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ABSTRACT

Samples of hematite (¢-Fe,0,) nanoparticles have been synthesized through the co-precipitation route in cetyltrimethyl-
ammonium bromide (Hem_PR), via a citric acid sol-gel method (Hem_SG) and amodified sol-gel method in Tween 20 (Hem_TW),
and each were annealed at three different temperatures (400, 500 and 600 °C). The samples were characterized by X-ray diffraction
(XRD), Fourier transform infrared spectroscopy (FTIR), transmission and high-resolution electron microscopy (TEM and
HRTEM), Mossbauer spectroscopy and by means of a vibrating sample magnetometer (VSM). In addition, the photocatalytic
behaviour of each sample was tested on the degradation of rhodamine B (RhB) in solution. All the characterization techniques
showed the formation of phases of pure hematite nanoparticles with improved crystallinity after higher temperature annealing.
However, the nanoparticles synthesized in Tween 20 showed the smallest particle size and highest BET surface area, saturation
magnetization and photocatalytic activity. Of particular note was the ability of Tween 20 to control the growth of the particles so
that grain sizes well below 10 nm were obtained. Thus, Tween 20, when used as a surfactant in the sol-gel route, can serve to

improve the physical properties of synthesized hematite nanoparticles.
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1. Introduction

Hematite, a-Fe,O,, is the most thermodynamically stable of
all the known iron oxides. It exhibits n-type semiconducting
properties at ambient conditions and has a band gap energy of
2.1 eV which falls within the visible region of the electromag-
netic spectrum. When the oxide is prepared in nano-dimensions
it exhibits novel physical and chemical properties. Lately,
a-Fe,O, nanoparticles have received increased interest due to
some of their fascinating properties which stand out from those
of the bulk material. Their low cost and non-toxicity, coupled
with their wide range of applications, for example, they have
found use in pigments, ' lithium ion batteries and gas sensors,”*
catalysis,>® optical and biomedical devices,”® water purification,’
solar energy conversion and magnetic materials,>" have made
a-Fe,O, nanoparticles the most investigated of all iron oxides.

Hematite nanoparticles of different shapes and sizes can form
and these include nanorods,'** nanofibres,'*'* nanowires'*?” and
nanocubes," among others. Various techniques have been used
to synthesize a-Fe,O,. These include hydrothermal approaches,
sol-gel processes, combustion, microemulsion techniques,
pyrolysis and ultrasonic-assisted methods. The sol-gel and
co-precipitation methods stand out as methods capable of
producing high yields of a-Fe,O, nanoparticles, with sol-gel
being more hands-on in terms of morphology control.” It is
known that the synthesis conditions strongly affect the physico-
chemical properties of the product. Consequently, it is expected
that by using a different reaction medium or adding a
surfactant in the preparation process might influence some of
the physical properties (e.g. size, porosity, surface area) of the
nanoparticles.”*

* To whom correspondence should be addressed. E-mail: martinci @ ukzn.ac.za

The sol-gel method of synthesis of semiconductor metal oxides
and ceramic materials is extremely versatile and can be used to
fabricate inorganic nanomaterials with very good control over
size and morphology. Organic molecules or polymers are added
to colloidal dispersions of metal ions to form the sol. Removal of
the solvent molecules leads to the formation of the gel. Subse-
quent thermal treatment results in the product. The nucleation
here depends on the various weak forces (hydrogen bonds,
weak van der Waals forces and the hydrophobic interactions
between functional groups) acting in the reaction medium.” The
Pechini type synthesis method makes use of chelating organic
molecules (citric acid and ethylene glycol) to form a homoge-
neous solution of metal/citrate complex and has been shown to
be extremely handy in the fabrication of metal oxides.”*

In this paper, hematite nanoparticles were prepared by means
of three different routes, namely; (i) chemical precipitation in a
cetyltrimethylammonium bromide (CTAB) solution, (ii) a sol-gel
method in citric acid solution, and (iii) a sol-gel type method in
the presence of the surfactant Tween 20, with a view to study
and compare the structure, and magnetic, as well as photocata-
lytic properties of the products that would be obtained from the
first two processes and the one from the Tween 20 medium.
Tween 20, a polysorbate type non-ionic surfactant with a long
hydrocarbon chain, has not been used for the synthesis of hema-
tite and could better help in limiting the growth of the crystals
thereby effecting a better size and shape control process. Mag-
netic and photocatalytic properties have also been shown to be
influenced by morphology and surface area, and, hence, the
synthesis medium. Tween 20 may be better at incorporating
some water or carbon atoms into the materials, which would then
help in limiting grain size as well as provide the pores that are
needed for higher surface area once the material is calcined.”*
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2. Experimental

