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Synthesis of nanometer-sized hematite single
crystals through NAC-FAS method
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Nanometer-sized spherical hematite single crystals were prepared by heating the
precipitate which was synthesized from Fe(OH)(CH3COQ), and NaOH in alkaline
ethanol-water solutions without the deliberate addition of surfactants or adsorbing ligands.
Hematite nanocrystals (5-10 nm in diameter) and ferrihydrite (<5 nm) were obtained from
the mixture of H,O/EtOH (Rs) =100 miI/100 ml as a initial medium, whereas goethite,
hematite (20-40 nm), and ferrihydrite were precipitated at Rs =200/0. Adsorbing ligands
such as acetoxy groups and ethanol on particles retarded the hematite growth and goethite
formation. TEM observation of the particles prepared at Rs = 100/100 with heat treatment at
400°C for 2 hours showed them consisting of single spherical hematite crystals 22 nm in
mean diameter with narrow size distribution. Various individual effects were investigated
for their contributions to crystal structure and size of precipitates ; they included NaOH

to Fe(OH)(CH3COO); ratio, solvent, dropping rate of alkaline solution, and aging time.

© 2000 Kluwer Academic Publishers

1. Introduction hematites are formed at pH 12.2 and®@0in the pres-
Nanometer-scale materials are of interest since their dience of Cu ions [9]. Much larger hematite hexagonal
versity of properties is a function of particle size andplate crystals form under hydrothermal conditions in
geometry. Specific surface area is one of the importarthe presence of triethanolamine in strongly alkaline
factors for determining the application of the nanocrys-media [10].
talline materials as sensors and catalysts. Catalysis Recently, nanocrystalline ferric (hydrous) oxides
activity strongly depends on the particle size, crys-were synthesized in solutions and in films. Rhombo-
tal structure, and morphology. Therefore their properhedral hematite crystals of 50-100 nm in diameter
ties should be strictly controlled in order to increasewere prepared by forced hydrolysis of iron (lll) salts
their (photo)catalytic effect. Nanocrystallite hematite at 98°C under the appropriate preparation conditions
(a-Fe03) particles are also in demand as catalysts andior anion type, concentration of ferric salt, and acidity
photocatalysts [1, 2]. Moreover, a3 shows better [11, 12]. Someresearchers have incorporated nanocrys-
photoelectrochemical response at longer wavelengthilline ferric (hydrous) oxides particles into Langmuir-
in the visible region because it has a narrower band gaplodgett (LB) film using surfactant [13, 14].
than that of TiQ [2]. We have investigated the synthesis of nanocrys-
Much literature has been published describing thealline ZnO and TiQ particles through the NAC-FAS
preparation of hematite particles [3—24]. Their proper-(NAnometer-sized Crystal Formation in Alcoholic So-
ties such as chemical and structural composition, partitutions) method, in which an alcohol-water mixture
cle size, morphology, color, magnetic quality, and othewith metal salts is refluxed without the deliberate addi-
characteristics are strongly influenced by a variety otion of surfactants or adsorbing ligands [25-27].
preparation parametersincluding pH, temperature, time In this study, the preparation of nanometer-sized
of aging, concentration of reacting species, and naturbematite ¢-Fe,Os) single crystals was investigated
of anions [3—7]. Hematite crystal is generally prepareddby the NAC-FAS method using ferric basic acetate
via ferrihydrite in neutral to alkaline media or by forced (Fe(OH)(CHCOO). Various results about the crys-
hydrolysis of acid solution with iron (Ill) salt. tal structure, size, and form of the particles against the
In alkaline media, hematite particle size and mor-NaOH to Fe(OH)(CHCOOY), ratio, the alcohol to wa-
phology are changed by various conditions. Hematitder ratio, and the aging time were also demonstrated
forms rods, often with fibrous ends, in the presence ofvith powder X-ray diffraction and transmission elec-
citrate or maltose at pH 11 and 80 [8]. Rhombohedral tron microscope.
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2. Experimental “Fe.0
Ferric basic acetate (Fe(OH)(GEBOO); reagent- o ° a_ ez 03
grade; 4.77 g, 25 mmol) was dissolved in 200 ml of .t o a—FeOOH
ethanol-water mixture at 7&. The volume fraction of o o 0o
water to ethanol (HO/EtOH; abbreviated to Rs) was @ , °© o o®
varied from 0/200 to 200/0. Next, 100 ml of ethanolic 3 |_*
solution containing sodium hydroxide was added drop--®
wise to the solution. The rate of this dropwise addition
was adjusted from 200 ml mi to 1.67 mI mirrt. The
molar ratio of sodium hydroxide to ferric basic acetate
(designated as Rc) was varied from 0.5 to 4. After being
refluxed for a predetermined time (1 to 48 hours), the (b
mixture was cooled to room temperature while stirring
the mixture. Precipitates in the reaction mixture were
isolated by centrifugal separation at a rotating rate of (@
10,000r.p.m., washed with methanol, and dried at roorr . . . X .
temperature overnight in a vacuum. 20 30 40 50 60 70
Powder X-ray diffraction (XRD; RIGAKU RINT
2000) was carried out using Ni-filtrated Cy;-Kadia- 26 /deg.
tion for dete.rm"?'”g the crystal structure of prOdUCtS'Figure 1 XRD patterns for the products prepared at various NaOH to
The crystallite size was calculated from the half-peakzco(ccoo), ratios (Re): Re=0.5 (a), 1 (b), 2 (c), 4 (d); water to
width at half-height for the hematite (104) diffraction ethanol ratio (Rsy= 100/100; dropping rate 3.4 ml mi; reflux time
peak using the Scherrer equation. The particle size hour.
was observed using a transmission electron microscope
(TEM : JEOL JEM-3010) at an acceleration voltage of
300 kV. Specific surface area was calculated using the
Brunauer-Enarmett-Teller (BET) method. Differential
thermal analysis attached with thermogravimetry were
carried out using Rigaku TG8101D from room temper-
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3. Results and discussion (@)

