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a-Feo O3 nanoparticles have wide-ranging applications such as in catalysis, sensoring, painting,
etc. This is the reason to study their controlled synthesis. Here we have investigated the synthesis
of uniform a-FesO3 nanoparticles using amino acids as morphology control agents. The prod-
ucts were characterized by transmission electron microscopy (TEM), X-ray diffraction (XRD),
thermogravimetry (TG) and differential thermal analysis (DTA). It was found that the type and
the amount of amino acids as well as the reaction temperatures have significant influence on the
shape and size of the obtained a-Fe;O3 nanoparticles. The use of acidic amino acids (always
contain C=0 in the side chain) typically leads to the formation of a-FesOs nanoparticles with
spindle shape. However, rhombohedrally shaped a-FesO3 nanoparticles were formed in presence
of basic amino acids (always contain —NHj in the side chain). Increasing the amount of amino
acid generally results in a-FeoO3 nanoparticles with decreasing particle sizes.

Keywords: Hematite; nanocrystals; amino acids; hydrothermal method.

1. Introduction

Hematite (a-FeaOs3) is the most stable iron oxide
under ambient conditions. Owing to its low cost
and high resistance to corrosion, it has widespread
applications, for instance, as catalyst,! gas sensor?
and electrode material.® In the past decades, dif-
ferent a-FeoOs nanostructures, such as spheres,°
rods,® cubes,” tubes,® belts? or rings!? have been
synthesized. It is well-known that the shape and
size of a-FeyO3 nanoparticles have a great impact
on their chemical and physical properties such as,

469

on magnetic'"'2 and catalytic properties.'>'4 The

size- and shape-dependent properties of hematite
nanoparticles have stimulated much effort towards
the controlled synthesis of a-FeoOs nanoparti-
cles. So far, various methods including the sol-gel
process,® thermal oxidation of iron metal,” the
hydrothermal approach®'® and thermal decom-
position?!® have been used to prepare a-Fe,O3
nanoparticles. Among these methods, hydrother-
mal synthesis, which can initiate nucleation of high
numbers of nuclei to form crystalline nanoparticles
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at low temperatures, has become an important and
promising approach to prepare controlled inorganic
nanocrystals.!”18 Recently studies on the controlled
synthesis of a-Fey O3 nanoparticles by hydrothermal
methods, assisted by various capping agents have
been reported. Pu and co-workers have used the
cationic surfactant CTAB as capping agent to medi-
ate the hydrolysis of FeCls. By changing the molar
ratio between CTAB and FeCls, they have obtained
a-Fes O3 with different shapes including nanosized
rhombohedra, nanorods and nanocubes.'? Gao’s
group developed a simple hydrothermal synthesis
of single-crystalline a-FeoOs submicron-cubes with
edge lengths in the range of 500-800 nm, also using
CTAB as the capping agent.?’ In the presence
of NH4H2POy4, a-FeyOs nanotubes (outer diam-
eters of 90-110 nm, inner diameters of 40-80nm
and lengths of 250-400nm) can be obtained by
the hydrothermal treatment of FeCls solution.®
Cao’s group has reported a hydrothermal synthe-
sis of rice and cube-shaped a-FeoOg via a reac-
tion between Fe(NOs)s-9H20 and NHjs-HoO in
ethylene glycol.2! Hydrothermal synthesis assisted
with oleic acid in a mixture of ethanol and water
solution resulted in a-FeyO3z nanocubes with sides
of 20nm.* Amino acids (L-phenylalanine, L-serine,
L-alanine, L-glutamine, L-glutamic acid) were also
used as reactants for the synthesis of spherical and
ellipsoidal a-Fe;03.22 However, except for amino
acids, HC] was used to control the pH of the solu-
tion, while the influence of HCl on the morphol-
ogy of the hematite nanoparticles cannot be ruled
out.?3 Moreover, in this synthesis, the hydrother-
mal reaction temperature was only limited
at 100°C.