2.1. Materials

Allreagents were used as received. These were Fe(NO,),.9H,0
(98 % Saarchem), NaOH (98 % Saarchem), citric acid (99.7 %
BDH Laboratories), Tween 20 (Prosynth grade Riedel-de Haén)
and CTAB (95 % Aldrich Chemicals). The deionized water used
was from a Millipore Elix 5 UV Milli-Q apparatus.

2.2. Synthesis

2.2.1. Co-precipitation

Fe(NO,),.9H,0 (0.02 moles) was dissolved in deionized water
containing CTAB (0.03 moles) and made up to 100 cm’ to form a
solution. NaOH (10 M) was then added to the solution while
stirring to form a reddish brown precipitate and the pH was
adjusted to between 11 and 12. The resulting mixture was
poured into a polyethylene bottle, sealed and placed in an oven
which had been preheated to 80 °C. The mixture was kept at this
temperature for 24 h. The precipitate (now yellow) was washed
several times with deionized water, filtered and dried in the
oven at 100 °C for 2 h. The dried powder was then placed in a
furnace and heated at 400 °C for 2 h. Two other separate portions
were also annealed at 500 and 600 °C for 2 h each. Hematite
prepared by this method will be referred to as Hem_PR followed
by a number indicating the annealing temperature, that is,
Hem_PR400, Hem_PR500 or Hem_PR600.

2.2.2. Sol-gel — Method 1

Citric acid (0.17 mol) was dissolved in deionized water
(800 cm?®), and Fe(NO,),.9H,0 (0.03 mol) was also dissolved in
deionized water (200 cm?). The ferric nitrate solution was added
dropwise to the citric acid solution while stirring vigorously to
obtain a clear solution. The solution was then heated at about
90 °C on a hot plate with continuous stirring until a gel formed.
The gel was dried in the oven at 100 °C for 24 h. The dry gel was
then annealed in a furnace at 400 °C for 2 h and then crushed to
obtain the powder. Two other separate portions were also cal-
cined at 500 and 600 °C for 2 h each. Hematite prepared by this
method will be referred to as Hem_SG followed by a number
indicating the annealing temperature, that is, Hem_SG400,
Hem_SG500 or Hem_SG600.

2.2.3. Sol-gel — Method 2

Tween 20 (200 cm®) was made up to 800 cm® with deionized
water; Fe(NO,),.9H,0 (0.03 mol) was also dissolved in deionized
water (200 cm®) and subsequently added dropwise to the Tween
20 solution while vigorously stirring. The clear yellow solution
was then heated (with stirring) at 90 °C on a hot plate to form a
black gel. The gel was dried in an oven at 100 °C for 24 h and sub-
sequently annealed in a furnace at 400 °C for 2 h and then
crushed to obtain the powder. Two other separate portions were
also annealed at 500 and 600 °C for 2 h each. Hematite prepared
by this method will be referred to as Hem_TW followed by
a number indicating the annealing temperature, that is,
Hem_TW400, Hem_TW500 or Hem_TW600.

2.3. Characterization

High and low magnification images of the samples were
collected with a JEOL-JEM 2100 LABG6 high resolution transmis-
sion electron microscope (HRTEM), with a lanthanum hexa-
borite emission source and operated at an acceleration voltage of
200V, and a transmission electron microscope (JEOL JEM-1010,
Tokyo Japan), respectively. Each sample was dispersed in

