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ABSTRACT

α-Al
2
O

3
 was synthesized by solvothermal synthesis using α-Al

2
O

3
 seed, precursor of fine boehmite (Al(OOH)) or gibbsite

(Al(OH)
3
), and 1, 4-butanediol solvent. The seed content and precursor type were selected as variables in order to synthe-

size α-Al
2
O

3
. The formation time of α-Al

2
O

3
 was reduced and the size of the particles was decreased with addition of the seed.

When the seed content was increased, the size of the synthesized α-Al
2
O

3
 was reduced. Morphologies of the as-synthesized

α-Al
2
O

3 
with α-Al

2
O

3
 seed were polyhedron–shaped, while the shape was plate-like or polyhedral without the seed, depending on

the additives or the average particle size of the boehmite precursor. The aggregation of as-synthesized α-Al
2
O

3
 from boehmite was

smaller than that from gibbsite. As-synthesized α-Al
2
O

3
, with 140 nm size, was obtained by using the seed and boehmite precursor.
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1. Introduction

lumina has excellent properties in both chemical and

mechanical aspects, such as high chemical stability,

strength, and hardness. It is a typical ceramic material

most frequently applied as catalysts, abrasives, substrates,

abrasion-resistant materials, etc.1,2) And its high thermal

conductivity compared to organic materials provides an

additional application as an additive to polymer-based elec-

tronic components.3)

There are numerous ways of synthesizing alumina; sol-gel

method,4) gas-phase reaction,5) calcination,6-8) hydrothermal

synthesis,9) solvothermal synthesis,10-13) etc. Sol-gel method

involves in reaction in a liquid phase with Al-containing

precursor. Gas-phase reaction produces particles from gas-

phase precursor introduced in a tubular reactor, followed by

either thermal decomposition or chemical reaction. Calcina-

tion uses high-temperature heat treatment of alumina

hydride that decomposes into alumina. For example, boeh-

mite or gibbsite produces α-Al
2
O

3
 under heat treatment at

1200 ~ 1300oC. 

Solvothermal synthesis employs organic solvents such as

glycol or diol at relatively low temperatures (< 300oC). The

process can provide several advantages in achieving high-qual-

ity product; high purity, mono-distribution in size, and manipu-

lation of particle morphology by using additives (for example,

shapes of cube, sphere, diamond, triangular cone, etc.)

Seeding is widely adopted in α-Al
2
O

3 
synthesis to enhance

reaction rate and to have a certain phase selectively. The

method provides a decrease in overall surface energy for

overcoming the nucleation barriers, and thus increases in

nucleation frequency, and consequently, reduces synthe-

sized particle size. It is known that the seeding effects are

generally notable with the addition of α-Al
2
O

3
, α-Fe

2
O

3

whose lattice parameters are similar to those of α-Al
2
O

3
, and

AlF
3
.12-15)

Preventing or minimizing the agglomeration phenomenon

that frequently occurs at high temperatures has been a hot

issue to be resolved for the formation of α-Al
2
O

3
. A series of

studies thus has been focused on reducing the reaction tem-

perature.15-18) One previous study reported, by using α-Al
2
O

3

seeds, a formation of nano-sized α-Al
2
O

3
 particles via

annealing of boehmite precursor at temperatures below

1150oC. Another study emphasized that, using precursors

such as AlP, AlCl
3
, Al(NO)

3
 and AlOOH with AlF

3
 seeds can

produce micron-sized α-Al
2
O

3 
via sol-gel route at tempera-

tures as low as 750oC.15)

Solvothermal technique also provided α-Al
2
O

3 
particles

close to nano-size from gibbsite precursor with α-Al
2
O

3

seeds.11,12) Previous studies on solvothermal method, how-

ever, revealed few details on the effect of precursor,

although the feasibility of fine α-alumina formation had

been clearly demonstrated. One study claimed that solvo-

thermal synthesis of α-alumina from boehmite precursor

was affected by the particle size of precursor on the growth

rate of particles and their morphology development.19)

This study thus involves in solvothermal synthesis in

respect to different precursors, boehmite and gibbsite, and
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to seeding effects. We analyzed the sizes of synthesized alu-

mina, their morphologies, and the agglomeration in terms of

seed content, precursor type size and its dispersion. 