Precipitates obtained by centrifugal separation were ¢
dark red soft powder in all preparation conditions. Crys-
tal form and crystallite size of the products strongly
depended on sample preparation conditions such @ ,000 1750 1500 1250 1000 750 500
Rc and Rs in media, reflux time, and dropping rate of
NaOH-containing ethanol.

Wavenumber/cm™

Figure 2 IR spectra for the products: Re0.5 (a), 1 (b), 2 (c), 4 (d);

3.1. Effect of NaOH to FeOH(CH3COO)2 ratio Rs= 100/100; dropping rate 3.4 ml mif; reflux time 1 hour.

Fig. 1 shows the XRD patterns for the products pre-

pared in the water-ethanol mixture (R<.00/100) at Fig. 2 demonstrates IR spectra for the products with
Rc=0.5 (a), 1 (b), 2 (c), and 4 (d). In the patterns changing Rc. Two peaks located at 890 and 795%tm
(@), (b), and (c), all the sharp peaks were identi-are due to the OH bending of goethite. These two peaks
fied as hematite (a-E©s; Joint Committee on Pow- were clearly observed in the top curve (Rd), but

der Diffraction Standard (JCPDS) Card No. 33-0664).were ambiguous in the other three curves. Itis clear that
Broad peaks located arouné 2 35 and 62 degrees are goethite was precipitated for the particles prepared at
similar to those of 2-line ferrinydrite. The peaks due toRc= 4. Four peaks located around 1300 to 1600tm
hematite, ferrinydrite, and goethite (a-FeOOH; JCPDSwere attributed to various types of acetate anions. It
Card No. 29-0713) appeared in the pattern (d). Thes well known that acetate ion adsorbs on iron oxide
diffraction peaks of hematite crystal became broadeto form varieties of surface species such as mononu-
as Rc was increased. The crystallite size of hematitelear monodentate, mononuclear bidentate and binu-
particles calculated from the Scherrer equation for thelear complexes [15]. Infrared bands due to these three
products (a), (b), and (c) was 31, 26, and 18 nm, respecomplexes appear at 1320 th 1425 and 1520 cnt,
tively. Since the products had a high specific surfaceand 1425 and 1600 cm, respectively. Two peaks lo-
area (250-330 mg~1), the hematite particles proba- cated at 1425 and 1600 cihdecreased with anincrease
bly consist of nanometer-sized crystalline. The crystal-of Rc. On the other hand, the intensity of two peaks
lite size decreased with increasing Rc, indicating thaiat 1320 and 1520 cnmt was not remarkably changed.
NaOH retarded the growth of hematite particles andTherefore binuclear complexes are easily decomposed
accelerated goethite formation. by the attack of the OHion, while acetate ligands of
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mononuclear configuration strongly bind to the surface
of precipitates.

The DTA-TG curve showed that acetate groups in
adsorbed species calculated from the weight loss wer
less than 5% for the product prepared under the con®
ditions of Rs=100/100 and Re-2. The molar ratio
of acetate anions to iron (GE0OO0/Fe) evaluated from
the results of the DTA-TG curve and elemental analysis
was calculated to be 0.03 for the above product, and i
increased with a decrease of Rc.