Very recently, we have demonstrated that
spindle- and rhombohedral-shaped «a-FesOs
nanoparticles with different sizes can be synthesized
with the assistance of asparagine and lysine.'? It
was found that in the gold catalyzed CO oxidation,
spindle shape iron oxide supports result in higher
catalytic activity than rhombohedral-shaped ones
of the same size. This finding led to a systematic
exploration of the influence of amino acids on the
synthesis of a-FesO3 nanoparticles. In the present
study, various amino acids were used as additives in
order to study the influence of amino acids on the
morphology of hematite nanoparticles. In addition,
the influence of the hydrothermal temperatures on
the size and morphology of the a-Fes O3 nanoparti-
cles was investigated.

2. Experimental Section
2.1. Materials

Ferric chloride hexahydrate (FeCls-6H20) was
purchased from Alfa-Aesar. The L-glutamic acid,
L-aspartic acid, L-lysine and D-asparagine were
obtained from Fluka. All chemicals were used as
received without further purification. The water
used in this work was distilled.

2.2. Synthesis of a-Fe; O3
nanoparticles

In a typical procedure, 0.002mol of FeCls-6H0
and the respective amount of glutamic acid were
firstly dissolved in 100 mL distilled water under vig-
orous stirring at room temperature for 2h to form
a clear solution with gradual change in color from
yellow to dark red depending on how much glutamic
acid was used. The molar ratios of [Fe3*]/[glutamic
acid] were varied from 1:0.05 to 1:0.1, 1:0.25, 1:0.5
and to 1:1. The pH values of the solution were
in the range of 1.89-1.93 (measured by CyberScan
pH300/310). Subsequently, the mixture was trans-
ferred to a Teflon-lined stainless steel autoclave of
150 mL capacity, sealed and maintained at a given
temperature in the range 100-200°C for 24 h. After-
wards, the autoclave was allowed to cool down to
room temperature. The resulting reddish products
were collected by centrifugation, washed three times
with distilled water and once with absolute ethanol
and finally dried in an oven at 50°C for 4 h. In the
cases of using aspartic acid, lysine and asparagine
as the reactants, the synthetic conditions are essen-
tially the same as above except that glutamic acid
was replaced by other amino acids. The pH values
of all the solution using different amino acids are
about 2. Further detailed information will be given
in the corresponding context.

2.3. Characterization

The powder X-ray diffraction (XRD) was performed
on a Rigaku D/Max-2400 X-ray diffractometer (Cu
Ka radiation, A = 1.5432 A). Transmission electron
microscopy (TEM) analyses were carried out with
Tecnai G220S-Twin equipment operating at 200kV.
Part of the TEM images were measured with a
Hitachi HF 2000 transmission electron microscope
operated at 200kV. The samples for TEM anal-
ysis were prepared by dipping the carbon-coated
copper grids into the ethanol solutions of hematite
nanoparticles and drying at room temperature.
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Thermogravimetic analysis (TGA) was performed
on a NETZSCH STA 449C thermobalance. The
measurement was carried out under air with a heat-
ing rate of 10°C/min.

3. Results and Discussion

Amino acids are molecules containing both amine
and carboxyl functional groups with the general for-
mula H2NCHRCOOH, thus the amino acid simul-
taneously provides both functionalities. Here we
chose four kinds of amino acids of different character
including glutamic acid and aspartic acid (acidic),
lysine (basic) and asparagine (nearly neutral) which
differ from each other in the side chain attached to
their alpha carbon. For all the syntheses, the Fe3*t
content was maintained as 0.02 M. Other synthetic
conditions such as the type and the amount of the
amino acids and the temperatures of hydrother-
mal treatment were varied. The detailed condi-
tions for the preparation of samples are listed in
Table 1. Using these amino acids as reactants, red-
dish particles were collected by centrifugation after
hydrothermal synthesis at temperature of 100°C or
higher.

Essentially, the XRD patterns of all synthesis
products showed similar reflections. For simplic-
ity, only four representative XRD patterns of

synthesized iron oxide nanoparticles are displayed
in Fig. 1. The patterns can unambiguously be
assigned to a-Fes O3 (JCPDS Card No. 33-664). The
sharp peaks indicate that the a-FesO3 nanoparti-
cles are highly crystalline without other detectable
impurities. Obviously, at aging temperature over
100°C the stable a-FesOg phase can be formed,
which is in agreement with a report in the
literature.?