2. Experimental Procedure

2.1. Raw materials 

Boehmite (Dispal T25N4, Sasol) and gibbsite (KH-101,

KC Co., Korea) are used as the starting powders. We dis-

persed boehmite in methanol by ultrasonication for 5 min,

while gibbsite by ultrasonication or ball milling to evaluate

the effect of dispersion on α-Al
2
O

3 
formation. We ball milled

gibbsite powder in ethanol solvent at adjusted pH of 3 at

200 rpm for 4 h. A 1 : 1 ratio of 0.1 mm φ and 0.3 mm φ zir-

conia balls were used as the milling media. 

2.2. Preparation of seed

We prepared the seed (Seed-1) by treating (Al(NH
4
)

(SO
4
)
2
) (HMR Co., Korea) at 1200oC for 1 h, and milling the

produced α-Al
2
O

3 
powder in a mixed solution of anhydrous

ethyl ethanol (99.9%, Daejung Chemical Co., Korea), and

nitric acid (60%, Daejung Chemical Co., Korea). It is further

sand-milled for 5 h with zirconia beads as the grinding

media (Ceontec Co., Korea). A 1 : 1 ratio of 0.1 mm φ and 0.3

mm φ zirconia balls were used as the milling media. We

selected the fine portion of the Seed-2 by centrifugal classifi-

cation at 5000 rpm for 10 min. The concentrations of seed

were 5.0 wt.% and 0.5 wt.% before and after classification,

respectively.

2.3. Synthesis of α-alumina 

In the case of boehmite precursor, we ultrasonicated boeh-

mite in methanol for 5 min, and agitated the mixture with

1,4-butanediol and α-Al
2
O

3
 seeds. Table 1 summarizes the

details of samples prepared for this study. The same proce-

dure was used for the preparation of gibbsite precursor. The

residual methanol and ethanol of low-boiling points were

removed in a vacuum rotational condenser at 60oC for 30

min. The remaining sol in 1.4-butanediol solvent of high-

boiling point was heated in a 100 ml-autoclave up to 300oC

at the rate of 100oC, heat-treated for 12 h, and cooled down

to RT. The heat-treated sample was further washed with

isopropanol solution and dried at 120oC. 

2.4. Phase analysis and characterization of raw

materials and synthesized powders

We analyzed crystal structure of the synthesized powder

by XRD (DMAX2500, Rigaku) at 400 kV, 20 mA, scan speed

of 5°/min, and in the range of 2θ = 10 ~ 75°. For evaluation

of particle size and shape of raw materials and synthesized

powders, we adopted TEM (Transmission Electron Micros-

copy, JEEM-2000, JEOL) and SEM (Scanning electron

microscopy, SM300, Topcon). We determined their particle

size distributions with PSA (Particle Size Analysis, La-950,

Horiba) and ELS-Z (Otsuka electronics). PSA operates

based on static laser light scattering (SLS), while ELS-Z on

dynamic light scattering (DLS). 

3. Results and Discussion

3.1. Characteristies of seed

Figure 1 shows the effect of α-Al
2
O

3 
seed on morphology

and size of α-Al
2
O

3
. Fig. 1(a) is TEM image of dispersed

seeds presenting rather nonuniform sizes of seeds less than

100 nm. Fig. 1(b) is the treated α-Al
2
O

3 
seeds prepared ini-

tially at the high temperature, showing an average particle

diameter of 2.33 µm. Note that the seed consists of primary

particles of about 100 nm and agglomerated particles of 10

µm before milling. We confirmed that the average particle

size of Seed-1 reduced to about 90 nm after milling. Seed-2

after removing its coarser portion of particles has an aver-

age particle diameter of 70 nm.

Assuming a spherical shape of seeds, the measured aver-

age particle size by PSA is considered as the actual diame-

ter. This will make calculations of seed contents in numbers

per volume possible. 

Figure 2 displays shape and size of precursors. Fig. 2(a) is

SEM image of gibbsite precursor showing an average parti-

cle size of about 800 nm. Fig. 2(b) is TEM image of boehmite

precursor showing primary particles of about 20 nm that

are interconnected with each other and dispersed as

agglomerates. Fig. 2(c) shows PSA result of gibbsite precur-

sor measured by SLS method. Its average particle sizes

were 1.92 μm and 95 nm before and after milling, respec-

tively. Fig. 2(d) is a result obtained by DLS method, con-

firming average particle diameter of 80 nm for boehmite. 