ethanol in a small centrifuge tube and sonicated before being
dispersed on a carbon grid and the images collected. The crystal-
line phases of the synthesized products were determined by
powder X-ray diffraction (PXRD) on a Bruker D8 Advance
instrument with a Cu K radiation source (A = 1.5406 A). Diffrac-
tograms were recorded between a 20 range of 15 and 90 ° and the
results were analyzed with the DIFFRACT?™ basic evaluation
package (2007). The Scherrer equation, G = Ki/Bcos (where Kis
the Scherrer constant of 0.89, 4 is the wavelength of radiation
and f is the full width at half maximum intensity), was used to
calculate the grain size, G, of the particles. The attenuated total
reflectance-Fourier transform infrared (ATR-FTIR) spectra of
samples annealed at 400 °C were collected with a PerkinElmer
Spectrum 100 instrument. Surface area analysis was performed
on a Micromeritics Tristar II 3020 fully automated three-station
surface area and porosity analyzer by using nitrogen at 77 K. The
magnetic properties were determined with a LakeShore 735
vibrating sample magnetometer (VSM) which had been cali-
brated with a standard Ni sphere of saturation magnetization
54.7 emu g”'. The magnetization curves were obtained at a maxi-
mum magnetic field of 14 kOe at room temperature. The zero-
field "Fe Mossbauer spectra were obtained in transmission
mode by a conventional spectrometer using a 25 mCi *’Co source
sealed in arhodium matrix and vibrated at constant acceleration.
The spectrometer was calibrated with a natural a-iron foil and all
measurements were made at room temperature. The spectra
were then fitted with the aid of Recoil Mossbauer analysis soft-
ware. Photocatalytic properties of the powders were screened in
visible light by using a simple setup consisting of a 26 W fluores-
cent lamp (Osram Dulux D, 26 W, 1800 Im) held in a quartz glass
jacket at about 7 cm above the rhodamine B (RhB) solution
(100 ecm? in volume with an initial absorbance of approximately
0.8) containing 0.1 g of synthesized powder at room tempera-
ture, which was being stirred continuously by a magnetic stirrer.
The mixture was allowed to equilibrate for 30 min in the dark
before the lamp was turned on. Samples were taken from the
solution at regular intervals, centrifuged and filtered through
a 0.45 um syringe filter. Absorbance measurements of these
samples were recorded with a Biochrom Libra S6 UV spectro-
photometer at a 4., of 556 nm to monitor the degradation
process.

X

3. Results and Discussion

In this work hematite was synthesized by three different
routes, namely: the goethite route in CTAB, the sol-gel route in
citric acid, and the modified sol-gel route in Tween 20. The
expectation was that the medium (i.e. citricacid or the CTAB and
Tween 20 surfactants with their long hydrocarbon chains)
would help in limiting the growth of the crystals and thereby
effect a size control process on the crystals. It was also envisaged
that some carbon atoms would be embedded into the skelecton
of the materials, which would then result in pores once the
carbon was burnt off.?* In this manner it was hoped to produce
highly porous nanoparticles of hematite that would possess a
large surface area and serve as a good photocatalyst.

3.1. Phase Purity and Crystallinity

The powders all formed with a reddish brown colour.
Hem_PR400 and Hem_SG400 appeared to be lighter in colour
while Hem_TW400 was darker and finer. The X-ray diffracto-
grams for the three samples annealed at 400 °C are shown in
Fig. 1. The XRD patterns are similar and all display peaks typical
for hematite which are in agreement with reported a-Fe,O, peak
positions (JCPDS No. 33-0664).” Smaller peaks which occur at 26
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Figure 1 Powder X-ray diffractograms for hematite samples (Hem_TW400, Hem_SG400 and Hem_PR400) annealed at 400 °C. The * indicates the

position of impurity peaks due to y-Fe,O,.

values between 29.3 and 33.2° are due to phase impurities
and can be seen in the diffractograms of Hem_PR400 and
Hem_TW400. Likely phase impurities that could be generated
alongside a-Fe,O, are Fe,O,, y-Fe,O, and oxyhyderites (i.e. a-, y-,
or amorphous FeOOH).** The peak at a 20 value of 29.32 ° cor-
responds to the position of the (220) peak for Fe,O, and y-Fe,O,,
which are both spinels. Also, the (110) a-Fe,O, peak intensities
for both Hem_PR400 and Hem_TW400 are abnormally high
relative to their corresponding (104) planes. This could be attrib-
uted to the fact that the (110) a-Fe,O, peak position corresponds
to the spinel (311) peak for Fe,O, and y-Fe,0, " This higher
than expected intensity may be due to contributions from both
sources thus confirming the presence of either Fe,O, or y-Fe,O,
phases in both samples.* The Hem_SG400 sample, however,
shows normal a-Fe,O, peak ratios. The peak intensities are
generally low for all powders annealed at 400 °C. This indicates
either poor crystallization or the presence of low amounts of the
hematitelattice. XRD peaks for powders annealed at higher tem-

2
1] 024

peratures (500 and 600 °C), however, show a significant increase
in peak intensity and adjustment of the peaks to normal a-Fe,O,
peak ratios (see Fig. 2). Thus, the crystallinity of the hematite
lattice improves with an increase in annealing temperature. The
spinel (220) peak (d = 29.00 = 1 nm), however, is still visible for
Hem_TW500 and even with increased intensity for Hem_PR500,
but eventually disappears for Hem_TW600 and Hem_PR600
(Fig. 2). This is an indication that the spinel impurity responsible
for this peak is y-Fe,O,, and not Fe,O,, since y-Fe,O, is known to
convert to a-Fe,O, at temperatures greater than 400 °C.

