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Figure 5. Hysteresis loops at room temperature of the Ba-hexa-
ferrite nanocrystals synthesized with oleic acid capping.

factors. Possibly, the large surface area of the particles and the
incomplete coordination of atoms at the particle surface lead to
a noncollinear spin configuration. Consequently, significant
reduction of the magnetization emerges with increase in the
surface volume ratio of small particles. Therefore, coercivity,
H., of small particles increases by decreasing the particle size. In
the present study, coercivity of organic ligand capped nanocrys-
tals is 2800 Oe and this is higher than that of the nanodisc'* and
comparable with the nanoparticles synthesized by other meth-
ods.'” Further study is carried out to improve the magnetic
properties of the Ba-hexaferrite nanocrystals and will be re-
ported in our next communications.

Formation Mechanism. The formation and growth mechan-
ism of the Ba-hexaferrite nanocrystals can be attributed to the
kinetic effect, which determines the final size and morphology of
the nanocrystals. The formation of Ba-hexaferrite colloidal
nanocrystals takes place in three stages; at first, sub-10 nm
single nanocrystals were formed at mixing point, when the
precursor solution was mixed with a supercritical water; second,
organic molecules miscible with the high temperature water; and
finally, the controlled growth of the nanocrystal occurs by the
selective reaction of organic molecules with the specific inorga-
nic crystal surface.

The successful synthesis of the monodisperse nanocrystals
can be attributed to the higher degree of supersaturation and
effective control of the growth process under the organic ligand
assisted SCW conditions. Park et al.® reported the synthesis of
monodisperse metal oxide nanocrystals by the separation of
nucleation and growth processes. Drofenik et al." employed
the LaMer-dinger principle to synthesize the monodisperse
Ba-hexaferrite nanoparticles through controlled hydrothermal
synthesis. These reports indicate that the separation of nuclea-
tion and crystal growth processes would facilitate the formation
of monodisperse nanocrystal. In the SCW synthesis, a high
reaction rate and lower solubility for the formed metal oxide
can be achieved above the critical temperature of water. This
causes an extremely high degree of supersaturation of the metal
oxide and thus allows the nanoparticle formation at the mixing
point, MP1, where the temperature was 450—500 °C. With the
addition of organic molecules into the reaction system at the
mixing point, MP2 with the set up temperature 350—380 °C
(Figure 1), the organic molecules were miscible with water under
supercritical condition due to the lower dielectric constant of
SCW. This provides a homogeneous reaction medium with
suitable environment for the selective interaction between the
organic ligand and the nanocrystal surface, when oleic acid
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Figure 6. Schematic representation of Ba-hexaferrite nanocrystals
size and morphology control under different surfactant ratios under
supercritical water conditions.

concentration was about 10:1 molar ratio to Ba-hexaferrite. The
selective absorption of the organic ligand onto the reactive face
of nanocrystal occurs during the growth process, which results
in the nano cube shape particle formation as displayed in the
reaction mechanism diagram (Figure 6). By increasing the
oleic acid reagent concentration above 50:1 molar ratio (to
Ba-hexaferrite) the organic molecules covered all the faces of
Ba-hexaferrite and inhibited the inhomogeneous growth of the
nuclei resulting in the octahedron shaped nanocrystals. These
results suggest that the selective adsorption of the organic
ligand can effectively inhibit the growth of the favorable
crystallographic planes of the nanocrystals.” Zhang et al’
reported that the shape transformation of ceria nanocrystals
from cubic to truncated octahedron was mostly caused by
the suppression of the crystal growth on the [001] surface
under similar organic ligand assisted SCW conditions with
an increase in the organic ligand concentration. Radwan et al.
reported the effect of anionic, cationic, and nonionic surfac-
tants on the microstructures of Ba-hexaferrite nanoparticles of
sub-micrometer size through the coprecipitation—calcination
route.!*®

The organic molecules are stable at supercritical water con-
ditions as the time constants for the decomposition of organic
molecules at 400 °C is on the order of 10~30 min without
oxidizing agents. Watanabe et al.'* and Savage'® have reported
the decomposition reactions of different organic materials at
supercritical state.

Conclusion. In conclusion, we have successfully synthesized the
shape- and size-controlled Ba-hexaferrite nanocrystals capped
with oleic acid ligand under supercritical water hydrothermal
conditions. The results showed that the concentration of oleic
acid reagent in the starting precursor is a key to control the cubic
and octahedral shape of Ba-hexaferrite nanocrystals. This indi-
cates that the size and morphology of nanocrystals were greatly
influenced by the organic ligand capping resulting in the drastic
reduction of the particle size from 28 to 9 nm. The organic
modified Ba-hexaferrite nanocrystals magnetic property is con-
sistent with the ic state of Ba-t ferrite nanoparticles
reported in the literature.
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1 Introduction

Nickel/yttria-stabilised zirconia (Ni/YSZ) cermet is a
promising anode material for solid oxide fuel cells (SOFCs).
Fundamental studies using well-defined model Ni anode on
YSZ electrolyte revealed that hydrogen is oxidised in the vici-
nity of the triple phase boundary (TPB) where Ni, YSZ and
pore phases meet [1, 2]. Considerable efforts in performance
enhancement have been directed to enlarge the TPB within
the limited effective electrode volume by controlling the
microstructure [3-8].

Recent detailed electrochemical investigations suggested
that the dominant rate-limiting steps of hydrogen oxidation
are dissociative adsorption of hydrogen molecules, surface
diffusion of adsorbed hydrogen atoms to the TPB and hydro-
gen oxidation at the TPB in the high performance Ni/YSZ
cermet anode [9, 10]. Contribution of these steps must be
reduced for further enhancement of hydrogen oxidation.
Anodes with finer microstructure, consisting of homoge-

neously arranged as well as three-dimensionally percolating
Ni, YSZ and pore phases, are promising candidates for the
efficient hydrogen oxidation.

It has been demonstrated that the prefabrication of NiO/
YSZ composite particles and their three-dimensional assem-
bly using conventional ceramics processing is an effective
way for accurately arranging the three phases [5, 6, 11-14].
Furthermore, co-existing NiO and YSZ can suppress each
other’s grain growth during sintering [6, 14]. Therefore, the
synthesis of nano-sized NiO/YSZ composite particles is a
promising route for achieving superior hydrogen oxidation
characteristics of the Ni/YSZ anode.

In the present study, we have developed a novel co-preci-
pitation method using aqueous suspension of YSZ nanopar-
ticles for the synthesis of NiO/YSZ nanocomposite particles.
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The specific features of the YSZ nanoparticles were their
small size (3 nm in diameter) and superior dispersion proper-
ties (almost no agglomeration) in an aqueous medium. In the
present method, non-crystalline nickel carbonate hydroxide
(Ni(CO3),/3(0H),/3nH,0) was nucleated onto the surface of
dispersed YSZ nanoparticles, and the two were precipitated
simultaneously. Thus, nanocomposite particles consisting of
homogeneously distributed NiO and YSZ nanoparticles were
obtained after the calcination. The resulting Ni/YSZ anode,
consisting of fine grains in the range 200-300 nm, showed
hydrogen oxidation superior to that reported in the litera-
tures [3, 10, 15-17].

