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Synthesis, Characterization and Growth Mechanism of Core/Shell
AlIOOH Microspheres
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Abstract:  An experimental procedure is presented for the synthesis of crouching hedgehog-like and core/shell AIOOH
microspheres by a one-step hydrothermal process in an aqueous solution of trisodium citrate at 200 C. The structure,
morphology, purity and size of the products were characterized by several techniques such as X-ray diffraction (XRD),
transmission electron microscopy (TEM), scanning electron microscopy (SEM), nitrogen adsorption/desorption measurement
and photoluminescent (PL) analysis. The reaction time and concentrations of trisodium citrate influenced the final
structures and shapes of the AIOOH microspheres. Brunauer-Emmett-Teller (BET) analyses revealed high values (171.5
and 178.6 m*+g™) of the specific surface areas for the crouching hedgehog-like and core/shell AIOOH microspheres. A
possible formation mechanism of core/shell AIOOH microspheres is proposed and discussed based on the reaction
dynamics process and the assisted growth process. The photoluminescent spectra of these nanostructures showed
different emission bands and this difference might be because of their distinct sizes and morphologies.
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mechanism

Effectively controlling the sizes, morphologies, and structures
of nanomaterials is important for the development of nanoscience
and technology, especially for their applications with morphology-
dependent properties. And it is fundamentally important to study
of the crystal growth and morphology evolution processes and

the corresponding mechanisms. Recently, oriented attachment,
as a new and attractive growth mechanism, has caught much at-
tention and is expected to open new access to more complex
crystalline nanomaterials with anisotropic properties.

The core/shell nanospheres, which have high specific surface
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area and low density, are attracting great attention in both funda-
mental and industrial studies mainly due to their promising ap-
plications in medical, sensor®?, small containers®, and catalyst
carriers®. Various methods, including in situ syntheses”, Kirken-
dall effect!, phase separation”, rapid quench!®, and ultrasonica
tion!®); have been reported for the preparation of core/shell
nanospheres. However, systematically manipulating the mor-
phology and architecture of inorganic materials remains a chal-
lenge to material design.

Aluminum oxide hydroxide and alumina are widely used in
industries as catalysts!'%, catalyst supports!'", adsorbents™, ceram-
ics!! and abrasives! due to their unique properties. Various
morphologies of boehmite have been synthesized, such as nano-

1920 nanobelts?",

spheres!™, nanofibers"*"”, nanorods!"®, nanotubes
bunches of aligned boehmite nanowires?™, and flower-like three
dimensional (3D) nanoarchitectures ?). However, none was re-
ported about synthesis of core/shell AIOOH nano- and micro-
spheres via a one-step hydrothermal route.

In this paper, we reported a facile method for the preparation
of core/shell AIOOH microspheres with about 2.2 wm in inner
diameter and 380 nm in wall thickness via a one-step hydrother-
mal route with the assistance of trisodium citrate, and our work
focused on the formation procedure and mechanism of the as-
prepared core/shell AIOOH microspheres. Herein, the fabrica-
tion of core/shell AIOOH microspheres through hy drothermal
method was introduced.

1 Experimental

All chemical reagents were analytical grade and purchased
from Shanghai Chemical Reagent Company (China) without fur
ther purification. In a typical synthesis, 2.0 mmol of AI(NO;);*
9H,0 was dissolved in 40 mL deionized water with vigorous
stirring. Trisodium citrate dihydrate (Na;C4H:O,*2H,0, 1.32 mmol)
was added to the solution. The mixture was further stirred vigor-
ously for 30 min. For the hydrothermal treatment at 200 C, the
solution was transferred into a Teflonlined stainless steel auto-
clave (50 mL), which was sealed and heated for 24 h in an oven.
Thereafter the autoclave was allowed to cool naturally to room
temperature when the reaction time was finished. The white
product was collected by centrifugation at 8000 r *min™ for 5
min and washed with distilled water several times. Finally, the
product was dried at 60 C for 12 h before the collection for
characterization.

The XRD patterns were recorded on a Japan Rigaku D/Max-
RB X-ray diffractometer with Cu K, radiation (A=0.154178 nm).
The morphologies of the samples were studied by field emission
scanning electron microscopy (FE-SEM, JEOL JSM-6700F) and
field emission transmission electron microscopy (TEM, JEOL
JEM-2010F). Fourier transform infrared (FTIR) spectra were ob-
tained on an AVATAR370 spectrometer. The nitrogen adsorp-
tion and desorption isotherms at 77 K were measured with a Mi-
crometrics ASAP 3000 analyzer. Before measurement, the sam-
ples were degassed in vacuo at 200 C for at least 6 h.
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Fig.1 FTIR spectrum of the core/shell AIOOH
microspheres