The values of the grain sizes for each of the powders synthe-
sized were calculated from the Scherrer equation and are listed
in Table 1. As can be seen the medium did effect size control of
the particles as expected and the particle widths of all samples
fall within the range of 26.3 to 32.9 nm.

3.2. Structural Characteristics
The expected IR absorption bands for hematite occur at
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Figure 2 Powder X-ray diffractograms for hematite samples prepared by the co-precipitation route and annealed at three different temperatures,
i.e. 400,500 and 600 °C (Hem_PR400, Hem_PR500 and Hem_PR600). A more intense y-Fe,O, peak is observed for Hem_PR500 (indicated by *) which

disappears completely in Hem_PR600.
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Table 1 Grain size, surface area and pore sizes for powders calcined at
400 °C.

Sample name Grain size Surface area Average pore size
/nm /m*g?’ = 0.15 /nm
Hem_PR400 26.3 17 89
Hem_SG400 32.9 20 21
Hem_TW400 274 37 39

around 540, 470 and 325 cm™ and depending on the physical
properties (i.e. size and morphology) of the crystals, the infrared
bands can either move to higher or lower wavelengths.”***

The ATR-FTIR spectra of samples annealed at 400 °C were
collected with a PerkinElmer Spectrum 100 instrument which is
capable of collecting signals between 380 and 4000 cm™. Conse-
quently, the band expected at 325 cm™ is not observed here. Two
major peaks, which occur in the region between 389 and
600 cm™, are common to all three samples as can be seen in Fig. 3.
In addition, the spectra for Hem_TW400 and Hem_PR400 also
exhibit peaks between 640 and 1060 cm™. These are the regions
of interest for iron oxides/hydroxides; higher wavenumbers are
mostly due to -OH stretching which could be as a result of
adsorbed water molecules.™

The two absorption bands that appear at approximately 520
and 430 cm™ can be assigned to the hematite Fe-O stretching and
O-Fe-O bending modes. The similar additional absorption
bands observed between 640 and 1060 cm™ in the spectra for
Hem_PR400 and Hem_TW400 may well be due to the observa-
tion that both may contain small amounts of y-Fe,O, impurity.
Namduri and Nasrazadani* observed the occurrence of y-Fe,O,
Fe-O absorption bands between 630-660 cm™. Thus, the absorp-
tion peak observed at 641.94 cm™ for Hem_PR400 may be as a
result of the Fe-O stretching absorption for y-Fe,O,. However,
this might be misleading since it could also be attributed to an
out-of-plane bending mode for —OH.*

3.3. Morphology

The low magnification TEM images for powders annealed at
400 °C are presented in Fig. 4. The micrographs show nanorod
clusters for the Hem_PR400 powder (Fig. 4a). These nanorods
have average diameters of about 30 = 6 nm and lengths of about
250 = 50 nm. Fig. 4b is a HRTEM image for Hem_PR400 that
shows its d spacing. Hem_SG400 and Hem_TW400, however,
consist of nanoparticles of varying sizes ranging from below
10 nm to about 30 nm. The crystals for Hem_SG400 are more
irregular in shape while those of Hem_TW400 showed a more
regular spherical pattern. Average grain sizes calculated for both
samples from the powder-XRD peaks by means of the Scherrer
equation give mean values of 33 + 11 nm for Hem_SG400 and
27 = 9 nm for Hem_TW400. The TEM images, however, show a
much smaller grain size especially for Hem_TW400. This could
be an indication that there is a wide range in the distribution of
grain sizes or due to formation of clusters (agglomeration) by
the particles. The TEM result shows that Tween 20 was able to
control the growth of the particles so that grain sizes well below
10 nm were obtained in clusters of about 26 nm in diameter. This
is a noteworthy result since many solution-based syntheses of
hematite typically produce much larger particle sizes.”* The
inset in Fig. 4c shows the porous nature of the larger grains of
Hem_SG400. Note the coalescence of tiny grains to form bigger
grains in Hem_TW500 (Fig. 4g). The HRTEM images show the
lattice fringes of the crystals. Grain sizes increase with increase in
annealing temperature. This also means that more of the Fe ions
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Figure 3 The ATR-FTIR spectra of the hematite samples annealed at
400 °C showing possible Fe-O stretching and bending absorption modes.