Table 1. Samples Prepared for the Study

No Precursor type Precursor (g) Solvent (mL) seed type 
seed content

(particles/mL)
Reacion time (h)

1 Boehmite 2 45 - - 36

2 Boehmite 2 50 Seed-1 5.3 × 109 12

3 Boehmite 2 50 Seed-1 1.4 × 1011 12

4 Gibbsite milling 2 45 - - 36

5 Gibbiste milling 2 50 Seed-2 1.4 × 1011 12

6 Boehmite 2 50 Seed-2 1.4 × 1011 12
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3.2. Properties of synthesized powders

3.2.1. Effect of seed content

Figure 3 shows XRD patterns for the synthesized alumina

in terms of precursor source and seed contents. The 2θ of

25.57, 35.14, 37.76, 43.33, 46.16, 52.53, 57.47, 61.27, 66.49,

and 68.18 correspond to crystal planes of (012), (104), (110),

(113), (202), (024), (116), (018), (214), and (300). We con-

firmed that they all match with those of the α-Al
2
O

3 
(JCPDS

NO. 42-1468). Fig. 3 (a) is the pattern of 36-hr synthesized

powder from boehmite precursor without seed. Intensity

from d(104) plane is relatively stronger than that from

d(113) plane, suggesting the synthesized alumina could be

in plate shape. Fig. 3(b) and (c) shows XRD patterns of syn-

thesized powders with different seed contents. Intensity

from d(113) plane now becomes stronger than that from

d(104) plane, regardless of seed contents. We assumed that

the difference in relative peak intensity attributes to

changes in particle morphology.

Figure 4 shows SEM images of synthesized powders with

and without seed and different seed contents. Fig. 4(a)

reveals plate-like α-Al
2
O

3 
of 400 nm in diameter, produced

by synthesis for 36 h without seed. Fig. 4(b) and (c) show

Fig. 1. (a) TEM image of α-Al
2
O

3 
seeds (Seed-1), (b) PSA of α-Al

2
O

3 
seed source and seeds prepared by milling and centrifuge.

Fig. 2. (a) SEM image of gibbsite (b) TEM image of boehmite, (c) PSA of gibbsite by SLS method, (d) PSA of boehmite by
DLS method.
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decreasing particle size of synthesized α-Al
2
O

3
 with increas-

ing amount of seed addition; Sample 2 of about 250 nm and

Sample 3 of about 200 nm, respectively. Sample 2 in Fig.

4(b) shows particles of rounded polygonal of 250 nm, while

Sample 3 in Fig. 4(c) particles of smaller and round of 200

nm, respectively. This change in particle morphology is

assumed to be responsible for the observed change in XRD

pattern; seeding made the intensity of d(113) stronger than

that of d(104). We propose that increase in the number of

seeds promotes nucleation around seeds, leading to growth

of numerous alumina particles in a smaller dimension. 

3.2.2. Effect of precursor

Figure 5 shows SEM images of three samples of as-syn-

thesized α-Al
2
O

3
. Fig. 5 (a) is as-synthesized α-Al

2
O

3
 from

gibbsite precursor without seed (Sample 4), that resulted in

about 1μm-sized hexagonal plates. Without seeding, we

observed synthesized α-Al
2
O

3 
(sample 4) in relatively bigger

and thicker shape than that of the case of boehmite precur-

sor (Sample 1). 

Figure 5(b) is as-synthesized α-Al
2
O

3
 with seeds from

gibbsite precursor (Sample 5), that resulted in rounded

polygons of less than about 200 nm. We confirmed that the

seeding effectively reduced the particle size about five times

compared to the unseeded one of 1 μm (Fig. 5(a)). 

Figure 5(c) is as-synthesized α-Al
2
O

3
 with seeds from

boehmite precursor (Sample 6), that resulted in round poly-

gons of less than about 200 nm. It seems that Seed-2 pro-

duces synthesized α-Al
2
O

3 
in more uniform size compared to

Seed-1 case. We also confirmed that the addition of seeds

Fig. 3. XRD of as-synthesized powder
 
as a function of con-

centration of seeds and of precursor type (a) sample
1, (b) sample 2, (c) sample 3, (d) sample 4, (e) sam-
ple 5, and (f) sample 6.