In alkaline aqueous solution, ferrihydrite transforms
into hematite or goethite under different conditions.
Ferrihydrite is converted to hematite by the solid state 20 30 20 50 50 70
reaction in which dehydration and rearrangement pro-
cesses lead to the nucleation and growth of hematitc 26 /deg.

InVOIYeS' In co_ntrasjt, goethlte IS gener&_‘ted by th? dIST:igure 3 XRD patterns of the products prepared in different media:
solution of ferrihydrite. The transformation of ferriny- rs—o0/200 (a), 100/100 (b), 200/0 (c): Re2; dropping rate
drite into hematite begins in denser areas of ferrihydrites.4 mi mir; reflux time 1 hour.

aggregates because the crystal structure of hematite is

very similar to that of ferrihydrite. Goethite is read- ] ] ) )

ily formed from ferrinydrite at pH 12—14 since ferri- peaks are seen, v_vhlch are attributed to ferrihydrite and
hydrite dissolves to form soluble monomeric specied’€matite, respectively. In the pattern (c), the small peak
(Fe(OHY,) in alkaline media. at =21 degrees, which was assigned to the main

Acetoxy groups chemically adsorbed on the sur-P€ak of goethitetkl=110), is observed together with
face of precipitated particles induced ferrihydrite ag-the peaks of ferrihydrite and hematite. The hematite
gregates, indicating that the aggregates accelerate_RfakS become sharper as water content in the media is
hematite formation as compared with the goethite onelncreased. Using the Scherrer equation, the calculated
Fisheret al. reported that hematite crystals were growncrystallite size of hematite from the sharp peak of 35
within the aggregates after hematite nuclei were gendegree lkl=104) were 15 and 24 nm for the products
erated in ferrinydrite aggregates; eventually, hematitérepared at Rs: 100/100 and 200/0, respectively.
crystallite size becomes similar to that of the initial Fig- 4 shows TEM bright-field images of the product
aggregates [16]. Similar results were obtained in thérepared at B= 2 in different media: Rs-=0/200 (a);
present study: the crystallite size of hematite particlest00/100 (b); 200/0 (c). Fine particles less than 5 nm in
calculated from XRD patterns increased with increasdiameter, attributed to 2-line ferrihydrite, are shown in
ing adsorbing ligands. Fig. 4a._The TEM mlcr_ogr_aph in Fig. 4p shows spheri-

A small amount of goethite particles was formed cal particles 5_—10_nm in dlameter._ In view of the many
in a water-ethanol mixture at Re4. The dissolution Sharp peaks in Fig. 3b, the particles are assumed to
rate of ferrihydrite is higher in stronger alkaline me- b€ hematite. Although the mean diameter (ca. 8 nm) of
dia until pH 14. Goethite is in particular formed in hematite particles observeqlln Fig. 4bis slightly smaller
aqueous solution at pH 12—14 when the temperature ithan that of the erystelllte size (15 nr_n) calculated from
over 70°C [17]. In our study, hematite was synthesizedthe peak (104) in Fig. 3b, the particles are probably
in ethanolic solutions whose pH were above 12. Thidiematite single crystal. Three particles shownin Fig. 4c
result suggests that ethanol retarded goethite formavere needle-like, fine (less than 5 nm), and large spher-
tion. Studies have shown that ferric ions may complexcal (20-40 nm); they were assumed to be goethite,
with ethanol [18]. Surface chelate such as the acetox{ertihydrite, and hematite, respectively. As shown in
group also suppresses the dissolution of ferrihydrite. Iri-19- 3¢, goethite crystals were produced under the con-
our study, goethite was formed only for the precipitatedition at Rs=200/0. .
prepared at Re: 4, the level of adsorbed acetate ions _Karin reported that the transformation rate of fer-
was less compared with other precipitates. The prepdihydrite into hematite rises with reaction tempera-
ration condition at Re= 4 is not suitable for preparing ture [19]. The particle size of hematite crystallite pre-
fine spherical hematite particles because needle-likgared at Rs=200/0 was 3—-4 times larger than that at
goethite is barely converted to spherical hematite. IfXs=100/100, since reflux temperatures of the solu-
the solution of Rs= 100/100, the best ratio of NaOH tions at Rs=200/0 and 100/100 were 9& and 90°C,
against FeOH(CECOOY, (Rc) for preparing suitable Fespectively. _ . . o
particles was 2. The transformation of goethite from ferrihydrite in-