2 Experimental Procedure
2.1 Synthesis of NiO/YSZ Nanocomposite Particles

An aqueous suspension of YSZ nanoparticles (Sumitomo
Osaka Cement Co. Ltd., Japan) shown in Figure 1(a) was
used as the starting material. Dynamic light scattering
method revealed that the suspension contained tiny nanopar-
ticles (average diameter 3 nm) with a narrow size distribution
(Figure 1(b)). The size determined via the light scattering
method was in good agreement with that observed by trans-
mission electron microscopy (TEM) (Figure 1 (c)). This agree-
ment indicated that the 3-nm YSZ nanoparticles were well
dispersed, without forming large agglomerates in the aque-
ous medium, resulting in the highly transparent appearance
of the suspension due to significantly suppressed visible light
scattering.

The suspension was mixed with a Ni(NO;),-6H,0 (Kanto
chemicals, Japan) aqueous solution. The amount of
Ni(NOs):6H,O was controlled as the volume fraction of Ni
in the final anode to be 0.5. Total concentrations of YSZ and
Ni(NO;),-6H,0 were 0.2 M. Even after mixing, the solution
maintained a high degree of transparency, indicating that the
YSZ nanoparticles preserved their well dispersed state. The
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Fig. 1 (a) Optical app of aqueous of YSZ nanopar-
ticles, (b) Size distribution of the YSZ nonopcrﬁcl‘es in the aqueous medium
examined by dynamic light scattering and (c) TEM image of the YSZ nano-
particles.

solution was added dropwise into 0.4 M of NHsHCO; (Kanto
chemicals, Japan) aqueous solution to nucleate Ni(COs),,
3(OH),,3nH,0 onto the surface of YSZ nanoparticles, and to
precipitate them simultaneously as the precursor of the
NiO/YSZ nanocomposite particles. During the co-precipita-
tion, NH; solution (Wako chemicals, Japan) was added
simultaneously into NH4HCO; solution to keep the pH
at 8. The precursor was rinsed and then dried in an oven
at 80 °C for 24 h. Finally, the NiO/YSZ nanocomposite parti-
cles were obtained by calcining the dried precursor above
600 °C.

Phase identification of the precursor and of the composite
particles was carried out using powder X-ray diffraction
(XRD, JDX-3530M, JEOL, Japan) using Cu-ka radiation
(4 = 0.1542 nm) as the X-ray source. Microstructure was ob-
served by TEM (JEM-2100F, JEOL, Japan).

2.2 Cell Fabrication and Electrochemical Performance Testing

An electrolyte-supported cell was employed for electro-
chemical performance testing. Firstly, fully dense YSZ elec-
trolyte with the thickness of 300 pm and the diameter of
13 mm was fabricated by conventional tape casting, followed
by sintering at 1,350 °C for 2 h. Then the anode was fabri-
cated on top of the electrolyte by screen printing a paste of
NiO/YSZ nanocomposite particles calcined at 1,000 °C and
polyethylene glycol, followed by sintering at 1,300 °C for 2 h.
Finally, the cathode was fabricated by screen printing of the
Lag gSro2MnO; paste and subsequent sintering at 1,100 °C for
2 h[18].

Three electrode-four lead configuration was used as the
testing geometry. The cell was fixed between alumina tubes
with a glass sealant. A Pt mesh connected with Pt wires was
placed on both the anode and the cathode as a current collec-
tor. A Pt wire was attached along the circumference of the
electrolyte as a reference electrode. Pt paste was applied to
the reference electrode to improve electrical contact. The cell
was heated to 900 °C to soften the glass sealant for gas tigh-
tening. During this process, nitrogen was supplied to the
anode, and dry air was supplied to the cathode and the ref-
erence electrode with a flow rate of 0.05 1 min™. After the
temperature was reduced to 800 °C, anode gas atmosphere
was altered from nitrogen to 3% humidified hydrogen with
the flow rate of 0.05 | min™". At this stage NiO was reduced in
situ into Ni, forming pores in the microstructure. Hydrogen
oxidation of the Ni/YSZ anode was examined by area-speci-
fic resistance (ASR) measured with electrochemical impe-
dance spectroscopy (EIS) at 600, 700 and 800 °C. The EIS
spectra were recorded using a frequency response analyser
with a potentiostat (Parstat 2263, Princeton Applied Research,
TN) in the frequency range 0.1-10° Hz, under open circuit
voltage (OCV) with an applied amplitude of 20 mV, after
the ASR became constant (approximately 1 h from the start-
ing of the test). The anode microstructure was observed by
scanning electron microscopy (SEM, ERA-8800FE, Elionics,
Japan).
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3 Results and Discussion

Figure 2 shows the XRD pattern and a high resolution
TEM (HRTEM) image of the precursor. Only the peaks corre-
sponding to YSZ were observed in the XRD pattern. This
indicates that non-crystalline Ni(CO3);,3(OH)z,3nH,0 was
present. The HRTEM image revealed that the crystalline YSZ
nanoparticles (in the circles) were uniformly distributed
throughout the entire non-crystalline Ni(COs), ,3(OH)>/
3nH,O phase. This result suggests that Ni(COs),/3(OH)z,
3nH,0 phase preferentially nucleated onto the YSZ surfaces.

Figure 3 shows the XRD pattern and a HRTEM image of
the NiO/YSZ nanocomposite particles after calcination at
600 °C. The peaks of both the YSZ and the NiO phases were
observed in the XRD pattern. The average crystalline size of
NiO and YSZ phases, estimated by Scherrer’s formula using
full width at half maxima (FWHM) on NiO(200) (26 = 43.30°)
and YSZ (111) (20 = 30.06°) peaks, was about 6 and 4 nm,
respectively. The HRTEM image evidenced successful fabri-
cation of the NiO/YSZ nanocomposite particles with the size
of about 5 nm. This good agreement in crystalline sizes esti-
mated from the XRD pattern with that examined on the
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Fig. 2 (a) XRD pattern and (b) HRTEM image of the precipitated precur-
sor.
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Fig. 3 (a) XRD pattern and (b) HRTEM image of the NiO/YSZ nanocom-
posite particles calcined at 600 °C.

HRTEM image indicated that the peak broadening in the
XRD pattern was attributed to a small crystalline size rather
than some micro-strain of the crystal lattices.

It was reported that NiO nanoparticles synthesised in a
similar manner could grow up to 13 nm in diameter, even
though the precursor was calcined at 400 °C [19]. The size of
NiO nanoparticles in the nanocomposite was less than a half
of them. This fact indicated that homogeneously distributed
YSZ nanoparticles within the precursor, as shown in Figure 2,
significantly retarded the grain growth of NiO during the cal-
cination.

