +H20 — H(C2H40)nOH polymerization)
(Side reaction)
“

It can be seen from the reactions (2)—(4) that the ionic strength
of the reaction system decreases during the whole reaction
process and Fe(OH); sol or gel will form via association and
polymerization. It was reported that B-FeOOH loses its stru-
ctural water and is completely transformed to o-Fe,O3 within
the temperature range of 235 to 275 °C with an exothermic
effect.® The products of reactions (2) and (3) can be driven out
at 200 °C because the melting points of (HO)CH,CH,Cl and
CH,CH,(OH), are 128.6 and 197.6 °C, respectively. It can be
seen from reaction (4) that ring-opening polymerization of EO
may also take place with FeCls as a catalyst®® or with iron
alkoxide as an initiator, which can be formed by reaction of
ethylene glycol with FeCl; or of EO with FeCls.2! However, the
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likelihood of this reaction is low because of the large amount
of H>O in the reaction system. The possible by-product,
H(C,H40),,0H (polyethylene glycol, PEG), will have an effect
on preventing the Fe(OH); nanoparticles from agglomerating.
Therefore, uniform o-Fe,O; nanoparticles will be obtained
after aging and heating at 200 °C to drive out the by-products
and at 300 °C to complete the phase transformation.

The preparation procedure can be described briefly as
follows.'* The starting materials were analytical reagent-grade
FeCls, EO and C,HsOH (EtOH). CAUTION: EO is an explo-
sive, flammable, carcinogenic, and toxic chemical and should
be handled very carefully. It should be stored in a refrigerator. All
of the following operations were carried out in a well-ventilated
chemical fume hood. Spectacles and gloves are needed for
protection. First, an aqueous solution of FeCl; and a mixture of
EO and EtOH were put into the ice bath and cooled
respectively. Then a mixture of EO and EtOH was dropped
slowly into the aqueous solution of FeCl;. A red—brown sol
formed first for all the samples, and some of the sol later
became gel. The sols and gels were heated at 200 °C to drive out
the by-products. After heating at 300 °C, nanoparticles of
Fe,O; were obtained. In this paper, o-Fe,Oz; nanoparticles
were prepared by using different preparation conditions, i.e.,
variation in the molar ratio of EO to Cl~, the concentration of
Fe*", the amount of ethanol and the calcination temperature.
The experimental conditions are listed in Table 1.

The XRD measurements were carried out with a Rigaku

Table 1 Summary of the different conditions used for the preparation
of a-Fe,O3 nanoparticles

(a) Prepared with different initial concentrations of FeCly”

Sample Crecy,“/mol 1! Sol-gel process

1 0.05 Gel not formed (sol)

2 0.1 Gel not formed (sol)

3 0.3 Gel formed after 17 h

4 1 Gel formed after 10 min
5 2 Gel formed after 3 min

(b) Prepared with different molar ratios of EO to cr’

Sample Molgo. ¢’ Sol-gel process

a 0.5 Gel not formed (sol)
b 1 Gel not formed (sol)
c 1.5 Gel formed after 28 h
d 2.5 Gel formed after 6 h
e 3 Gel formed after 4 h

(c) Prepared with different volume percentages of EtOH¢

Sample Vewou® (%) Sol-gel process

A 25 Gel formed after 10 h
B 35 Gel formed after 14 h
C 45 Gel formed after 20 h
D 55 Gel not formed (sol)

(d) Prepared with different heating temperatures?

Sample Heat treatment

I 300 °C, 3 h

II 450 °C, 3 h

111 700 °C, 3 h

“The molar ratio of EO to Cl™ is 2.5 and the volume percentage of
EtOH is 15%. Cpeci, = concentration of FeCl. *The concentration
of FeCly is 0.5 M and the volume percentage of EtOH is 15%.
Molgo.c;- = molar ratio of EO to Cl™. “The molar ratio of EO to

Cl™ is 2.25 and the concentration of FeCl; is 0.5 M. Vgou =
volume percentage of EtOH. “The molar ratio of EO to CI™ is 2.25,
the concentration of FeCls is 0.5 M and the volume percentage of
EtOH is 45%.