are being incorporated into the hematite lattice at higher tem-
perature in agreement with the XRD data.***

3.4. Surface Area and Porosity

The surface areas and porosities of the hematite samples were
determined from nitrogen adsorption/desorption isotherms at
liquid nitrogen temperature (77 K). The specific surface area was
calculated with the BET model and the pore size distribution by
the BJH method. The N, adsorption/desorption isotherms at
77 K (Fig. 5) for these materials conform to the type Il isotherm as
classified by IUPAC.* The specific surface areas for Hem_PR400,
Hem_SG400 and Hem TW400 are 16.8, 20.3 and 37.2 m* g,
respectively (Table 1). The surface area was highest for the parti-
cles synthesized in Tween 20. A higher surface area would have
been obtained but for the agglomeration of the crystallites.
Again, this value is higher than those reported in most cases for
sol-gel and some other solution-based synthetic routes and also
for commercial a-Fe,0O,.*' The hysteresis loops seen in the iso-
therms indicate that all samples contain porous particles with
pore sizes ranging from meso- to macroporous. The BJH average
pore sizes for Hem_PR400, Hem_SG400 and Hem_TW400 were
88.6, 20.7 and 38.9 nm, respectively. The average pore sizes for
the three hematite samples are shown in Table 1. The pore sizes
are distributed between meso-pores (between 2 and 50 nm pore
diameter) and macro-pores (pore diameter above 50 nm). These
pore sizes are quite large for these samples, considering the
mean grain sizes calculated for each sample by using the
Scherrer equation. The implication is that some of the pores are
actually bigger than the grains on which they are supposed to be
found. These pore sizes, therefore, are due to intraparticular
spaces created between tiny particles within large clusters
(agglomerated or aggregated)™ of particles (see Fig. 4c-h).

3.5. Magnetic Properties
Figure 6 shows the room temperature magnetization curves
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Figure 4 TEM and HRTEM images indicating pores, lattice fringes and growth direction for powders. (a and b) Hem_PR400, (c and d) Hem_SG400,

(e) Hem_SG500, (f) Hem_TW400 and (g and h) Hem_TW500.

for all the samples annealed at 400 °C measured with a vibrating
sample magnetometer in an applied field of 14 kOe. The magne-
tization curves for Hem_PR400 and Hem_TW400 show higher
magnetization than is normally reported for pure hematite
(normally below 1 emu g™'),* which is normally due to the spin
canting in a-Fe,O, above its Morin temperature (T,,), creating
weak ferromagnetism (WF) in the sublattice.”* Table 2 shows

some magnetic parameters of the samples. The saturation mag-

netization M, values range between 1.53 to 19.99 emu g
Hem_TW400 shows superparamagnetic properties with a very
low coercivity value H.. of 10 Oe. H. values also increase as the
crystal size G increases (see Table 2). The high M; value for
Hem_TW400 is a confirmation of the PXRD results which show
the presence of small amounts of y-Fe,O, in the sample; small
amounts of y-Fe,O, in a-Fe,O, powder can drastically increase
the M, values.”* However, Hem PR400 shows an M value
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Figure 5 Nitrogen adsorption-desorption isotherms at 77 K for Hem_
PR400, Hem_SG400 and Hem_TW400. Hem_TW400 has the largest hys-
teresis loop.

whichis higher than that reported for hematite but notas high as
for Hem_TW400. This can be attributed to the shape and/or the
large size of its particles which are nanorods with dimensions as
stated earlier (i.e. diameters of 30 = 6 nm and lengths of 250 +
50 nm). The magnetization curves for Hem_TW500 and
Hem_TW600 are presented in Fig. 7. The magnetization curves
are observed to reduce with increasing annealing temperature
indicating that y-Fe,O, converts to hematite at a temperature
between 400 and 600 °C.**