Figure 4 shows SEM images of the Ni/YSZ anode after
electrochemical performance testing. The low magnification
image shows that the anode has uniform as well as fine por-
ous microstructure. The high magnification image reveals
that the anode consisted of fine grains in the range of
200-300 nm. Fine and well percolating solid and pore phases
can be attributed to the homogeneous arrangement of NiO
and YSZ phases in the nanocomposite particles. Grain size is
one order of magnitude smaller than that of conventional
anodes. The porosity of the anode estimated from the pore
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2pm
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Fig. 4 (a) Low and (b) high magnification SEM images of the Ni/YSZ
anode after the electrochemical performance testing.

area in a TEM image for the thin section (not shown here)
was approximately 30% which is similar to that of the con-
ventional anode [18].

Figure 5 shows EIS spectra of the anode. The ohmic resis-
tance was subtracted from the total impedance for easier read
out of ASR for the hydrogen oxidation [15]. ASR of the anode
was 2.29, 0.43 and 0.15 Q cm? at 600, 700 and 800 °C, respec-
tively. These values were significantly lower than those
reported in the literatures on Ni/YSZ anodes [3, 10, 12-17]. It
has been proposed that the impedance semicircle could be
divided into high frequency (1 k-50 kHz) [20, 21], medium
frequency (10-1 kHz) [15] and low frequency (0.1-10 Hz) arcs
[22]. The high frequency arc is reported to be responsible for
the microstructure related processes involving gas—solid (de-
sorption, adsorption and dissociation) [20] or solid-solid
reactions (surface diffusion and electrochemical hydrogen
oxidation at the TPB) [21]. These reactions are the main rate-
limiting steps in a high-performance anode [9, 10]. A consid-
erably smaller high frequency arc indicates highly efficient
transport and electrochemical oxidation of hydrogen in the
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Fig. 5 EIS spectra of the anode measured at (a) 600, (b) 700 and (c)
800 °C under OCV.

present anode. It is clearly attributable to the fine microstruc-
ture shown in Figure 4, leading to extended adsorption sites
and reduced diffusion length of hydrogen, in addition to the
significantly enlarged TPB.

Figure 6 summarises the Arrhenius plot for polarisation
resistance of the present Ni/YSZ anode and those of Ni/YSZ
[3, 10, 15-17], CeO, doped Ni/YSZ [8] and Ni/Gd doped
CeO; (GDC) [23] anodes with a YSZ electrolyte reported in
the literatures. The activation energy is estimated to be
1.2 eV, which is similar to literature values for the Ni/YSZ
anodes [15-17]. Although the activation energy is higher than
CeOx-doped Ni/YSZ [8] and Ni/ GDC [23] anodes, which

@ This study
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@ Ref. 16
XRef.3
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3 L '
07 08 09 10 11 12
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Fig. 6 Arrhenius plots of ASR of the Ni/YSZ anode in comparison with
those of Ni/YSZ, CeO,-Ni/YSZ and Ni/GDC anodes from the literatures.

FUEL CELLS 10, 2010, No. 2, 320-324 www.fuelcells.wiley-vch.de

© 2010 WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim 323

[
=2
]
z
>
F
&
g
a
=
=
2
L




«
-,
<
a
=
v
=
<
L]
3
e
o
ool
2
E
2
-
(-]

Fuel Cells

Sato et al.: Fine-microstructure Mediated Efficient Hydrogen Oxidation in Ni/YSZ Anode Fabricated

have intrinsically higher catalytic activity than Ni/YSZ, the
hydrogen oxidation characteristics of our anode are higher
than those of anodes above 700 °C, and are expected to be
comparable even at 600 °C. This result implies that the most
reliable YSZ electrolyte and Ni/YSZ anode configuration can
be used for lower temperature SOFC.

The durability of the microstructure and the performance
of this fine grained Ni/YSZ anode are very important topic.
This will be reported in the future work.

4 Conclusion

We have demonstrated that NiO/YSZ nanocomposite par-
ticles synthesised via a novel co-precipitation method with
YSZ nanoparticles can provide fine, uniform porous micro-
structure of the Ni/YSZ anode. The anode exhibited signifi-
cantly more efficient hydrogen oxidation compared to those
in the literature. The superior performance can be attributed
to finer-microstructure mediated rapid transport and oxida-
tion of hydrogen. This new approach has great potential for
application in a variety of composites for further performance
enhancement of the SOFC.
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Magnetic nanoparticles (MNPs) have many potential biomedical applications. Improvements in their
magnetic properties and solubility are necessary for these applications to realize their full potential. In
this study, MNPs in the form of raspberry-like magnetite (Fe;O;) nanoparticle clusters, consisting of
tiny Fe; O, particles with a diameter of approximately 20 nm, were prepared under hydrothermal
conditions at 200 °C in the presence of 3,4-dihydroxyhydroxysinnamic acid (DHCA). The primary
particles were connected by DHCA molecules to form the clusters, which were well dispersed in water
media because a COOH group from DHCA appeared on their surfaces. The cluster size could be tuned
from 50 to 400 nm without changing the primary particle size by controlling the reaction time.
Therefore, all prepared clusters displayed superparamagnetic properties at room temperature. In
addition, the sensitivity of Fe,0, to an external magnetic field could also be controlled by the cluster

size.

Introduction

In recent years, many novel applications of magnetic nanoparticles
(MNPs) have been proposed and investigated in the field of
biological applications.! These include tags for sensing® and
imaging,® drug delivery carriers,* hyperthermia for antitumor
therapy,* magnetic resonance imaging (MRI) contrast agents,
and activity agents for medical diagnostics.>" To use MNPs for
biological applications, they should be well dispersed in water at
a neutral pH region, and be covered with non-toxic molecules to
avoid harm to humans. Therefore, the solubility of MNPs is also
important for the biomedical field to disperse stably in water and
deliver the MNPs at deceased parts, such as tumor cells, effectively;
hence, superparamagnetism is one of the important properties of
MNPs for use in biomedical applications.

Surface-modified Fe;O, nanoparticles with organic molecules
such as oleic acid and oleylamine, have been reported as a
result of various reactions with surfactants."™™ On the other
hand, magnetic properties of Fe,0, particles for the applications
mentioned above should be tuned approximately.
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For magnetic manipulation and targeted delivery of Fe;0,
particles by using an external magnetic field, high magnetization is
also required to effectively separate them from the suspension or to
control their movement in blood. To obtain higher magnetization
per particle, the particle size should be larger. However, when the
particle size becomes larger, the particles are hardly dispersible in a
solution because of a larger remnant magnetization, which might
induce aggregation by an attractive force between MNPs even in
the absence of a magnetic field. Therefore, it is difficult for magnetic
materials for biological application to satisfy both appropriate
magnetic property and high dispersibility. However, forming
nanoparticle clusters which are formed by the connection of MNPs
with some organic molecules or polymers is advantageous to
control structural parameters, such as the interparticle distance
and the cluster size, consequently, their magnetic properties and
dispersibility.'s"®

In this paper, we demonstrate a one-pot synthesis of
water-dispersible raspberry-like Fe;0, nanoparticle clusters
with tunable diameter by hydrothermal synthesis using 3,4-
dihydroxyhydroxycinnamic acid (DHCA; Scheme 1) as a modifier
and interparticle linker.

HO. COOH
HO
Scheme 1~ Chemical structure of DHCA.