D/max-rA rotation anode X-ray diffractometer. The TEM
measurements were obtained by means of a JEOL-JEM-200CX
transmission electronic microscope. The mean particle sizes
of the a-Fe,O; nanoparticles were calculated by statistical
analysis of 100 particles in the field of the TEM views. The
average size, drgwm, 1S calculated by the aritllg){)netic mean value

of the sizes of these particles, i.e., drgm= Y. d;/100, where d;

. . . i=1 .
is the size of one particle.”> SAXS measurements were carried

out at the SAXS station at the Beijing Synchrotron Radiation
Laboratory (BSRL) in the Beijing Electron Positron Collider
National Laboratory (BEPC NL). The samples were ground
into fine powders and sprinkled on adhesive cellophane
tape. The dependence of the scattering intensity on the angle
was measured. The main components of the SAXS set-up
have been described elsewhere.”> The SAXS intensity I(q)
(where ¢ is the modulus of the scattering wave vector) was
corrected for incident intensity variation, sample thickness,
transmission and background scattering before data fitting
could be achieved.

3 Results
3.1 Powder X-ray diffraction

The XRD patterns of the Fe;,Oz nanoparticles prepared with
different volume percentages of EtOH are shown in Fig. 1. The
XRD profiles of the Fe,O3 nanoparticles prepared under other
conditions are nearly the same as those in Fig. 1, except for
their peak widths. All of the prepared samples were indexed as
pure o-Fe,O; because the diffraction peaks of all the samples
with lattice spacings of 3.68 (012), 2.70 (104), 2.52 (110),
2.20 (113), 1.84 (024) and 1.69 A (116) are in agreement with
those in JCPDS Card No.33-664, which indicates the standard
XRD pattern of a-Fe,O;. The average particle size (D)
was calculated by using the Debye—Scherrer equation® (in
this paper, K = 0.89 because fs,. was defined as FWHM of
the diffraction peak). The calculated D;o4 values and lattice
constants are shown in Tables 3-6.

3.2 TEM pictures

Fig. 2 shows the TEM pictures and selected diffraction patterns
of a-Fe,O3 nanoparticles prepared with different molar ratios
of C,H4O to CI™. From the electron diffraction patterns of
samples a, b and c, it can seen that the crystallinity of the
a-Fe,O3 nanoparticles increases with increasing molar ratio.
There was a noticeable degree of particle coarsening in samples
a and b, but the morphology of sample ¢ became uniform.
Table 2 shows the results of local quantitative analysis of the
a-Fe,O3; nanoparticles prepared from different molar ratios of

EO to CI™. It demonstrates that the molar ratio of O to Fe in
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Fig. 1 XRD patterns of Fe,O; nanoparticles prepared with different
volume percentages of EtOH.
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Fig. 2 TEM view of a-Fe,O3 nanoparticles prepared with different molar ratios of EO to Cl™.

the a-Fe,O5 particles is close to 1.5 if the molar ratio of EO to
CI™ is larger than 1, indicating that a-Fe,O3 has been formed.
This implies that it is crucial to set the molar ratio of EO to C1™
to be more than 1.5 in order to get a-Fe,O3 nanoparticles with
good morphology and crystallinity.

Fig. 3 shows the bright field TEM of a-Fe,O3 nanoparticles
prepared with different initial concentrations of FeCls. It can
be seen that initial concentrations of 0.05 and 0.1 M do not

Table 2 Results of local quantitative analysis of the a-Fe,O5 particles
prepared with different molar ratios of EO to Cl™¢

Molar ratio of  Fe content O content  Molar ratio
Sample C,H4O to CI™  (mol%) (mol%) of O and Fe
a 0.5 36.87 63.13 1.39
b 1 40.79 59.21 1.45
c 1.5 41.88 58.12 1.59

“The detected area of X-ray energy dispersive spectrometry (XEDS)
is indicated by the arrows in Fig. 2.
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result in good morphology of the a-Fe,O3; nanoparticles and
indicate aggregation of the particles. However, small and
uniform a-Fe,O3; nanoparticles form when the initial concen-
tration of FeCls is not less 0.3 M.

It is also found that the size of the a-Fe,O; nanoparticles
increases with increasing heating temperature. Fig. 4 shows
the TEM pictures of a-Fe,O3 nanoparticles calcined at 700 °C
and it can be seen that some of the particles change their
shape to spindle.