Figure 8a shows the relationship between annealing tempera-
ture and grain size. As expected, grain sizes increased with
increase in annealing temperature. M,/M (referred to as the
squareness of the hysteresis loop) and coercivity values (H)
could be useful in describing the magnetic hardness/softness of
magnetic materials; an increase in the values of these parameters
would imply a tendency towards hardness and higher ferro-
magnetic properties.”” Coercivity values for the Hem_SG and
Hem_TW powders increase with increase in grain size and with
calcination temperature indicating an increase in hardness and
ferromagnetic character. However, the M,/M; values are irregu-
lar and show different trends for different sets of samples
(Fig. 8b). The trends in the M,/M, and coercivity values for
Hem_PR powders could be due to the morphology and the large
sizes of its particles, which are above the critical particle sizes
reported for hematite.”**

3.6. Mossbauer Spectroscopy Analysis
Figure 9 shows all fitted Mossbauer spectra for hematite
samples annealed at 400, 500 and 600 °C. The results of the

Table 2 Magnetic properties for hematite samples annealed at 400, 500
and 600 °C measured at room temperature.

Sample G H- M My Myp/M;
/nm /Oe /femug?  /emug’
Hem-PR400 26.3 125.55 473 0.44 0.094
Hem_PR500 32.7 329.12 1.57 0.17 0.059
Hem_PR600 38.4 242.25 2.78 0.07 0.040
Hem-SG400 32.9 38.35 291 0.18 0.062
Hem_SG500 33.9 363.50 2.63 0.30 0.114
Hem_SG600 36.2 518.61 1.531 0.12 0.078
Hem-TW400 27.4 10.03 19.99 0.47 0.014
Hem_TW500 30.3 20.06 6.84 0.26 0.023
Hem_TW600 35.0 301.01 1.60 0.14 0.096
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Figure 6 Room temperature magnetization curves for hematite samples
annealed at 400 °C. Hem_TW400 has the highest value for magnetis-
ation, with the coercive field tending towards superparamagnetism.

spectral fittings are shown in Table 3. The Mossbauer parameters
obtained for samples annealed at 400 °C indicate that the
samples, with the exception of Hem_SG400, do not contain pure
hematite but rather they contain a mixture of hematite and some
other iron oxide impurity. This impurity, as observed from the
PXRD results, may either be Fe,O, or y-Fe,O, and, perhaps, a
small amount of ferrihydrites. The distribution of cations in
spinel Fe,O, and y-Fe,O, can be represented as follows Fe**[Fe**
Fe’*]0, and Fe**[oFe**]O,, respectively, where o represents a
vacant octahedral (B-) site. This implies that Fe,O, and y-Fe,O,
have two crystallographicsites designated A and B; the ions out-
side the brackets are on the A- or tetrahedral site while those
within the brackets are on the B- or octahedral site. This implies
that Mossbauer spectra for pure Fe,O, can be fitted with two
sextet subspectra with the octahedral site having twice the area
of the tetrahedral site and thus its presence is easy to detect if it
occurs as an impurity in a-Fe,O,. On the other hand, y-Fe,O, is
difficult to detect in a mixture with a-Fe,O, because both sites are
equivalent and therefore are not distinguishable from a-Fe,O,.
Although some reports have shown that the isomer shift ()
and magnetic hyperfine field (B,) for y-Fe,O, are lower than
those for a-Fe,O,, the line between the two is very blurred and
complementary PXRD data are required.**?"~
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Figure 7 Hysteresis loops for Hem_TW400, 500 and 600 showing the
reduction in magnetization with increase in annealing temperature.
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Figure 8 Plots of (a) grain size versus annealing temperature, and (b) M,/M; versus grain size.

The Mossbauer spectrum for Hem_PR400 (Fig. 9) has been
fitted with 4 subspectra, namely, 3 sextets and 1 doublet
(Table 3a). The B, values for the three sextets fall within the range
of B, values for a-Fe,O, and y-Fe,O; (450 to a little above
500 kOe). The ¢ values are a little higher than usual (0.404 and
0.421 mm s™') for crystalline Fe’*. These higher d values are as a
result of defects in the crystal lattice of the crystallites which can
be seen from Table 3 to fall back to values within the normal
range with increased crystallinity (i.e. for the samples annealed
athigher temperatures).” The same applies to other subspectra
with ¢ values of 0.4 mm s™ and above. This explains the general
increase in the intensity of the peaks as we go from lower to
higher annealing temperatures for all the samples, which also
results in higher B, values. This is in agreement with the PXRD
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Figure 9 Mossbauer spectra for hematite samples annealed at different
temperatures, namely, 400, 500 and 600 °C.

results from which it was possible to show that the powders not
only contained impurities but that the crystals are defective with
crystallinity increasing for powders annealed at higher tempera-
tures.