Figure 2 shows the TEM images of a-FeyOs
nanoparticles synthesized with glutamic acid at var-
ious [FeT]/[glutamic acid] molar ratios of 1:0.05,
1:0.1, 1:0.5 and 1:1, respectively. Glutamic acid con-
tains one carboxyl group at the end of the side
chain in addition to the primary carboxyl group
and is negatively charged under neutral conditions.
The pH wvalues of the aqueous solution consist-
ing of glutamic acid and FeCls-6H20O are in the
range of 1.89-1.93, which are slightly lower than
the pH value (1.95) of the solution only contain-
ing FeCls -6H20O. With increasing amount of glu-
tamic acid used, the shapes of the resultant a-Feo,O3
nanoparticles gradually vary from nearly spherical
(S1, see Fig. 1(a)) to ellipsoidal (S2, see Fig. 1(b)),
to spindle-like (S3, see Fig. 1(c)) nanocrystals and
their corresponding aspect ratios (defined as the
length of the major axis (¢) divided by the width of
the minor axis (a)) are 1.0, 1.5 and 1.9, respectively.

Table 1. Experimental conditions for the preparation of samples.

Molar ratio

Temp  Size® (c)

Aspect ratio

Sample  Amino acid [Fe3T]/[amino acid] °C nm (¢/a) Morphology
S1 glutamic acid 1:0.05 100 140-155 1.0 sphere

S2 glutamic acid 1:0.1 100 170 1.5 ellipsoid
S3 glutamic acid 1:0.5 100 117 1.9 spindle

S4 glutamic acid 1:1 100 82; 40 1.9; 5.7 spindle; rod
S5 glutamic acid 1:1 200 70-80 1.0 sphere

S6 glutamic acid 1:0.25 200 70-80 1.0 sphere

S7 glutamic acid 1:0.25 150 50-100 — sphere; spindle
S8 aspartic acid 1:0.05 100 173 1.6 spindle
S9 aspartic acid 1:0.1 100 166 1.8 spindle
S10 aspartic acid 1:0.25 100 157 2.0 spindle
S11 aspartic acid 1:0.5 100 40 5.7 rod

S12 aspartic acid 1:0.25 120 130-200 1.8 spindle
S13 aspartic acid 1:0.25 150 120-180 1.6 spindle
S14 lysine 1:1 120 115-130 1.4 rhombohedra
S15 lysine 1:1 150 110-130 1.3 rhombohedra
S16 lysine 1:1 180 105-130 1.2 rhombohedra
S17 asparagine 1:1 120 — — —

S18 asparagine 1:1 150 80—130 — spindle
S19 asparagine 1:1 180 40—130 — spindle

#To describe the sizes of crystals, the length of the major axis (c) of hematite nanoparticles is used.
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Fig. 1. XRD patterns of the synthesized products: (a) S1,
(b) S3, (c) S10 and (d) S13.

When the molar ratio of [Fe3*]/[glutamic acid]
reaches 1:1, a-Fey O3 nanoparticles were prepared as
a mixture of spindles and rods (S4, see Fig. 1(d)).
Besides the variation of shapes, the sizes of the
hematite nanoparticles decrease obviously when
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increasing the amount of glutamic acid (combining
the TEM observations and the data in Table 1).
Additionally, it is noteworthy that the a-FeyOg
nanoparticles synthesized under various reaction
conditions can be easily redispersed in water as sta-
ble colloidal suspension. It can be concluded that
the glutamic acid plays an important role in defin-
ing the shape and the size of the a-FeyO3 nanopar-
ticles during hydrothermal synthesis.