volves the dissolution of ferrihydrite in alkaline media

[20]. Because surface chelate on ferrihydrite particles
3.2. Solvent effect depresses the solubility of ferrihydrite in media, only
Fig. 3 shows XRD patterns of the products prepared aa small amount of goethite particles was precipitated
Rc= 2 in different media: Rs=0/200 (a), 100/100 (b), at Rs=0/200; this was owing to the small amount of
and 200/0 (c). Two broad peaks located@t235 and  adsorbing acetate ions on the particles compared with
62 degrees are similar to those of 2-line ferrihydrite inother particles. Ethanol and propernol affect the rate of
the pattern (a). In the pattern (b), broad peaks and shamrecipitation of goethite as well as the mechanism of

o a-Fe:0;

o ¢ a—-FeOOH

Intensity,
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Figure 4 TEM bright-field images of the products prepared in different
media: Rs=0/200 (a), 100/100 (b), 200/0 (c); Re2; dropping rate
3.4 ml mir; reflux time 1 hour.
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precipitation; they also influence the aging of goethite
[21]. In this study, ethanol retarded the conversion of
ferrihydrite to hematite, and also suppressed the gener-
ation of needle-like goethite particles. Furthermore, no
hematite was precipitated under the preparation condi-
tion at Rs=200/0 as shown in Fig. 3a. Therefore the so-
lution at Rs= 100/100 prefers to prepare fine hematite
particles.

3.3. Effect of dropping rate

Fig. 5 presents TEM photographs of the products pre-
pared under the condition of Re2 and Rs=100/100

at different dropping rates for the addition of NaOH-
solution: 200 ml min! (a) and 1.7 ml mint (b). Fine
particles of ferrihydrite of less than 5 nm in diameter
are shown in Fig. 5a. The formation of ferrihydrite nu-
clei involves three stages: nucleophilic attack of OH
ions on iron (Ill) ions, formation of an Fe-OH bond
and a dehydration-condensation reaction to form an
oxo linkage (Fe-O-Fe). In our study, the addition of
NaOH solution induced an instantaneous nucleophilic
reaction to form Fe-OH, resulting in a good deal of fer-
rihydrite nuclei. Two particles, whose diameters were
less than 5 nm and 30-50 nm, respectively, are seen in
Fig. 5b. The former particles were assumed to ferrihy-
drite, and the latter hematite. Hematite particles appear
much larger in Fig. 5b than in Fig. 4b. The gradual ad-
dition of NaOH solution produced a reduced amount of
nuclei, and results in the growth of hematite particles.
Therefore, we conclude that the dropping rate strongly
affected hematite particle size.

3.4. Effect of aging time

Fig. 6 shows the XRD patterns of the products at differ-
ent reflux times. Precipitates were obtained under the
following conditions: Rs=100/100; Re=2; dropping
rate= 200 ml mirr. Hematite and/or ferrihydrite were
generated in the products under all conditions. Broad
goethite peaks were observed in the top two patterns
(24h and 48h). Hematite peaks became sharper as
aging time increased, suggesting that hematite
nanocrystallites grew gradually. After 48 hours, the
crystallite size of hematite nanocrystals were several
tens of nanometers of particle diameter as estimated
from the hematite (104) peak. In another study, hematite
crystal prepared in 4M [OH|] aqueous solution at
80°C was several microns in diameter [9], approx-
imately 100 times larger than that prepared in this
experiment. Therefore, we may conclude that, in our
study, adsorbing ligands such as acetate anion and
ethanol strongly obstructed the transformation of fer-
rihydrite into hematite. The peak intensity of ferrihy-
drite particles decreased with continued aging, while
hematite peaks became sharper. These results suggest
that a large amount of ferrihydrite particles generated
at an early stage did not become larger, but were con-
verted to hematite particles. Goethite crystals gradually
grew into detectable size for XRD measurement after
48 hours’ aging; ferrihydrite seemed to dissolve mod-
erately to form goethite particles under the preparation
conditions: Rs=100/100; Re=2.



Figure 5 TEM photographs for the products prepared under the condition ef /100, Re=2 and 1 hour of reflux time at different dropping
rate for pouring NaOH-solution: 200 ml mih (a) and 1.67 ml mint (b).
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Figure 7 Change in specific surface area of the particles against reflux

Figure 6 XRD patterns of the products prepared atRE00/100, Re=2  time.

and 3.4 ml min! of dropping rate for different reflux time4 h (a); 4 h

(B): 12 (c); 24 (d); 48 1 (©). the broad peaks attributed to ferrihydrite are diminished

in Fig. 6d.