3.3 Small angle X-ray scattering

Fig. 5 shows the SAXS profiles of a-Fe,O; nanoparticles
prepared under different conditions. The scattering intensity
I(g) is plotted as a function of the scattering vector ¢, which is
defined as ¢ = 4msin 60/4, in which 0 is half the scattering angle
and / is the wavelength of the incident X-ray beam (in this
paper, 2 = 1.54 A). It can be seen that all the SAXS profiles of
the a-Fe,O3; nanoparticles are similar and their shapes can



Table 3 Structural data of a-Fe,O3 nanoparticles prepared from different molar ratios of EO to Cl™ ¢

Mean particle size/nm

Lattice constant (by XRD) SAXS Ry/nm
XRD
Sample a/A L/A Dl()4 dlargc asmall Rglargc Rgsmall Dm
a 5.038 13.757 37.5 27.1 4.5 10.5 1.7 2.64
b 5.040 13.770 45.5 38.0 8.1 14.6 32 2.63
c 5.046 13.826 315 30.9 6.7 12.0 2.6 3.59
d 5.044 13.763 31.4 26.0 6.5 10.1 2.5 3.24
e 5.042 13.762 31.2 24.5 6.0 9.5 23 3.43

“The concentration of FeCl; is 0.5 M and the volume percentage of EtOH is 15%; R, = radius of gyration; D,, = mass fractal dimension;
D4 = length of particles perpendicular to the (104) crystal plane.

Table 4 Structural data of the o-Fe,O3 nanoparticles prepared with different initial concentrations of FeCl;*

Mean particle size /nm

Lattice constant (by XRD) SAXS Ry /nm
XRD TEM _— _—
Sample a(A) C(A) Dl()4 DTEM dlarge dsmall Rglarge Rgsmall Dm
1 5.038 13.757 35.5 — 30.6 6.2 11.8 2.4 2.86
2 5.036 13.777 49.7 — 342 6.2 13.3 24 2.62
3 5.046 13.727 24.6 32.0 30.0 6.3 12.0 2.4 3.50
4 5.040 13.803 23.2 29.5 28.7 6.1 11.3 2.4 3.84
5 5.042 13.734 19.7 24.7 253 6.4 9.8 2.5 391

“The molar ratio of EO to CI™ is 2.5 and the volume percentage of EtOH is 15%; Cr.ci, = concentration of FeCls; R, = radius of gyration;
D,, = mass fractal dimension; Djos = length of particles perpendicular to the (104) crystal plane; Drgv = mean particle size of 100 particles
calculated from the TEM views in Fig. 3; Drgy of samples 1 and 2 could not be obtained because of their obscured TEM views.

Table 5 Structural data of a-Fe,O3 nanoparticles prepared with different volume percentages of EtOH?

Mean particle size/nm

Lattice constant (by XRD) SAXS Ry/nm
XRD TEM — —_—
Sample H/A C/A D104 DTEM dlurge ds‘mall Rglurge Rgsmull Dm
A 5.032 13.762 31.2 32.8 32.0 7.2 12.4 2.8 3.58
B 5.036 13.752 224 28.9 27.3 6.5 10.6 2.5 3.70
C 5.042 13.742 24.5 30.1 29.3 6.6 11.3 2.6 3.53
D 5.034 13.756 45.0 50.6 32.6 6.6 12.6 2.6 3.58

“The molar ratio of EO to CI™ is 2.25 and the concentration of FeCl; is 0.5 M; Vgon = volume percentage of EtOH; R, = radius of gyra-
tion; D, = mass fractal dimension. D o4 = length of particles perpendicular to the (104) crystal plane; Drgy = mean particle size of 100 par-
ticles calculated from the TEM views in Fig. 2 of ref. 14.

Table 6 SAXS data of the a-Fe,O3; nanoparticles prepared at different heating temperatures®

Mean particle size/nm

Lattice constant (by XRD) SAXS Ry/nm
XRD
Sample G/A C‘A D104 dlarge dsmall Rglarge Rgsmall Dm
I 5.024 13.742 24.5 29.3 6.6 11.3 2.6 3.53
11 5.038 13.774 41.5 36.1 6.5 14.0 2.6 3.64
111 5.032 13.726 64.0 52.0 6.4 20.1 2.5 3.38

“The molar ratio of EO to CI™ is 2.25 , the concentration of FeCl; is 0.5 M and the percentage of EtOH is 45%; R, = radius of gyration;
D,, = mass fractal dimension; Do, = length of particles perpendicular to the (104) crystal plane.

be described by monotonically decreasing curves. They show the very low ¢ region of the Guinier plot indicates that the
a general trend that the intensity decreases with increasing a-Fe,O3 nanoparticles are polydispersed so that particle size
¢ until a constant minimum value of I(g) is reached. determination by Guinier’s law becomes problematic. How-