It is well-known that the hydrolysis temper-
ature influences the nuclei formation as well as
growth kinetics, thus also affecting the particle size
and morphology of the resultant inorganic nanopar-
ticles. It should be noted that with glutamic acid
as additive and synthesis temperatures exceeding
230°C, only nondispersed black particles were found
on the bottom of the Teflon liner after one day
of aging; no reddish nanoparticles were obtained.
Thus, 200°C was selected as the maximum treat-
ment temperature for the other experiments. Tak-
ing the same reaction conditions as for sample S4,
sample S5 was synthesized at an aging temperature
of 200°C. The TEM image [Fig. 3(a)] of this sam-
ple shows that the nanocrystals mainly consist of

(d)
Fig. 2. TEM images of a-FeoO3 nanoparticles synthesized using glutamic acid: (a) S1, (b) S2, (¢) S3 and (d) S4.
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Fig. 3.

nearly spherically shaped particles with relatively
uniform size distribution (70-80nm), no spindle-
or rod-shaped particles were found. This indicates
that the hydrothermal aging temperature also has
a remarkable influence on the shape of the nanopar-
ticles. By decreasing the amount of glutamic to
[Fe3t]/[glutamic acid] molar ratio of 1:0.25 and
maintaining the hydrothermal aging temperature
at 200°C, no substantial changes were observed
for the obtained «a-FesOs mnanoparticles (S6, see
Fig. 3(b)), indicating that the amount of amino
acid is less important in directing the shape and
size of a-FeyOs nanoparticles at high aging tem-
perature. Furthermore, by reducing the hydrother-
mal aging temperature to 150°C and maintaining
the [Fe3*]/[glutamic acid] molar ratio of 1:0.25, the
resulting a-FeoOs nanoparticles exhibited various
shapes like spindles and spheres with a broad size
distribution from 50 to 100 nm (S7, see Fig. 3(c).
These results indicate that higher aging temper-
atures lead to relatively equal growth rates of
nanocrystals from different faces. It is thus more
difficult to control particle shape at high synthesis
temperature.

Another acidic amino acid, D-aspartic acid with
short carbon chain was also applied as additive
to perform the hydrothermal synthesis of a-FeyOg
nanoparticles. As seen in Figs. 4(a)—4(c), the result-
ing a-Fey O3 nanoparticles of sample S8, S9 and S10
are obtained as spindle-like crystals. Moreover, the
aspect ratios of these samples increased from 1.6
and 1.8 to 2 with increase in the amount of aspartic
acid, while the sizes of the products decreased from
173 and 166 to 157nm (see Table 1). When the
molar ratio of [Fe®*]/[aspartic acid] reaches 1:0.5
(S11, see Fig. 4(d)), the morphology of a-FeyOgs
nanoparticles changes to rod shape. This indicates
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TEM images of a-FeaO3 nanoparticles synthesized using glutamic acid: (a) S5, (b) S6 and (c) S7.

that aspartic acid also influences the morphology
of the a-FeyOg nanoparticles, while the qualita-
tive change of the shape with increasing concen-
tration of additives is identical to the one observed
with glutamic acid: higher concentration leads to
more elongated and smaller particles. By fixing
the molar ratio of [Fe3*]/[aspartic acid] at 0.25
and increasing the hydrothermal aging temperature
from 100°C to 120°C and 150°C, the resulting a-
FeyO3 nanoparticles (S12 and S13, see Figs. 4(e)
and 4(f)) still exhibit spindle-shaped morphology,
but the aspect ratios of the two samples decrease
to 1.8 and 1.6, respectively. One can deduce that,
in the case of aspartic acid, higher aging temper-
atures also lead to relatively equal growth rates of
nanocrystals from different faces. Compared with
the results of hematite nanoparticles prepared with
aspartic acid and glutamic acid, it appears that the
two kinds of amino acids have a similar effect in the
formation of a-FeoO3 nanoparticles, i.e., the parti-
cles exhibit spindle-like shapes at small concentra-
tions of amino acid and the particle sizes decrease
with increasing concentration of amino acid. At fur-
ther increased concentration of amino acid, rod-like
nanoparticles are obtained. Although aspartic acid
and glutamic acid are both acidic amino acids, the
former one leads to the formation of nanoparti-
cles with a much higher aspect ratio than the lat-
ter. Thus, by selecting proper synthetic conditions,
it is possible to synthesize a-FesO3 nanoparticles
with certain shapes such as nearly spherical, spindle
and rod type nanocrystals. More importantly, under
those synthetic conditions, the obtained a-FeyOg
nanoparticles are single crystals. A representative
selected area electron diffraction patterns (SAED)
depicted in Fig. 4(h) proves the single crystalline
nature of the products. For this sample, the average
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() (h)