2 Results and discussion
2.1 Composition and morphology of the products

The crystal phase composition and purity of the products were
characterized by FTIR and XRD analyses. Fig.1 showed the
FTIR spectrum of the as-prepared products. The intensive band
at 3437 cm™ belonged to the v, (Al—O—H) stretching vibrations.
The weak band at 2107 cm ™ was the combination band. The
band at 1069 cm™ and the shoulder at 1260 cm™ were assigned
to the §,(Al—0O—H) and §,,(Al—0O—H) modes of boehmite, re-
spectively. The three bands at 756, 636, and 493 cm™ represent-
ed the vibration mode of AlQ,. The band at 1632 cm™ was the
feature of the bending mode of the absorbed water. These ab-
sorption bands agreed well with those reported®.

Fig.2 shows the XRD patterns of the products synthesized af-
ter hydrothermal reaction time of 10, 24, and 48 h, respectively.
The XRD patterns of the obtained samples will be discussed lat-
erin this paper. All the diffraction peaks could be readily in-
dexed to the orthorhombic AIOOH (JCPDS Card No.21-1307)
without peaks from other phases, indicating the high purity of the
products. To further investigate the formation process of core/
shell AIOOH microspheres, time-dependent syntheses were per-
formed and the intermediate products at different reaction time
were studied by XRD, TEM, and SEM methods.

Fig.3 shows the typical TEM images of AIOOH micro-
structures which were synthesized through the reaction between
AI(NO3); and Na,C¢H,0, at hydrothermal condition of 200 C for
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Fig.2 XRD patterns of AIOOH samples prepared at
200 °C for different time
t/h: (a) 10, (b) 24, (c) 48
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Fig.3 TEM images of the products prepared at different
reaction stages at 200 °C (a—d), HRTEM image of outer
shell (e, g) and SAED pattern of nanothorns (f)

1/h: (a) 4, (b) 10, (c) 24, (d) 48
different reaction time. When the reaction time was less than 2 h,
no precipitate was formed. The microspheres (ca 1.65 pm in di-
ameter) appeared (Fig.3a) after the reaction time extended to 4
h. As the time prolonged, the primary particles grew into bigger
homoge neous microspheres (ca 2.35 pm in diameter) (Fig.3b).
This could be considered as the result from the process of dis-
solving and re-growing of small AIOOH particles according to
“Ostwald-ripening” process®. When the reaction time reached
24 h, the crouching hedgehog-like AIOOH microspheres with
the spokewise nanothorns tapering feature (ca 100 nm in diame-
ter in tip end, 200 nm in diameter in root end and 300-550 nm

1000_ nm

in length) were observed (Fig.3c). Interestingly, when the reac-
tion time reached 48 h, some nanoshells grew at the top of spoke
wise nanothorns (Fig.3d). A representative HRTEM image of out
er shell (Fig.3e) showed clear fringes, indicating that the spoke-
wise nanothorns were arrayed in an ordered fashion. Fig.3f is the
selected area electron diffraction (SAED) patterns of a nanothorn
in Fig.3e. The SAED patterns consisted of orthorhombic AIOOH
with ring patterns from the (020), (120), (031) and (200) planes.
It indicated that core/shell AIOOH microspheres were polycrys-
tals. The HRTEM image (Fig.3g) indicated that the lattice distance
was 0.312 and 0.236 nm, almost in accordance with the (120)
and (031) lattice distance (0.316 and 0.235 nm) of the orthorhom-
bic AIOOH crystal. This was in good agreement with the SAED
observations (Fig.3f).

Fig.4a shows a typical SEM image of the AIOOH micro-
spheres. The SEM image shown in Fig.4b displayed the crouch-
ing hedgehog-like AIOOH microspheres. As shown in Fig.4c,
the core/shell AIOOH microspheres appeared. Fig.4(d, e) shows
the SEM micrographs of outer shell and inner core at high mag-
nification of core/shell AIOOH microspheres. In the XRD pat-
terns of the samples after reacting for 10 h (Fig.3b), 24 h (Fig.
3c), and 48 h (Fig.3d), the solid microspheres (Fig.2, curve a),
with better crystallinity, have much stronger and more intact
diffraction peaks than those of the crouching hedgehog-like and
core/shell AIOOH microspheres (Fig.2, curves b, c). As for
crouching hedgehog-like and core/shell AIOOH, in respect of
the special structure with the relative smaller spokewise nanoth-
orns, nanoshells and the not-perfect crystallization™, the diffrac-
tion peaks broaden and slightly shifted (Fig.2, curves b, ¢) when
compared to that of the microspherical AIOOH. Hereby, we
could conclude core/shell AIOOH microspheres growth mecha-
nism.