DHCA is one of the metabolites of L-phenylalanine and
L-tyrosine and is found in fruits and vegetables.” Thus, it might be
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non-toxic to the human body. In addition, the DHCA molecule
possesses a catechol group that has been well known as a strong
anchor group for binding with various metal oxide surfaces.***
Therefore, DHCA could be considered one of the best surfactant
candidates for synthesizing biocompatible Fe;O, nanomaterials.

The obtained clusters with a diameter of 50 to 400 nm were con-
structed of Fe;O, nanoparticles with a diameter of approximately
20 nm. The magnetic response of a synthesized Fe;O, nanocluster
can be tuned by controlling the size of the nanocluster without the
superparamagnetic—ferromagnetic transition; they could stably
dissolve in water. All these properties are required for Fe,O,
particles intended for biomedical applications.

Experimental
Chemicals

Iron sulfate hexahydrate (FeSO,-6H,O 99%) and potassium
hydroxide (KOH 99%) were purchased from Kojundo Chemical
Laboratory Co., Ltd., and 3,4-dihydroxyhydroxycinnamic acid
(DHCA 98%) was purchased from Sigma—Aldrich. These chemi-
cals were used without further purification.

Synthesis

The reactant solution was prepared by mixing equal volumes of
aqueous solutions of FeSO, (200 mM) and DHCA (400 mM), and
then adjusting the pH of the solution to 9.5 by adding 5.0 M KOH
solution dropwise. At this stage, the solution was dark red and
contained no precipitate. Subsequently, 4.35 mL of the prepared
solution were loaded into a pressure-resistant vessel (SUS316) with
an inner volume of 5.0 mL. The reactor was capped tightly and
heated in an electric furnace that was maintained at 250 °C for 10—
120 min. The estimated pressure inside the reactor at 250 °C was
30 MPa. The reaction was terminated by cooling the reactor in a
water bath at room temperature. The solid products were washed
by three cycles of centrifugation, decantation, and redispersion
into 10 mM of KOH aqueous solution. The collected particles
were well dispersed in distilled water, and the aqueous solution
was black.

Analysis

Powder X-ray diffraction (XRD) patterns were recorded on a
Rigaku Ultima IV (Rigaku, Japan) in 26 ranging from 20° to 80°.
Transmission electron microscopy (TEM) was performed with a
Hitachi H7650 (Hitachi, Japan) at 100 kV. All specimens for TEM
were prepared by evaporating a diluted suspension on a carbon-
coated copper grid. Field emission scanning electron microscopy
(FESEM) was performed with a conventional objective lens at
1.0 kV. Fourier transformation infrared (FT-IR) spectra were
obtained using an FT/IR680 (Jasco Co. Ltd., Japan). The spectra
were recorded in the wavenumber range of 4000 to 600 cm™.
Samples were ground and mixed with KBr and then pressed to
form pellets. The background spectrum was obtained using pure
KBr pellets as a standard. All zeta potential measurements were
performed using a Zetasizer Nano ZS (Malvern Instruments Ltd,
UK). The particles were suspended in water at a concentration of
0.1 wt% of Fe;0,. Subsequently, 0.01 M solutions of KOH and
HCI were used to tune the pH of the aqueous solution between

10 and 3. Thermogravimetric analysis (TGA) measurements were
performed on a TGDTA T8120 (Rigaku, Japan). All measure-
ments were taken under a constant argon flow of 30 mL min™'. The
temperature was first kept at 105 °C for 30 min to remove most of
the water, and then increased to 800 °C at a rate of 10 °C min™.
The initial weight of each sample was approximately 5 mg. All the
reported TGA curves were normalized with respect to the weight
at 105 °C to ensure that only the solid fraction was measured.

Result and discussion
Characterization and crystal structure

The obtained particles were analyzed by XRD to identify the
crystallographic structure. The peaks of all the samples can be
identified as Fe;O, (Fe,O, JCPDS 86-1354) with lattice parameters
of a=8.430, 8.435, 8.428, 8.429, and 8.429 A for reaction times of
10, 30, 60, 90, and 120 min, respectively, in good agreement with a
previously reported value of @ =8.432 A (Fig. 1). In addition, the
IR spectrum also supports this assignment (Fig. S1, ESIf). The
sharp peak at 575 cm™ seen in the IR spectrum is a characteristic
peak of Fe;0,.2* These results strongly support the identification of
the products as Fe,O,. The crystallite sizes evaluated by Scherrer’s
equation were 20.1, 20.4, 21.6, 20.7, and 22.5 nm for reaction
times of 10, 30, 60, 90, and 120 min, respectively. When the size
of Fe;0, particles decreases below 30 nm, the ferromagnetic—
superparamagnetic transition occurs. Therefore, the synthesized
Fe,0, particles should be superparamagnetic.

Counts
o
a2

Fig. 1 XRD patterns of the products synthesized at 200 °C and 30 MPa
for (a) 10, (b) 30, (c) 60, (d) 90, and (e) 120 min.

Fig. 2 shows TEM images of the magnetite particles. Particle
size increased from 50 to 400 nm with increasing reaction time
(Fig. 2(a)~(e)). However, the crystallite size evaluated by Scherrer’s
equation was smaller than that of the observed particles. In
addition, the edges of the particles were rounded. These results
imply that the observed particles are assembled structures of Fe; O,
nanoparticles. Lattice fringes were observed for a small cluster
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Fig. 2 TEM images of the synthesized Fe,O, nanoclusters after reaction
times of (a) 10, (b) 30, (c) 60, (d) 90, (¢) 120 min, and (f) lattice image of
the nanocluster with a reaction times of 30 min (whole HRTEM images
are shown in the ESI¥).

with a diameter of 100 nm, as shown in the high resolution
TEM (HRTEM) image in Fig. 2(f). A clear lattice fringe can
be seen in the HRTEM image, this indicates that the products
have good crystallinity and were not amorphous. The measured
distance between two adjacent planes in a specific direction gives
a value of about 0.3 nm, which corresponds to the lattice spacing
of 111 planes (0.487 nm) and 022 planes (0.297 nm), respectively,
of magnetite. In addition The dark field image indicates that the
products were not single crystal and composed tiny crystals (Fig.
S2(b), ESIt), however a clear image of the whole structure of the
products could not obtained (see ESIT).

To observe the whole structure of the nanoparticle cluster, those
reacted for 120 min were observed by FESEM (Fig. 3). Fig. 3(a)
shows a lower-magnification image. Tiny particles were assembled
into structures with a raspberry-like morphology whose insides
were filled. To confirm the crystal size of these particles, they were

d at a higher ification (Fig. 3(d)). Tiny particles with
a diameter of approximately 20 nm were observed at the surface
of the larger particles. This size was almost the same as that of the
crystallite evaluated by XRD peaks using Scherrer’s equation.

Fig. 3 FESEM images of the synthesized Fe;O; nanoclusters after a
reaction time of 120 min; (a) lower- and (b) higher-magnification images.