Fig. 7 shows change in specific surface area of as-
prepared particles against reflux time. Specific surfac8.5. Heat treatment
area steeply decreased as aging time increased. The reddish-brown powder was obtained after as-
large specific surface area of the particles aged for Iprepared particles were heated under an air stream to
2, and 4 hours was caused mainly by fine ferrihydriteeliminate organic residue. Fig. 8a shows a TEM mi-
particles. Thus the reduction of the surface area indicrograph of the particles, which were prepared in the
cates the transformation of ferrihydrite into hematitefollowing conditions: Rs= 100/100; Re= 2; dropping
during reflux. The crystallite size calculated from spe-time 3.4 ml mirr?, heated at 400C for 2 hours. Heated
cific surface area of the particles aged for 24 hours waparticles appeared to be spherical and monomodal
several nanometers, which was nearly tentimes small§ca. 20 nm in diameter), and were assumed to be
than that calculated from the Sherrer equation using theematite by their XRD pattern. No ferrihydrite existed
hematite (104) peak. The main reason for this is probain the heated particles because fine particles (less than
bly the existence of fine ferrihydrite particles, although5 nm) were not observed in the micrograph. There was

947



| g &
| 5 #
| . & .
LY o
b g |
| ; ‘
i & \. & " \ =
100nm i o g A *

Figure 8 TEM micrograph of the particles heated at 4@for 2 hours (a) and selected electron diffraction pattern for a predetermined particle (b).

also no peak due to ferrihydrite for the XRD patternwas 22 nm in diameter with a narrow size distribu-
of heated particles. The particle size was comparation (§ =4.2 nm); no irregular grown particle existed.
ble to that calculated from the hematite (104) peakCarlson reported that the DTA curve of ferrihydrite has
Specific surface area of the particles was 18gm'.  a sharp exothermic peak around 3@which is due to
Aggregated hematite particles of as-prepared precipithe transformation of highly disordered hematite into
tates were released during heating because the remaiordered hematite [22]. Towe found that 6-line ferrihy-
ing organics on the surface of as-prepared particledrite was completely converted to hematite after heat
were combusted. Fine ferrihydrite particles were adtreatment at 400C for 1 hour [23]. Structural rear-
sorbed on hematite particles to form larger sphericatangement of ferrihydrite adsorbed on nanometer-sized
hematite particles. The selected electron diffraction pathematite particles was initiated during heating at400
tern for a predetermined particle was shown in Fig. 8bfor 2 hours, leading to nano-sized hematite single crys-
This diffraction pattern indicates that the particle wastals. Furthermore high surface area of the as-prepared
monocrystalline and the surface of the particle, to whichparticles (285 rhg™1) is a possible cause of further
the electron beam was incident, was the (001) plane ofrdering [24].
hexagonal structure. After the heat treatment of ferrihydrite particles pre-
Figure 9 shows the histogram of size distributionpared at Rs=0/200, the particles were converted to
for the heated particles. The average particle sizéiematite polycrystalline with broad size distribution.
Since there was no hematite nanocrystallite to serve as
nuclei, single hematite crystals were not formed. Ag-
30 glomeration of ferrihydrite particles with each other
during heating presumably induced broad size distri-
bution. For the particles prepared atR200/0, needle
particles remained after heating.

£ 20

N 4. Conclusion

2 We have demonstrated that nanometer-sized spherical
3 hematite single crystals (mean particle size: 22 nm)
2 were synthesized by heat treatment of the precipitates
* 10 at 400°C for 2 hours: the precipitates were prepared in

an ethanol-water solution without deliberate addition
of surfactants and or absorbing ligands.

Ferrihydrite and hematite were precipitated in alka-
line ethanol-water mixture (Rs 100/100), while fer-
rihydrite was produced in ethanol under all of the same
6 12 18 24 30 36 conditions except the media. Needle-like goethite par-
ticles as well as hematite and ferrihydrite were pre-
cipitated at Rs=200/0. Ethanol obscured the transfor-
Figure 9 Histogram of size distribution for the heated particlesat4po ~ Mation of ferrihydrite into hematite. Alkaline media
for 2 hours. accelerated the formation of goethite particles even in

Particle size (nm)

948



ethanolic solution. Fine ferrihydrite particles were pre-10
pared in ethanol-water mixture by immediate addition

of NaOH solution. Spherical hematite single crystals**

were produced by heat treatment at 40Grom the par-
ticles precipitated in the ethanol-water mixture, butonly

ferrihydrite particles were converted to hematite poly-13.

crystalline with broad size distribution during heating.
1
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