Fig. 4. TEM images of a-FeaO3 nanoparticles prepared using aspartic acid: (a) S8, (b) S9, (c¢) S10, (d) S11, (e) S12, (f) S13,
(g) single particle from sample (c) and (h) the SAED of particle (g).

particle sizes determined from TEM are around
79nm x 157nm in width and length. The aver-
age particle size calculated from the Scherrer equa-
tion based on the XRD pattern is about 75nm,
in reasonable agreement with the size determined
by TEM also supporting the single-domain nature
of the particles. The elemental composition of the
products examined by energy-dispersive X-ray anal-
ysis (EDX) confirmed the presence of Fe and O with
the expected ratio of 2:3.

Besides using acidic amino acid as the reac-
tants, we have also used the basic amino acid
L-lysine as the additive to synthesize iron oxide
nanoparticles. The pH values of this solution are
in the range of 2.04-2.38. As described in the pre-
vious paper,'? it was found that using lysine as the
additive, at an aging temperature of 120°C rhombo-
hedral a-FeoO3 nanoparticles were obtained. With
the increase of the amount of lysine used, the parti-
cle size decreases. The resultant nanoparticles have
different shape as compared to those particles syn-
thesized with acidic amino acids which is obvi-
ously due to the effect of lysine. When the reac-
tion temperature is increased from 120°C to 150°C
and 180°C at the [Fe3"]/[lysine] molar ratio of 1:1,
the aspect ratio of the products gradually decreases

from 1.4 to 1.3 and 1.2, while the length of the
major axis (c¢) of the particles has no significantly
change (S14, S15 and S16, see Figs. 5(a)-5(c)).
This indicates that, similar as for the acidic amino
acids, higher aging temperatures also lead to rela-
tively equal growth rates of nanocrystals from dif-
ferent faces which results in the decrease of aspect
ratios.

Asparagine is a neutral amino acid and has
only the amino group and the carboxyl groups
which make it an amino acid. The pH values of
the aqueous solution consisting of D-asparagine
and FeCls -6H2O are about 1.91-2.02. In general,
using D-asparagine as the additive for synthesis of
a-Feo O3 nanoparticles, similar morphologies were
observed as with acidic amino acids. With the
increase of the amount of asparagine used, the
particle size decreases.'> Small particles are more
desirable in catalysis because of their increased
surface area. Here, a higher amount of asparagine
([Fe3*]/[D-asparagine] molar ratio of 1:1) was used
to prepare a-Fe;Og nanoparticles at different aging
temperature of 120°C, 150°C and 180°C. At an
aging temperature of 120°C, uniformly distributed
primary nanoparticles with a size of ~10nm and
spindle-like nanocrystals were observed (S17, see



NANO 2011.06:469-479. Downloaded from www.worldscientific.com
by NANYANG TECHNOLOGICAL UNIVERSITY on 08/25/15. For personal use only.

A Facile Synthesis of Shape- and Size-Controlled a-Fes O3 Nanoparticles 475

T

Fig. 5. TEM images of a-FeaO3 nanoparticles prepared using lysine: (a) S14, (b) S15 and (c) S16.

Fig. 6. TEM images of a-FeaO3 nanoparticles synthesized using asparagine: (a) S17, (b) S18 and (c) S19.

Fig. 6(a)), which may suggest that during the
hydrothermal aging period, these 10nm primary
particles self-assembled into the spindle structured
a-Fea O3 nanoparticles. At an aging temperature of
150°C, the edge of the spindle coarsened (S18, see
Fig. 6(b)). Increasing the temperature to 180°C,
the a-Fes O3 nanoparticles essentially kept the spin-
dle shape. However, it seems that the primary
nanoparticles at the edge of the spindle tend to fuse
together and many pores appear on the surface of
the hematite nanoparticles (S19, see Fig. 6(c)). Fig-
ure 7 shows the nitrogen sorption isotherm and pore
size distribution of the sample of S19. Its BET sur-
face area is around 40 m?/g, witch is much higher
than that reported in literature.'® The average pore
size, as calculated from desorption branch of the
nitrogen isotherm by the BJH method, is about
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Fig. 7. Nitrogen sorption isotherm with the pore diameter
distribution (inset) of S19.
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Fig. 8. TG and DTA of a-FeaO3 nanoparticles synthesized
without amino acid (a), with amino acids: lysine (b), glutamic
acid (c) and asparagine (d).