Surface properties of Fe, O, clusters

The synthesized Fe;0, surface was analyzed using FT-IR spec-
troscopy. In a typical IR spectrum, sharp peaks can clearly be seen
at 1483 and 1258 cm™ (Fig. 4). These peaks occur when catechol
binds covalently to various metal oxides as catechol anions.2%
They were assigned to benzene ring vibration and a C-O stretch,
respectively. Therefore, all catechol groups covalently bind to the
Fe;0, surface. Two peaks can be seen at 1630 and 1540 cm™; these
were assigned to free COOH groups and those bound to Fe ions,
respectively.””” The peak at 1403 cm™ was assigned as symmetric
vibration of COO- and COOH.? This indicates that all catechol
groups, but not all COOH groups, bind to the Fe;O, surface.
This suggests two types of binding structures for the DHCA
incorporated into the Fe,O, nanoclusters (Scheme 2). Based on the
SEM images and FT-IR spectra, we conclude that COOH groups
at the outer surface do not bind to the Fe,0, surface (Scheme 3).

Absorbance

L
1600 1400
Wavenumber/ cm’’

2000 1800 1200 1000

Fig.4 Typical FT-IR spectrum of the synthesized Fe,O, nanocluster after
120 min.

COOH

Type a Type b

Scheme 2 Predicted structure of DHCA incorporated in Fe,O,

nanocluster.

To confirm the assumption described above, the chemical
properties of the Fe,O, surface were analyzed. The synthesized

This journal is © The Royal Society of Chemistry 2011

Dalton Trans., 2011,40, 1073-1078 | 1075



Downloaded by Tohoku Daigaku on 27 January 2011
Published on 16 December 2010 on http://pubs.rsc.org | doi:10.1039/CODT01280G

View Online

= Fe,0, nanoparticle
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Scheme 3 Predicted structure of Fe;O, nanocluster.

Fe,0, nanoclusters dispersed well in water, possibly because the
COOH groups were conjugated on the Fe, 0, surface. Macroscopic
evidence indicates that DHCA is displayed on the surface of
the Fe;0, nanoclusters. In an alkaline aqueous solution (pH 10:
Fig. 5(a)), the COOH groups were deprotonated and the Fe;O,
particles were well dispersed. The solution was stable for more
than two months. In contrast, under acidic conditions (pH 2.0,
Fig. 5(b)), the COOH groups were protonated and the raspberry-
like Fe;O, clusters precipitated within an hour, even without
centrifugation. A similar result was reported by Tahir ef al.*®
They synthesized a dopamine molecule with catechol and amino
groups modified by TiO, nanorods that could be dispersed under
acidic conditions (pH 2) but not in alkaline solution (pH 10).*'
This was possible because NH, could have a positive charge as a
result of protonation. Our raspberry-like Fe;O, nanoclusters were
insoluble in acidic water, presumably because the COOH group
on the surface was protonated and uncharged at pH 2.

(a) ) (©

Zsta potential/ mV
8 B 38 o

IS
k-3

Fig.5 Photographs of aqueous dispersions of Fe;O, nanoclusters (1 wt%)
at (a) pH 10 and (b) pH 2, and (c) zeta potential measurement of Fe; O,
for 200 nm.

Fig. 5(c) shows typical zeta potential measurements of
raspberry-like Fe;O, nanoclusters synthesized for 60 min; the
value of the zeta potential increased gradually with decreasing
pH. The zeta potential reached zero at pH 4.0, and positive values
could not be shown. When the pH is lower than 4.2, DHCA
becomes a neutral molecule by protonation of COOH groups.*
The isoelectric point of the raspberry-like Fe;O, nanoclusters
(4.0) and the pK, value of COOH groups of DHCA (4.2) were
almost the same. This result strongly supports the suggestion that
DHCA is immobilized with catechol groups, and COOH groups
of DHCA are exposed on the surface of the raspberry-like Fe,O,
nanoclusters; hence, COOH groups do not bind to the surface of
Fe,0,.

Previously, nanoparticle clusters have been prepared by using
a polymer that would connect many nanoparticles by chemical

interaction such as electrostatic interaction.’™® In our case,
DHCA served as a glue for clusters. Therefore, this cluster
formation using DHCA was different from the general cluster
formation process using some polymers. The predicted Fe;O,
cluster formation and growth process is described below. The early
state, in our case Fe,O,, was synthesized in the solution and the
surface of the synthesized Fe;O, nanoparticles was covered with
catechol groups from DHCA, as in a previous report about in
situ dopamine that also includes a catechol group modification
method.??"

Jia et al. reported the synthesis of Fe,O, nanoparticles at the
end of multiwalled carbon nanotubes (MCNTs).* Fe ions were
concentrated at the end of the MCNTs, which were modified with
COOH groups, and then Fe; 0, particles were synthesized around
the region. Therefore, the Fe,0, was generated only at the ends of
the MCNTs. Also, in our case, the surface of the synthesized Fe, 0,
was highly negatively charged by conjugated COOH groups, and
thus it may follow a similar mechanism: Fe ions were concentrated
on the surface and converted to tiny particles on the Fe;O, surface.
This process could be repeated to generate Fe;O, nanoclusters
(Scheme 4).

Fe jon was conceataried
onFo,0, sufce

‘Nucriuion of Fo,0, and conjuaion of DHCA un ForO,

Nocroaiion of Fe;04 00 Fe,0 srface and
<onsjugation of DHCA o outer FesOy

Scheme 4 Earlier stage of the predicted Fe;O, nanocluster formation
process.

To evaluate the coverage of the Fe;0, surface by DHCA,
TGA measurements were performed (Fig. 6). The decrease in the
weight of the synthesized Fe;O, clusters started at approximately

- @

“100 200 300 400 500 600 700 80O

Temperature/ °C

Fig. 6 Results of TGA measurements of Fe;O, nanoclusters with
diameters of (a) 50 and (b) 400 nm.
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280 °C. This weight loss was caused by thermal decomposition
of DHCA incorporated into the Fe,O, cluster. The amount of
organic molecules incorporated decreased from 14.4 to 7.9 wt%
with increasing cluster size.

The predicted structure of the raspberry-like Fe;O, nanoclusters
(Scheme 3) suggests that there are two types of binding structure
for DHCA in the nanoclusters: one in which DHCA binds
two Fe;O, nanoparticles on the nanocluster surface (type a
in Scheme 2), and another in which it binds with one Fe,O,
nanoparticle on the nanocluster surface (type b in Scheme 2). As
the cluster size grows, the molar ratio of type a DHCA becomes
larger than that of type b DHCA. Type a DHCA covers two
binding sites of primary Fe,O,; therefore, the relative amount
of the organic molecules incorporated in Fe;O, should decrease
with increasing cluster size, consistent with the results above.
In this study, the Fe;O, content was approximately 85-90 wt%.
This value was the highest amount of Fe;O, in the synthesized
nanoclusters; therefore, the prepared Fe,O, clusters should have
higher magnetization to an external magnetic field relative to Fe, 0,
nanoparticles with a diameter of 20 nm.