Table 3 The Mossbauer hyperfine parameters for the hematite samples
prepared by different synthetic methods and annealed at 400, 500 and
600 °C.

(a) Samples annealed at 400 °C

Sample Sublattice* 0 Agq B f
/mm s~ /mm s /kOe /%
HemPR400 Fe** 0.36 0.64 - 0.8
H 0.40 -0.066 522.52 22.8
H 0.36 -0.105 512.02 48.4
MH 0.42 -0.169 505.59 28.1
HemSG400 H 0.35 -0.095 503.90 48.0
H 0.35 -0.045 511.60 18.0
H 0.36 -0.146 511.76 34.0
HemTW400 H 0.36 -0.108 513.28 23.0
H 0.37 -0.113 505.50 32.2
MH 0.34 0.029 448.30 44.8

(b) Samples annealed at 500 °C

Sample Sublattice* 0 Agq B f

hf
/mm s~ /mm s /kOe /%
HemPR500 MH 0.32 -0.081 508.23 41.0
H 0.42 -0.162 504.89 59.0
HemSG500 H 0.36 -0.106 507.00 67.0
H 0.36 -0.108 514.20 33.0
HemTW500 MH 0.35 -0.002 454.60 17.1
H 0.36 -0.11 503.52 60.0
H 0.36 -0.10 511.87 23.0
(c) Samples annealed at 600 °C
Sample Sublattice* 0 Agq B, f
/mm s /mm s /kOe /%
HemPR600 H 0.36 -0.10 523.35 45.0
H 0.37 -0.12 515.53 55.0
HemSG600 H 0.37 -0.11 524.71 52.3
H 0.37 -0.10 511.31 47.7
HemTW600 H 0.36 -0.21 514.16 52.0
H 0.37 0.001 515.40 48.0

*H, hematite; MH, maghemite; J, isomer shift; Ap,, quadrupole shift; B,
hyperfine magnetic field; and f, fraction population of Fe** ions at Hand MHsites.
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The presence of Fe,O, was excluded in Hem_PR400 because
the B, values displayed by all subspectra are much higher than
the Bhf value for Fe,O,. Moreover, the colour of the sample, which
is reddish, does seem to suggest the absence of Fe,O, which is
black in colour. The quadrupole doublet in the spectrum indi-
cates a paramagnetic contribution (0.77 % paramagnetic proper-
ties) which might be due to the presence of a very small amount
of surface ferrihydrite in the sample.” The Méssbauer parame-
ters (0 and A, with values of 0.356 and 0.64 mm s, respectively)
indicate that the doublet could be as a result of an Fe** located on
the surface of the iron oxide core.”

Samples with two or more hematite subspectra are as a result
of variation in the grain sizes of the nanoparticles with larger
particles having a larger B, value.**” This is expected and it
agrees with the results obtained from TEM which show that the
powders contain various size ranges of nanoparticles.

The results obtained in this work show that both Hem_PR400
and Hem_TW400 contain a mixture of poorly crystalline - and
y-Fe,O, with the well crystalline a-Fe,O, phase favoured at
higher annealing temperatures. The implication of this is that
both a- and y-oxyhydroxides (FeOOH) may have been pro-
duced at the point of nucleation in the co-precipitation method,
which then begins to convert to the corresponding Fe,O, when it
is annealed at 400 °C and ultimately changes into pure a-Fe,O,
which is the most stable iron oxide polymorph according to the
following reactions.

Fe’*+30H - (a+y) - FeOOH +H,0 1)
2(a+y) - FeOOH ~ (a+y) - Fe,0, +H,0 —wig>a - Fe,0, (2)

Another scenario would be the formation of y-FeOOH alone at
the point of nucleation which then converts to the correspond-
ing y-Fe,O, at temperatures above 300 °C. y-Fe,O, is known to
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begin to convert to a-Fe,O, at about 400 °C. However, the sol-gel
methods would most likely have started from y-Fe,O,, as has
been reported, and slowly convert to a-Fe,O, at higher anneal-
ing temperatures.”® The PXRD, VSM and Mgssbauer spectros-
copy results are all in agreement in this regard.