Fig.5 illustrates the XRD patterns and Fig.6 shows the repre-
sentative TEM images of the products prepared at different con-
centrations of trisodium citrate. All the diffraction peaks could
be readily indexed to the orthorhombic AIOOH (JCPDS Card No.
21-1307). The solid microspheres (Fig.5 curve c), with better crys-
tallinity, had much stronger and more intact diffraction peaks
than those of the underdeveloped and developed cantaloupe-like
AlOOH structures (Fig.5 curves a, b), which was in good agree-
ment with the TEM images (Fig.6). As for underdeveloped and
developed cantaloupe-like AIOOH, in respect of the special
structure with the relative smaller nanorods and the not-perfect

Fig.4 SEM images of products prepared at different reaction stages at 200 °C (a—c), high-magnification SEM images of

outer shell (d) and inner core (e)

(a) AIOOH solid microspheres displayed in Fig.3a; (b) crouching hedgehog-like microspheres displayed in Fig.3c; (c) core/shell AIOOH microspheres displayed in Fig.3d
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Fig.5 XRD patterns of the AIOOH samples prepared at 200
°C for 24 h with different amount of trisodium citrate
n(Na,CH;0;)/mmol: (a) 1/8, (b) 1/2, (¢) 3.0

crystallization, the diffraction peaks broadened and slightly shift-
ed (Fig.5 curves a, b) when compared to that of the microspheri-
cal AIOOH. Fig.6a showed the irregular nanorods obtained in the
absence of trisodium citrate. When 1/32 mmol trisodium citrate
was added, the as-synthesized products were composed of

bunches of side-by-side nanorods (Fig.6b). As the amount of
trisodium citrate dihydrate reached 1/8 mmol, most of the prod-
ucts had underdeveloped cantaloupe-like structures (Fig.6c).
The nanorods of the surface were also arrayed in an ordered
fashion and closely packed together. With an increase in the
dosage of trisodium citrate to 1/2 mmol, the as-synthesized product
was monodispersed developed cantaloupe-like structure (Fig.6d),
which had been demonstrated in detail in our previous work .
When the amount of trisodium citrate further increased to 3.0
mmol, the morphology of the product changed greatly and
turned into microspheres with diameter of ca 2.0 wm (Fig.6e).
Nitrogen adsorption/desorption measurement was conducted
to characterize the Brunauer-Emmett-Teller (BET) surface area
and internal pore structure. The recorded adsorption and desorp-
tion isotherms for the crouching hedgehog-like (Fig.7a) and core/
shell AIOOH microspheres (Fig.7b) showed a significant hys-
teresis. The isotherms were identified as type IV, which was
characteristic of mesoporous materials. The BET specific sur-
face areas of the obtained crouching hedgehog-like and core/

Fig.6 TEM images of samples synthesized at 200 °C for 24 h with different amount of trisodium citrate
n(Na;CH;0:+ 2H,0)/mmol: (a) 0, (b) 1/32, (¢) 1/8, (d) 1/2, (e) 3.0; Inset in Fig.c shows the corresponding SEM image.
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Fig.7 N,adsorption/desorption isotherms (a, b) and pore-size distributions (c, d) for AIOOH microspheres
(a, ¢) crouching hedgehog-like AIOOH microspheres; (b, d) core/shell AIOOH microspheres
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shell AIOOH microsphores calculated from N, isotherms were
about 171.5 and 178.6 m?+ g7, respectively. Barrett-Joyner-Halenda
(BJH) calculations for the pore-size distribution, derived from
desorption data, revealed narrow distribution for the crouching
hedgehog-like and core/shell AIOOH microspheres centered at
4.0 and 3.9 nm (Fig.7(c, d)), respeatively. A narrow mesopore
size distribution (2—8 nm) was close to the value observed by
HRTEM (Fig.3e). The pores presumably arose from the spaces
within a nanothorn and the internanothorns. The results dis-
played that the obtained crouching hedgehog-like and core/ shell
AlOOH microspheres had porous properties.

To examine the size and shape dependence of optical proper-
ties of the AIOOH solid microspheres in Fig.3b and crouching
hedgehog-like microspheres synthesized at 200 ‘C, photolumi-
nescent (PL) measurements were made at an excitation wave-
length of 254 nm at room temperature. Fig.8a shows the PL
spectrum of the AIOOH solid microspheres in Fig.3b, which has
several emission bands: two broad bands at 356 and 367 nm,
one sharp band at 469 nm, together with one weak shoulder at 451
nm. By sharp contrast, the corresponding PL spectrum of the
crouching hedgehog-like microspheres displayed a single broad
band at 362 nm (Fig.8b). The emission bands located at 356 and
367 nm in Fig.8a could be ascribed to anionic vacancies (F and F*
centers or a combination of these two types of defects). The e-
mission bands at 451 and 469 nm present in both Fig.8a and Fig.
8b might be attributed to the anionic vacancies of OH-™. The op-
tical difference might be due to the distinct sizes and morpholo-
gies of the AIOOH solid microspheres for 10 h and crouching
hedgehog-like microspheres at 200 C.