Magnetic properties of the clusters

The magnetic properties of the raspberry-like Fe,O, nanoclusters
were measured using SQUID. Fig. 7(a) shows the magnetization—
magnetic field (M-H) curves of the synthesized Fe;O, nanoparti-
cle clusters with diameters of 50 and 400 nm at 5 K. The saturation
magnetization of Fe;O, nanoclusters with diameters of 50 and
400 nm were 67.74 and 81.08 emu g™', respectively. To estimate the
contribution of Fe,O, particles in the nanoclusters, M, Fey0q WETE
calculated using the equation described below:

M,
M = observed 1)
I W g — W s

where M gpeneds Weusiers and Wooge are the observed saturation
magnetization value of the Fe,O, nanocluster with SQUID, the
weight of the measured Fe,0, nanoclusters, and the weight of the
modifier included in the cluster as estimated by TGA measurement
data, respectively. The saturation magnetic moment of pure Fe,0,
included in the nanoclusters with diameters of 50 and 400 nm
were 79.14 and 88.03, respectively. The saturation magnetization
increases with increasing cluster size. This tendency seems to
be due to the surface disorder effect,® since the disorder in
the individual nanocrystals was relieved by annealing. However,
a more detailed analysis is required to clarify this dependence
of magnetic properties on cluster size dependence of magnetic
property. Fig. 7(b) shows a comparison of the hysteresis loop
of the Fe;O, nanocluster with a diameter of 400 nm at 5 and
290 K, respectively. At 290 K, remanence and coercivity could
not be observed. This result suggests that the nanoparticle cluster
with a diameter of 400 nm has superparamagnetic properties at
room temperature. In contrast, a typical ferromagnetic hysteresis
loop could be seen at 5 K, because thermal energy is insufficient
to induce magnetic moment randomization, with a remnant
magnetization M, = 21.1 emu g’ and coercivity H, = 270 Oe,
for comparison, M, =17.0 emu g™ and H, = 180 Oe at 5 K for the
cluster with a diameter of 50 nm.

20110° 20 1000 -500 500 1000
H/0e

Fig. 7 Magnetic properties of the Fe,O, nanoclusters measured at (a)
5 K (open triangle: 50 nm; open circle: 400 nm) and (b) comparison of
hysteresis loop of Fe;O, nanocluster with a diameter of 400 nm (open
square: 5 K; open circle: 290 K).

Fig. 8 clearly demonstrates that magnetite nanoclusters with a
diameter of 400 nm can be separated from the solution within
minutes, while, smaller clusters (50 nm) could not be collected
using a permanent magnet due to their small magnetization per
particle. Note that this phenomena occurred under a magnetic
field of ~3 kOe and the clusters were redispersed in water after
a permanent magnet was removed (Fig. 8(c)). Magnetization of
the Fe;O, nanocrystals at the magnetic field of the permanent
magnet H ~3 kOe is comparable for both clusters, as can
be seen in Fig. 7(a). Plausibly, the sensitivity to an external
magnetic field depends mainly on the size-dependent quantities
in the hydrodynamics of magnetic colloidal suspension, such as
fractional coefficient, diffusion constant,* and magnetization per
cluster.

Fig.8 Ph hs of aqueous di: ions of Fe; 0, 1 (1 wt%)
in vials (a) without a magnetic field, (b) with a magnetic field for 1 min, and
(c) after the magnetic field was removed. The size of Fe;O, nanoclusters is
50 nm (left) and 400 nm (right).

The Fe,0, clusters are soluble in water at concentrations up to
20 mg ml™'. A highly concentrated Fe,0, suspension behaved as a
magnetic fluid. When the suspension was subjected to a strong
magnetic field (3.5 kOe), it formed a crown-like morphology
(Fig. 9). When the magnetic field was removed, the suspension
reformed like a droplet, which is typical behaviour in a magnetic
fluid. This high dispersibility of Fe;0, nanoclusters would be
important for use in biomedical applications.

This journal is © The Royal Society of Chemistry 2011
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Fig.9 Ph hof a

(20mgmL™") of

d aqueous disp
a Fe;0, nanocluster with a diameter of 200 nm above a permanent magnet
(3.5kOe).

Conclusions

In this study, we performed synthesis and cluster size tuning
without changing the diameter of the primary particles with
typical superparamagnetic properties. The average size of the
clusters can be tuned from approximately 50 to 400 nm by
controlling the reaction time. Nanostructured magnetic micro-
spheres have many potential applications in the medical field,
especially in diagnostics and drug targeting by magnetically guided
transport. Another potential application is their use as actuators
in small magnetomechanical devices. The obtained clusters could
be dissolved in water at concentrations up to approximately
20 mg mL", because large numbers of COOH groups were
conjugated. In addition, the clusters could be manipulated by an
external magnetic field because of their larger size and much higher
magnetization per cluster. These properties are very important
for biomedical applications because superparamagnetism enables
high dispersibility of Fe,O, in the liquid phase, and magnetite
nanoclusters could be manipulated by an external magnetic field.
This result would cause higher magnetization per cluster. In
addition, DHCA, a non-toxic reagent, was used as a modifier;
therefore, these clusters would be suitable for biomedical appli-
cations in vivo. Given that the surface of Fe;O, was covered by
COOH groups, biomolecules such as proteins and DNA, or drugs
could be conjugated. Therefore, the prepared Fe, O, clusters should
be especially useful in the biomedical field as tags or carriers of
magnetic manipulators.
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The surface modification of y-alumina nanoparticles by sebacic acid in super- and subcritical wa-
ter was investigated. The modified alumina was characterised by Fourier-transform infrared spectra,
X-ray diffraction patterns, transmission electron microscopy images, and thermogravimetric studies.
The alumina nanoparticles were found to remain stable, and sebacic acid was bound to their surfaces
at 200 °C, but their crystallite structure was partially changed to that of boehmite above 200 °C. Un-
der supercritical conditions at 400 °C, the alumina nanoparticles were totally changed to boehmite
nanoparticles. The surface adsorption of sebacic acid is attributed to reactions between the surface
-OH groups of alumina and the -COOH groups of sebacic acid. The modified alumina nanoparticles
have -COOH groups on their surface, enabling hybridisation with various biomolecules, and thus al-

lowing their application in several areas.

Key words: Surface Modification, Nano Alumina, Supercritical and Subcritical Water

Introduction

The chemical and physical properties of organic-
inorganic hybrid nanocomposites are tailored by the
association of organic and inorganic moieties at the
nanometer scale. Organic molecule-modified inorganic
particles show properties that are totally different from
those of the original inorganic particles, making them
widely applicable in areas such as electronics, mag-
netism, catalysis, and biology [1-5]. Various hybrid
metal oxides and hydroxides have attracted much at-
tention for their potential applications in industry and
technology [6—8]. Alumina (Al,03) is one of the most
important oxides and has long been intensively stud-
ied because of its potential for broad application in ad-
sorbents, catalysts, catalyst supports, and bioceramics
[9—-12]. Alumina is also used as filler to improve the
properties of organic polymers, but for this purpose, it
should disperse in these polymers by chemical bonding
[13]. Alumina is also a typical candidate for biomate-
rials in bone and dental repair because of its hardness,
chemical stability in living tissues and attractive tribo-

0932-0776 / 10/ 0800-1045 $ 06.00 © 2010 Verlag der Zeitschrift fiir Natur

logical properties. For this purpose, biocompatibility
of the alumina surface is important [14, 15]. Bertazzo
et al. reported that a free carboxyl group can complex
with the Ca®* on the surface, forming sites of precip-
itation for calcium phosphate that make the alumina
biocompatible [16]. Thus, there exists a need for devel-
opment of the functionalisation of the alumina surface
using chemically active functional groups.