In this single-phase a-Fe,O3 nanoparticle system, the SAXS ever, we may estimate the size range of the particles in a
is mainly caused by the difference in the electron density within polydispersed system because large particles dominate the

and around the nanoparticles. Using the Guinier approxima- scattering at low ¢ and small particles dominate at high ¢.2¢
tion? (the scattering intensity in the very low ¢ range is of Therefore, the sizes of large-end and small-end particles can
Gaussian form and independent of the particles’ shape), the be determined by the slopes of the Guinier plot in the low

radius of gyration, R,, can be calculated from the Guinier ¢ (Ry*"®°) and high ¢ regions (RS™"), respectively. The results
plot [a plot of I(g) vs. ¢°] shown in Fig. 6. The curvature in are listed in Tables 3-6.
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Fig. 3 TEM view of a-Fe,O3 nanoparticles prepared with different initial concentrations of FeCls.

In some cases, aggregation of the particles can be connected
via a network, which displays “fractal-like” properties in the
middle length scale region that is between gR, > 1 and ga < 1,
where « is the sub-element or base unit length of the fractal
object. Mass fractal dimension (D,,) is usually used to describe
various disordered systems, such as sol-gel materials, and it
can semiquantitatively characterize the surface roughness and
structure density of polymerized particles.?” In this region,
the intensity profile can be approximated to a very simple
power-law relationship, I(q) oc ¢, where D,, is the mass
fractal dimension. Therefore, the value of the fractal dimension
corresponds to a certain structure or indicates a certain type
of network growth. Fig. 7 shows the curves of In I(¢) vs. In ¢
and the calculated D,, values are listed in Tables 3-6.

Fig. 4 TEM view of a-Fe,O3 nanoparticles calcined at 700 °C.
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4 Discussion

The collected structural data shed light on the formation of
a-Fe,O3; nanoparticles by the sol-gel process with FeCl; and
EO as starting materials. The particle sizes calculated by SAXS
and XRD both rely on the assumption that the shape of the
particles is spherical. However, the mean sizes of the particles
calculated by these two methods show a small difference and
this disagreement probably results from the difference in the
measuring mechanism of the two methods. The D4 calculated
by XRD is the length of the grain perpendicular to crystal
plane (104) while the d"*"¢° calculated by SAXS is based on the
Guinier radius R, i.e. the root-mean-square distance of all the
scattering elements/electrons from the center of gravity. In spite
of these differences, both Djgs and ¢ show similar trends.
Rglalrge in Tables 3-6 varies with the different preparative
conditions while the value of R,"™" does not show much
variation for all the samples. The constant occurrence of the
small oligomeric species (RgSmalll is between 17 and 32 A) in all
the samples indicates that the reactive consumption of small
polymeric species is a rather slow kinetic process under all of
the preparative conditions. The lattice constants of the a-Fe;O3
nanoparticles are also different from those of bulk a-Fe,0s.
The reported lattice parameters of the pure rhombohedral
hematite a-Fe,Os are ¢ = 5.036 and ¢ = 13.749 A. However,
the a values of the prepared a-Fe,O3 nanoparticles vary slightly
from 5.032 to 5.046 A and the ¢ values vary form 13.742
to 13.826 A.

It can be seen from Tables 3 and 4 that both the molar ratio
of EO to C1™ (molgo. cj-) and the initial concentration of FeCls
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(Crec1)) play an important role in the formation of the a-Fe,O;
nanoparticles. If molgo.c- is less than 1 or Cgecy, is less
than 0.1 M (the other reaction conditions can be seen in the
footnotes of Tables 3 and 4), then a sol forms and the particle
size increases with increasing molgo.c;- or Cgecy,; While if
molgo: cr- is more than 1.5 or Cgeci, more than 0.3 M, a gel
forms and the particle size decreases with increasing molgo . ci-

7.0 v T T T

or Crecy,- In addition, it can be estimated from the D, values in
Tables 3 and 4 (2 < D, < 3) that the a-Fe,O3 nanoparticles
formed via the sol process show surface roughness and grow
like a mass fractal with connected structures. However, we
can estimate from the D, values in the tables (3 < D, < 4)
that the a-Fe,O3; nanoparticles formed via the sol-gel process
possess smooth surfaces.
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The effect of EtOH on the formation of a-Fe,O3 nanopar-
ticles has also been investigated. It can be estimated from
Table 5 (3 < Dy, < 4) that a-Fe,O5 nanoparticles with smooth
surfaces are obtained, regardless of whether the particles are
formed via a sol or sol-gel process. It was also found that if the
volume percentage of EtOH (VE,on) is less than 45% (samples
A, B, C), a gel will form. However, if Vgoy is increased up to
55% (sample D), a gel will not form and the particle size
becomes much larger than those formed via the gel process.