2.2 Growth mechanism of the architecture

To investigate the fabrication mechanism of core/shell
AlOOH microspheres, the detailed time (Figs.3 and 4) and the
amount of trisodium citrate (Fig.6) course study were conducted
at 200 C.

In the precursor solution, the (C,H:O-)* ions were added first to
form an Al(C4H,0,)3H,O complex according to the following
reaction (1)), In that case, the morphology of AIOOH mi-
crostructure would be controlled by the molar ratio (r) of the AP
ions to the (C¢H5O-)* ions in the solutions, which had been demon-
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Fig.8 Room-temperature photoluminescent spectra of
AlOOH microspheres
(a) AIOOH solid microspheres in Fig.2b, (b) crouching hedgehog-like
microspheres prepared at 200 C
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Fig.9 Schematic illustration of the formation process of (1)
core/shell AIOOH microspheres (a-d), (2) cantaloupe-like
AlOOH superstructures and (3) AIOOH microspheres
(a) AIOOH nucleation process; (b) spokewise nanothorn growth process;

(c) outer shell growth process; (d) citrate removing process

strated to be a key factor in determining the morphology of 1D
BaWO, nanostructures®™.

3+ 0. :z-HZO
APP*+(CH;0,) =—

Al(OOCCH,C(OH)(COO)CH,CO0)-3H,0 (1)

13+

For the excess of Al*" ions (7=1.5), the hydrolysis reaction took
place between Al(C¢HsO;)+3H,0 and dissociative AI** ions. We
supposed that some homogeneous boehmite nanostructures were
formed because the AIOOH nanoparticles were dissolved and re-
grown according to “Ostwald-ripening” process. And then, the
AlOOH microspheres appeared. As citrate molecules cooperated
selectively on the surface of AIOOH microspheres and could
serve as template and site substitution agent in the synthesis?®'=%,
the crouching hedgehog-like microspheres with spokewise nan-
othorns were observed with the processes of reaction. When the
reaction time reached 48 h, the excessive Al*" ions hydrolyzed
unceasingly, and hydrogen bonds were formed between hydrox
yl of boehmite in adjacent planes of AlOg octahedra®. Accord-
ingly, the AIOOH nanoshells self-assembled at the top of spoke-
wise nanothorns for the effect of hydrogen bonds. And then, the
core/shell AIOOH microsperes were formed, as could be seen in
scheme (1) of Fig.9.

Without trisodium citrate, the AI** ions hydrolyzed and pro-
duced boehmite phase at higher temperature and pressure. There-
fore, AI(NOs); hydrolyzed slowly to form nanoparticles at the ear-
ly stage. When AI*" ions was greatly excessive (r>4), few citrate
molecules cooperated with AI** ions and limited anisotropic
growths, allowing the hydrolysis reaction to grow along one di-
rection to form nanorods®. Finally, the crystal nucleus formed
rod-like structures. Hydrogen bonds were formed between car-
boxyl of trisodium citrate cooperating with the surface of
AlOOH nanorods. This led to the nanorods self-organize into
cantaloupe-like assemblies, as could be seen in scheme (2) of
Fig.9.

When (CH0,)* ions were greatly excessive (r<0.8), the growth
of AIOOH microspheres was limited for abundant citrate
molecules cooperating with the surface of AIOOH microspheres.
Therefore, only AIOOH microspheres formed in this case, which
were illustrated in scheme (3) of Fig.9.
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3 Conclusions

The novel crouching hedgehog-like and core/shell AIOOH
microspheres have been successfully synthesized via a one-step
hydrothermal route with the assistance of trisodium citrate. Com-
parative observations demonstrate that the reaction time and the
concentration of trisodium citrate play important roles in the for-
mation of AIOOH microstructures. In the appropriate case (reac
tion time of 48 h and AI*/(CcH0;)*~ molar ratio of 1.5), the ob-
tained core/shell AIOOH microspheres are uniform and pure
with the average inner diameter of 2.2 wm and outer diameter of
3.0 pm. This process for the synthesis of core/shell AIOOH mi-
crospheres has great beauty and significance for its simplicity,
high efficiency and good potential for scale-up. Furthermore, the
core/shell AIOOH microspheres might have potential applica-
tions in ceramic industry and other fields. The PL spectra of the
AlOOH superstructures turned out to be size-dependent or mor-
phology-dependent.
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