Fig. 4. SEM images of α-Al
2
O

3 
as a function of seed concentration (Seed-1) (a) sample 1, (b) sample 2, and (c) sample 3.

Fig. 5. SEM images of (a) as-synthesized α-Al
2
O

3 
from gibbsite precursor without seed (Sample 4), (b) as-synthesized α-Al

2
O

3 
from

gibbsite precursor with seed-2 (Sample 5) and (c) as-synthesized α-Al
2
O

3 
from boehmite precursor with seed-2 (Sample 6).
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into boehmite precursor reduced the size of particle
 
half by

decreasing from 400 nm (Fig. 4(a)) to 200 nm (Fig. 4(c)).

Fig. 5(b) and (c) indicates that both gibbsite and boehmite

precursor produced α-Al
2
O

3
 of 140~160 nm under the same

seeding condition. 

Figure 6 shows particle size distribution of synthesized α-

Al
2
O

3 
from different precursor with the same amount of seed

addition. Fig. 6(a) indicates that average particle diameter

of synthesized α-Al
2
O

3 
from milled gibbsite precursor is 160

nm, while that of unmilled one is 250 nm. Synthesized α-

Al
2
O

3 
powders from gibbsite precursor before and after mill-

ing show similar primary particle size. Agglomeration, how-

ever, was reduced with precursor milling, that leads to

decrease in mean particle diameter.

Figure 6(b) is synthesized α-Al
2
O

3 
from boehmite precur-

sor showing average particle diameter of 140 nm. We con-

firmed that Seed-1 resulted in 270 nm of α-Al
2
O

3
 (sample 3),

while Seed-2 in 140 nm, respectively. It is also observed that

classified fine seeds produced relatively uniform formation

for α-Al
2
O

3 
particles.

We confirmed that, according to SEM results, our synthe-

sized alumina (Sample 4 and Sample 5) from gibbsite have

similar morphology to previously reported alumina from

gibbsite precursor.13) However, the study did not specify the

dispersion detail of raw material and the particle size distri-

bution of synthesized α-Al
2
O

3
. Depending on the source and

size of precursor, its dissolution rate could be different, and

that might lead to different nucleation, the growth rate for

particles, and their final morphologies.

Boehmite is finer compared to the primary particles of

gibbsite (Fig. 2(b)), and thus dissolves relatively faster in

1,4-butanediol solvent. This leads to formation of smaller α-

alumina compared to the case of gibbsite precursor. This

implies that, even with seeds, boehmite precursor itself can

dissolve and nucleate fast enough to conceal the seeding

effect. We, therefore, concluded that using boehmite is pre-

ferred one since it simplifies the overall process. Note that it

only needs dispersion with no milling to have mono-dis-

persed α-Al
2
O

3 
seeds to be used for alumina synthesis.

4. Conclusions

We performed a series of experiments for synthesis of α-

Al
2
O

3 
from boehmite and gibbsite precursors with and with-

out α-Al
2
O

3
 seeds via solvothermal process at 300oC. Boeh-

mite precursor without seed resulted in synthesis of 400 nm

plate-like α-Al
2
O

3
, while gibbsite precursor in synthesis of 1

μm plate-like α-Al
2
O

3
 in a thicker dimension. We confirmed

that increase in the number of seeds in a given volume

enhances nucleation rate, faster growth of alumina parti-

cles, and hence smaller synthesized particles. Furthermore,

gibbsite seeds demonstrated a better effect than boehmite.

However, under the same condition of seed addition, boeh-

mite precursor resulted in a mono-modal distribution of par-

ticle size, while gibbsite precursor in bi-modal one. We also

concluded that boehmite precursor dissolves in 1,4-butane-

diol solvent relatively fast, and nucleation is enhanced by

itself, concealing the actual effect of seeding. Gibbsite pre-

cursor, however, needed a ball milling process to minimize

agglomeration for smaller overall average particle diameter,

although the primary particle size remained unchanged. 
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