To the best of our knowledge, so far, only a few investi-
gations have been reported on the interactions of ferric
ions with lower alcohols or on the precipitation of ferric
(hydrous) oxides in alcohol-water media.?®>° It has been
reported that hydrolysis and chloride complexation of
ferric ions are enhanced in the presence of ethanol. These
complexes are known to be precursors in the formation of
B-FeOOH. Therefore, the first effect of EtOH could be to
increase the concentration of Fe’* or OH™ and enhance the
hydrolysis of Fe*". In addition, another reaction also takes
place as soon as EO is added to the reaction system that is
abundant in EtOH:*!

+
C\Iéz/CHZ + HO-C2H5 2 HO-CH2CH)-0C)Hs

Therefore, less HCI will be consumed by EO because of the
above competitive reaction and this effect can be regarded as
inhibition of the hydrolysis of Fe**. Therefore, the addition
of EtOH has two contrasting effects on the reaction of the
system and the particle size is the net result of these effects.
However, there are also indications that ferric ions may com-
plex with ethanol,* although no chelation could be detected.**
In addition, it was found that ethanol affects the rate and the
mechanism of precipitation and of aging of B-FeOOH.** EtOH
also exerts a profound effect on the morphology of ferric
oxide.?® Therefore, the influence of EtOH on the formation
process is very complicated and further investigation is
necessary.

1682 J. Mater. Chem., 2002, 12, 1676-1683

The influence of heat treatment on the particle size was also
investigated and the results are listed in Table 6. It can be
estimated that a-Fe,O3; nanoparticles with smooth surfaces are
formed (3 < D,, < 4) and the mean particle size increases with
increasing temperature.

We also used this sol-gel method to prepare SnO,, In,0s3,
ZnO, Bi,0O3 and CdO semiconductor nanoparticles with their
corresponding inorganic metal salts and EO as starting
materials. The results showed that a similar sol-gel process
took place in the formation of the SnO, and In,O; nano-
particles while the sol-gel process did not take place during
the formation of the ZnO, Bi,O; and CdO nanoparticles. In
addition, this method is also very useful for preparing Fe,Os3,
SnO, and In,O; thin films by means of the sol-gel process
by dip-coating or spin-coating methods. Investigations in these
areas are under way in our group.

5 Conclusions

a-Fe,O3 nanoparticles with a particle size of between 20 and
60 nm were prepared by the sol-gel process with ethylene
oxide and FeCl; as starting materials. The XRD, TEM and
SAXS techniques were applied in order to investigate the
properties of the a-Fe,O5 nanoparticles, including particle size
and mass fractal dimension. The trends in the variation of
particle size of the a-Fe,O3 nanoparticles determined by SAXS
are in agreement with those found by XRD and TEM.

The mean particle size of the a-Fe,O; nanoparticles formed
via the sol process increases with increasing molar ratio of EO
to Cl™ or with increasing concentration of FeCl; (in the range
molgo.ci- < 1 or Crecy, < 0.1 M). However, the size of the
a-Fe,03 nanoparticles formed via the sol-gel process decreases
with increasing molar ratio of EO to CI™ or with increasing
concentration of FeCl; (in the range molgo.c- = 1.5 or
Crect, = 0.3 M). The particle size is also influenced by the
volume percentage of ethanol present in the reaction system.
The size of the a-Fe,O; nanoparticles formed via the sol pro-
cess (Viion = 55%) is larger than that of those formed via the



sol—gel process (Voo < 45%). Heat treatment also plays an
important role in the size of the a-Fe,O3; nanoparticles. The
higher the temperature used, the larger the particle size will be.

SAXS analyses also demonstrate that the fractal dimensions
of the a-Fe,O; nanoparticles are mainly determined by the
molar ratio of EO to CI™ or initial concentrations of FeCls.
It is estimated that a-Fe,O3 nanoparticles with rough surfaces
are formed via the sol process (2 < D, < 3). In contrast, the
D, values of those formed via the sol-gel process are between 3
and 4, indicating the formation of o-Fe,O3; nanoparticles
with smooth surfaces. However, the D, values of a-Fe,O3
nanoparticles formed in the presence of EtOH or by heat
treatment are also between 3 and 4, indicating the formation
of a-Fe,0O3 nanoparticles with smooth surfaces.
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