21 nm which can be attributed to the accumulation
pores between particles.

Since a constant amount of Fe?t was used, the
change in size and shape of the resulting parti-
cles has to be attributed to the influence of the
amino acids. In the absence of amino acids, the

100 nm

Sodrm

products are known to have a broad size distribu-
tion and irregular shapes'® (Our data also show
this fact, as shown in Fig. 9(a)). Based on the
above mentioned facts, the conclusion can clearly
be drawn that amino acids are effective in deter-
mining the morphology and the size of the a-FeyOg3
crystals. At higher aging temperature, the type and
the amount of amino acids are less important in
directing the shape and size of a-FesO3 nanopar-
ticles. To examine the differences of the resultant
hematite nanoparticles from different amino acids,
hematite synthesized using acidic (glutamic acid,
100°C aged), neutral (asparagine, 120°C aged) and
basic (lysine, 120°C aged) amino acids as examples
were characterized in more detail by TG and TEM.
Hematite nanoparticles synthesized without amino
acid additives (aged at 100°C, the other synthetic
conditions are the same as the one prepared with
an amino acid) was used as a reference. Thermo-
gravimetry (TG) and differential thermal analysis
(DTA) measurements were carried out in a ther-
mobalance in order to compare the different steps in
the thermal evolution of the hematite nanoparticles.
As can be seen in Fig. 8, a-FeyO3 crystals synthe-
sized with lysine and without amino acid (aged only

Fig. 9. TEM images of a-FesO3 nanoparticles after calcination at 350°C. The a-FesOs nanoparticles were synthesized
without amino acid (inset is the TEM image of the iron oxides from the mother solution) (a), with amino acids: lysine (b),

glutamic acid (c) and asparagine (d).
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in water at 100°C for 24 h) show similar thermal
behavior, the two TG curves are almost overlapping
and the weight loss is less than 1.0wt.% in both
samples up to temperatures of 350°C. However, a-
Fes O3 crystals synthesized using glutamic acid and
asparagine show remarkable weight losses (about
4.6 wt.% and 5.4 wt.%, respectively) below 350°C.
From 350°C to 800°C, the weight loss is 1.2 wt.% for
both samples, indicating an identical thermal evo-
lution of the crystal structure. It is noteworthy that
the a-Feo O3 synthesized with amino acids all show
endothermic peaks at around 285°C in the DTA
trace. This signal may relate to the condensation of
free hydroxyl groups or recrystallization of the iron
oxide nanoparticles. Since the major weight loss
occurs before 350°C, we calcined the as-synthesized
a-Fey O3 crystals at 350°C for 4h in air. As seen in
Fig. 9, the TEM images reveal that both the spindle
and rhombohedrally shaped nanocrystals retained
their original morphologies after calcination. Inter-
estingly, the spindle-shaped crystals (synthesized
with glutamic acid or asparagine) developed visible
holes in the calcined particles which is attributed
to the combustion of the surface adsorbed small
amount organic molecules and the condensation of
hydroxyl groups.

From the details mentioned above, one type
of formation mechanism can be proposed for the
growth of hematite nanoparticles in the presence
of amino acids, namely, “nucleation-aggregation—
recrystallization” which is consistent with the cases
using CTAB2Y and Poi— ions?’ as capping agents
(Fig. 10). In the formation process, amino acids