Many researchers have investigated this topic and
proposed different treatment techniques for capping
the surface of nanoparticles to attach functional
groups. In this paper, we report a simple hydrother-
mal method that allows to change the chemical prop-
erties of an alumina surface. In this method, the alu-
mina surface is treated with a dicarboxylic acid for
15 minutes in subcritical water, which terminates the
surface with carboxylic functional groups. These car-
boxylic groups enable hybridisation with polymers on
the surface that makes nanoparticles biocompatible.
However, as we show later in this paper, y-alumina is
not stable upon contact with water at higher temper-
atures because it transforms into a hydrated boehmite
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(AIOOH) phase. Therefore, suitable temperature con-
ditions for modifying the alumina surface in water
need to be achieved. Many studies have been con-
ducted on boehmite nanoparticle synthesis and the sta-
bility of alumina [17, 18] because it is used in catalysis
of several heterogeneous reactions. The present results
can also be helpful in the studies of the thermal stabil-
ity and transformation of alumina in super- and sub-
critical water.

Some researchers have also recently reported the use
of dicarboxylic acids to modify the surface of nanopar-
ticles to display -COOH groups. However, the reac-
tion time required was quite long at lower tempera-
tures [16]. Furthermore, some organic acids are not
very soluble in water at room temperature, so lower
temperatures are not suitable for surface modification
with them. An advantage of the hydrothermal method
is that sparingly water-soluble carboxylic acid can also
be used for surface modification because the dielectric
constant of water decreases at higher temperature to
realise higher solubility of organic molecules.

In the work described in this paper, different tem-
perature conditions (200—400 °C) were investigated in
order to allow sebacic acid hybridisation on the surface
of alumina nanoparticles in the water phase. The tem-
perature was found to greatly affect both the stability of
alumina and the sebacic acid adsorption on its surface.

Results and Discussion
XRD and TEM

Fig. 1a shows the X-ray diffraction (XRD) pattern
of as-purchased alumina nanoparticles. All the peaks
in the XRD pattern (Fig. 1a) agree with those of y-
alumina (Fig. 1d). Fig. 1b shows the XRD pattern of a
sample treated with sebacic acid at 200 °C. This pat-
tern shows only y-alumina peaks without any other
phase. The alumina nanoparticles clearly have main-
tained their shape under these conditions, as shown by
the transmission electron microscopy (TEM) images in
Figs. 2a and 2b. These results indicate that alumina par-
ticles are stable at this temperature.

Fig. lc shows the XRD pattern of a sample pro-
cessed at 400 °C. This XRD pattern is completely dif-
ferent from that of the as-purchased alumina nanopar-
ticles (Fig. la). Clearly, the alumina particles are not
stable, and a new crystalline phase was produced at
400 °C. All the peaks agree with those of boehmite
(Fig. le), which is the hydrated phase of alumina. No
additional peaks of phases other than boehmite were

Boehmite reference
c

L

[ y-Alumina reference
d
|
I —
~ c
)
z I |
£ L"ﬁW‘n_.._JU L b J
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b
|
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2 0 (deg)

Fig. 1. XRD patterns of a) pure alumina nanoparticles,
b) samples prepared with sebacic acid at 200 °C, ¢) at 400 °C,
d) y-alumi f and e) boehmite ref

found, indicating that only well-crystallised boehmite
nanoparticles have formed. Figs. 2c and 2d show TEM
images of the orthorhombic morphology of the as-
synthesised product processed with sebacic acid at
400 °C. The boehmite nanoparticles range in size from
10 nm to several hundred nanometres.

FTIR spectra

To investigate chemical bonding and the nature of
the functional groups on the nanoparticle surfaces,
Fourier-transform infrared (FTIR) analyses were con-
ducted. Fig. 3a shows the FTIR spectrum of alumina
nanoparticles treated with sebacic acid at 200 °C. At
this temperature, the pure alumina phase was stable,
and some new peaks appeared, possibly because of
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Fig. 2. TEM images of a) unmodified y-alumina nanoparticles, as-prepared samples with sebacic acid, b) at 200 °C, and c),

d) at 400 °C (boehmite nanoparticles).

adsorption of the sebacic acid modifier on the sur-
face. A comparison of Figs. 3a and 3c shows that the
nanoparticles treated with sebacic acid at 200 °C ex-
hibit peaks characteristic of asymmetric and symmet-
ric stretching of the methylene group -CH,- at 2850
and 2931 cm™!, respectively. These peaks were also
observed in the FTIR spectrum of neat sebacic acid
(Fig. 3d). The peaks at 1470 and 1580 cm™! indicate
the presence of -COO~ groups, and that at 1710 cm ™!
indicates surface -COOH groups. The existence of
-COOH and -COO ™~ groups suggests that one carboxyl
group of sebacic acid is bound on the alumina sur-
face while the one at the other end has remained un-
reacted.

On the other hand, when the particles were treated
at 400 °C, boehmite was formed, as supported by the

FTIR spectrum shown in Fig. 3b. The boehmite par-
ticles obtained at 400 “C show absorption bands at
1070, 1160, 1974, 2102, 3096, and 3299 cm ™!, which
agree well with those reported in the literature [19].
These six bands can be ascribed to Al-OH stretching
and bending vibrations in the boehmite structure. The
two strong, well-separated absorption bands at 3096
and 3299 cm ™! indicate that the produced boehmite is
highly crystalline [19]. All examinations confirm that
the obtained product is the boehmite phase.

These results indicate that at 200 °C, hydration of
alumina nanoparticles does not occur; therefore, this
temperature is suitable for surface modification of alu-
mina. At 400 °C, however, it is difficult to cap the sur-
faces of alumina nanoparticles with carboxylic acid be-
cause of their instability.
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Fig. 3. FTIR spectra of as-prepared samples treated with se-
bacic acid at a) 200 °C, b) 400 °C, ¢) unmodified alumina
particles, and d) sebacic acid.