3.7. Photocatalytic Activities

The photocatalytic activity of the hematite samples was inves-
tigated by monitoring the photodegradation of the dye,
rhodamine B, under visible light illumination. Fig. 10 shows the
photodegradation curves obtained. From -30 to 0 min repre-
sents the adsorption-desorption equilibrium before the samples
were illuminated. All powders were able to adsorb between
10-20 % of the dye molecules thereby lowering the absorbance
considerably from the initial value. Photodegradation began at
0 min and as can be seen from the plots only Hem_TW400 was
able to appreciably degrade RhB dye both without and in the
presence of H,O,. Powders annealed at higher temperatures,
however, only mostly adsorbed the dye molecules and tended to
desorb the dye rather than photodegrade it once the illumina-
tion began. The reduced photocatalytic rate (Fig. 11) could either
be as a result of the increase in the particle grain size at higher
annealing temperatures (Table 1), which might not favour a
slower electron-hole recombination (this trend can also be
noticed in samples calcined at 400 °C as the least active in this
series is Hem_PR400 which has the largest average particle size
as determined from the Scherrer equation) or as a result of the
conversion of the y-Fe,O, nanoparticles present in the powder to
a-Fe,O, as observed in the data obtained in sample characteriza-
tion, or a combination of both reasons. The implication of the
second suggestion would be that the a-Fe,O,/y-Fe,O, composite
has a better photocatalytic ability than pure a-Fe,O,. The high

0.8 l
Se==s s

\u‘

0.0

L
20 0 20 40 60 80 100 120
time/min

Figure 10 Photocatalytic activities of hematite powders annealed at different temperatures tested on the photodegradation of the dye, rhodamine B.
(a), (b) and (c) are plots for 400, 500 and 600 °C, respectively. TW, SG and PR represent Hem_TW, Hem_SG and Hem_PR, respectively.
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Figure 11 Linear plots of the pseudo-first-order photodegradation reaction for (a) Hem_TW powders with and without H,0,, and (b) all powders
calcined at 400 °C. Again TW, SG and PR represent Hem_TW, Hem_SG and Hem_PR, respectively.

Fe(Ill) + hv —» Fe(Il) + e~ + h*
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0, +e” - 05
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“
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Scheme 1
A possible reaction scheme for the photodegradation of RhB dye by active samples.

photocatalytic ability of the a-Fe,O,/y-Fe,O, composite in visible
light is as a result of the interaction of the lower conduction and
valence bands (CB and VB) of y-Fe,O, with the higher CB and
VB of a-Fe,O, which helps to reduce the probability of elec-
tron-hole recombination and increase the lifetime of the
photogenerated species (e” and h*) that are responsible for the
photodegradation process.”

3.7.1. Mechanism of Photodegradation

A possible mechanism for the photodegradation of RhB dye is
shown in Scheme 1. As shown earlier, Hem_TW400 has particles
with the smallest grain sizes (often below 10 nm). This is good for
reducing the speed of the (e, h) recombination.”*" Conse-
quently, there would be enough time for h* to interact with H,O
in the presence of light to generate ‘OH (Eqn. 4) and for an e” to
interact with dissolved oxygen to generate a superoxide ion
(Eqn. 5).” For the Hem_TW400-H,O, system, however, more
'OH can be generated according to Equation 8 at the beginning
of the reaction. These radicals then react with the dye and the
photocatalytic degradation proceeds faster.”*

4. Conclusions

Physical and magnetic properties of a-Fe,O, nanoparticles
depend on the method as well as the medium in which the
nanoparticles are synthesized. The synthetic routes studied in
this work produced a mixture of y- and a-Fe,O, nanoparticles at
an annealing temperature of 400 °C. Formation of pure crystal-
line a-Fe,0, was favoured with increasing annealing tempera-
ture (500 and 600 °C). This was also accompanied by an increase

in particle size. The PXRD, VSM and Mdssbauer results are all
concordant on the composition of the samples at each annealing
temperature. a-Fe,O, nanoparticles synthesized in Tween 20
have the smallest particle size and highest BET surface area,
saturation magnetization and photocatalytic activity. This
implies that the synthetic medium (Tween 20, a polysorbate
surfactant), can be a very good additive to the precursor solution
in a Pechini type sol-gel synthesis of a-Fe,O, in order to effec-
tively impact on the properties of the synthesized powders.
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