3+ - !
Fe M 2000 @ . O
Amino acid o R
Cluster Primary
nanocrystals |

(1) Nucleation
(2) Aggregation

(3) Recrystallization

as additives can preferentially adsorb on specific
faces to stabilize nonequilibrium morphologies by
changing the relative growth rates of different crys-
tal faces. At low temperature, the amino acid
and Fe3t cations can form complexes through the
chelating groups like -NHy and ~COOH. During
the hydrothermal synthesis, hydrated Fe3* cations
undergo hydrolysis to form FeOOH and then fur-
ther condense to a-FeyOs nuclei. These a-FeyOs
nuclei are quite unstable because of their high sur-
face energy and tend to aggregate rapidly to form
primary nanocrystals.?®> The formed primary crys-
tals recrystallize to produce the final crystals. It
has been widely accepted that functional molecules
adsorbed on the surface of nanoparticles have an
important influence on their self-assembly behav-
ior.26:27 The preferential absorption of molecules
and ions in solution to different crystal faces directs
the growth of particles into various shapes by con-
trolling the growth rates along different crystal
axes.'?2829 The amino acids normally adsorb on
the a-FeoO3 surface via bridged chelate surface-
complex formation through the -COOH and —-NH,
groups.® As shown in Fig. 10, the four kinds of
amino acids differ from each other in the side chain
attached to their alpha carbon. For glutamic acid,
aspartic acid and asparagine, they have something
in common: all of them contain carbon—oxygen dou-
ble bond (C=0) in the side chain. Spindle-like
a-Fes O3 nanoparticles can be prepared in the pres-
ence of these three kinds of amino acids. However,
lysine just contains an amino group in the long
side chain without carbon—oxygen double bond.

,,,,,,,,,, 9 1:1

| OY\(U\OH - \E

| NH; N “
Asparagine ol | ‘

1:0.05 1:05

Fig. 10. Schematic illustration for a-FeaOg nanoparticles growth in the presence of amino acids. The results using asparagine

to prepare a-FeoO3 were cited from our previous work. '3
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The obtained a-FeoOs3 nanoparticles in the pres-
ence of lysine are rhombohedral. We can deduce
that the carbon—oxygen double bond in the side
chain has important role in synthesis of spindle-like
a-Feo O3 nanoparticles. Compared with the results
of a-FeoO3 prepared with glutamic acid, aspartic
acid and asparagine in the same [Fe?*]/[amino acid]
molar ratio (1:0.5), it seems that aspartic acid (rod)
is more effective in controlling the morphology of
a-Fey O3 nanoparticles than glutamic acid (spindle)
and asparagine (spindle), which may be caused by
the stronger interaction between aspartic acid and
a-Fes O3 crystals. According to the molecular for-
mulas shown in Fig. 10, glutamic acid just con-
tains one more methylene group (~CHz—) in the side
chain than aspartic acid, while asparagine contains
another amino group in the side chain. It appears
that long side chain or amino group in the side chain
can reduce the interaction between amino acid and
Fes O3 crystals. In general, the different numbers of
amine and carboxyl groups have great impact on the
shapes of a-FeaOg crystal by affecting the degrees
of chelating, hydrolysis and adsorption/desorption
of the specific molecules on certain surfaces of a
crystal.

As known, the final nanocrystal size is highly
dependent on the supersaturation of the primary
seeds. At high concentration of amino acids and
lower aging temperature, the resultant crystals have
smaller particle sizes, which is due to both the
adsorbed amino acid molecules on certain facets
that slow down the crystal growth and the steric
effect of larger number of amino acid molecules lim-
iting the growth of the crystals. At last, the resul-
tant crystals have smaller particle sizes. However,
if the amount of amino acids is too high, defective
a-Feo O3 nanoparticles are produced (see Figs. 6(b)
and 6(c)), which is in agreement with a publication
that the potency and morphological specificity of
the additives are lost at high concentration where
nonspecific binding becomes paramount.?! In addi-
tion, at higher aging temperature the nucleation
and high growth rates to some extent mask the
influence of the additive. Thus, the sizes and shapes
of the products are not so well-controlled any more
than at lower synthesis temperature.

4. Conclusion

Uniform a-Fes O3 nanoparticles with well-defined
shape and size have been synthesized with vari-
ous amino acids as additives. The influence of the

type and amount of amino acids and the reaction
temperature were investigated. It turned out that
the type and amount of amino acids play a cru-
cial role in governing the growth of certain shapes
and sizes of the a-FeyOgs products. By changing
the reaction conditions, uniform and monodispersed
a-Fes O3 nanoparticles with different shapes can be
obtained.
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