Thermogravimetric analysis

To determine how much organic modifier is ad-
sorbed on the surface of the treated nanoparticles, ther-
mogravimetric (TG) measurements were carried out
under a constant flow of Ar gas. The TG curve of pure
alumina nanoparticles (Fig. 4a) shows a total of 1%
weight loss up to 800 °C. This may be due to free
water on the nanoparticles. The TG curve for the alu-
mina nanoparticles treated at 200 °C (Fig. 4b) shows
that they lose about 2% of their original weight up
to 260 °C, which may correspond to crystalline wa-
ter on their surfaces. After that, they lose about 17.3 %
of their weight (Fig. 4b) from 280 to 625 °C. This
weight loss corresponds to the loss of organic modifier
from the surface of the alumina nanoparticles. Then,
this curve (Fig. 4b) displays a plateau, indicating a sta-
ble phase. However, in the sample prepared at 400 °C
(Fig. 4c), a drastic and sudden weight loss of 11.5 %
occurrs from 485 to 550 °C, which is a higher tem-
perature range than that shown by the curve in Fig.
4b. This weight loss corresponds to the dehydration
of boehmite nanoparticles to form alumina nanoparti-
cles. About 2 % weight loss was observed up to 480 °C,

0 100 200 300 400 500

temperature (°C)
Fig. 4. Thermogravimetric analysis of a) pure alumina
nanoparticles, b) alumina nanoparticles that were surface-
modified at 200 °C, and c) boehmite nanoparticles obtained
at 400 °C.

which corresponds to crystalline water and some mod-
ifier adsorbed on the surface of the bochmite nanopar-
ticles.

This TG analysis has also clearly shown that the
alumina nanoparticle surfaces were capped by sebacic
acid at 200 °C, which was lost at comparatively low
temperature. However, at 400 °C, the alumina changed
to boehmite, and a major sharp weight loss was caused
by dehydration of the boehmite particles.

Effect of reaction temperature

For the surface modification of alumina nanoparti-
cles, the stability of alumina with the surface mod-
ifier under the experimental conditions is an impor-
tant factor. To further examine the effect of the reac-
tion temperature on the adsorption of sebacic acid on
the surface of alumina nanoparticles, reactions were
performed at 200, 280, 300, 350, 370, and 400 °C.
XRD patterns and FTIR spectra of the particles pro-
cessed at different temperatures are shown in Figs. 5
and 6, respectively. In broad terms, the results match
those described above, indicating that y-alumina parti-
cles were stable when processed at 200 °C and changed
to boehmite particles as the temperature was increased
from 200 to 400 °C (Fig. 5). This phase change may
be associated with the chemical reaction of alumina
with water at high temperature, because of which the
7v-alumina particles dissolve in water. This dissolution
is followed by subsequent precipitation of boehmite
nanoparticles.

The boehmite particles obtained at 400 °C are
well shaped and highly crystalline; thus, the crystal
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Fig. 5. XRD pattern of samples treated at a) 200 °C,
b) 280 °C, ¢) 300 °C, d) 350 °C, e) 370 °C, and f) 400 °C.

wavenumber (cm )

Fig. 6. FTIR spectra of samples treated at a) 200 °C,
b) 280 °C, ¢) 300 °C, d) 350 °C, e) 370 °C, and f) 400 °C.

structure was completely changed from alumina to
boehmite. As the temperature was increased from 200
to 400 °C, the intensity of the boehmite peaks in XRD
(Fig. 5) and FTIR (Fig. 6) increased, and y-alumina
disappeared completely at 400 °C. When the particles
were processed with a modifier at 280—370 °C, a mix-
ture of y-alumina and boehmite particles formed, as
clearly shown in the XRD pattern (Fig. 5). However, in
this temperature range, FTIR spectra do not show any
modification of the surface of the y-alumina particles,
which may be due to dissolution of the reactive sur-
face. Above 200 °C, free -OH was not observed; there-
fore, no surface modification occurred. As the temper-
ature reached 400 °C, y-alumina completely dissolved,
and boehmite was formed. These results suggest that
boehmite particles are produced by dissolution and re-
precipitation. At higher temperatures, the chemical re-

action of y-alumina with water is expected to dissolve
the alumina nanoparticles, and then recrystallisation is
expected to give boehmite particles with the observed
morphology. Fig. 7 illustrates the sub- and supercritical
processes.

XRD results have indicated that alumina nanopar-
ticles did not dissolve at 200 °C; therefore, free -OH
groups on the alumina surface were available to react
with -COOH. The intensity of the -OH peak of un-
modified alumina at 3449 cm™~! (Fig. 3c) decreased af-
ter grafting, indicating that the hydroxyl groups were
consumed and the concentration of the -OH groups
on the alumina surface decreased. This shows that
sebacic acid is adsorbed by a chemical reaction be-
tween -OH and -COOH. However, in the case of di-
carboxylic acid, the reaction of both carboxylic groups
of the dicarboxylic acid is also possible. This possibil-
ity can be minimised by using different chain lengths,
concentrations and functional groups of the organic
modifier.

Conclusion

The surface hybridisation of alumina nanoparticles
with sebacic acid was investigated in super- and sub-
critical water conditions. Under supercritical condi-
tions, alumina becomes unstable and is precipitated as
orthorhombic boehmite nanoparticles, preventing ad-
sorption of sebacic acid on the alumina surface. How-
ever, up to 200 °C, the carboxylic groups of sebacic
acid modifiers can react with the hydroxyl groups on
the surface of alumina nanoparticles. After modifica-
tion, 17.3% weight of the modifier is adsorbed on
an alumina surface of 38 m? g~!. Using this method
with other organic modifiers, some functional groups
such as -COOH and -NH; can be expected to appear
on the surfaces of nanoparticles as active chemical
functions.
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Experimental Section

Materials and synthesis

All the reagents were analytically pure and used without
further purification. Alumina nanoparticles were provided
by Wako Chemicals, Ltd. The mean particle size was 20—
200 nm, and their specific surface area was approximately
38 m? g !. Sebacic acid [HOOC(CH;)sCOOH], provided
by Aldrich Chemicals, was used as an organic surface mod-
ifier. Ethyl alcohol and KOH were purchased from Wako
Chemicals, Ltd. Deionised water was used to prepare the so-
lutions. For surface modification of alumina nanoparticles,
0.020 g (0.20 mmol) of alumina nanoparticles and 0.120 g
(0.59 mmol) of sebacic acid were loaded into a batch-type re-
actor with 5.0 mL internal volume. Then, 2.5 mL of 1.0 mm
KOH solution, prepared in deionised water, was added. The
pH of the reaction mixture is 5~6 at r.t. Next, the reactor
was tightly capped and heated in an electric heater with con-
tinuous shaking at temperatures ranging from 200 to 400 °C
for 15 min. Then, the reactor was submerged in cold water

and cooled to . t. The product was collected with ethyl alco-
hol and washed by four cycles of centrifugation-decantation
using ethyl alcohol which is miscible with both water and
sebacic acid.

Analysis

Before analyzing the products, the purified nanoparticles
were dried under vacuum overnight. The products were char-
acterised by an X-ray diffractometer (Rigaku) using CuKq
radiation in a 26-6 setup. The 26 angle was scanned between
20 and 80°. The size and morphology of the particles were
examined using TEM at an accelerating voltage of 100 kV.
FTIR spectra were measured by a JASCO FT/IR-680 spec-
trometer; KBr was used for sample preparation because it is
transparent to infrared radiation. A KBr pellet was prepared
by grinding the solid sample with potassium bromide (KBr)
and applying pressure to the dry mixture. TG analysis was
performed with a Rigaku TAS-200 instrument in Ar atmo-
sphere up to 800 °C.
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