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Abstract: The morphology and aspect ratio of calcium sulfate hemihydrate (HH) are successfully controlled using 

AlCl3 as morphology modifier in the hydrothermal synthesis process. As the concentration of AlCl3 is increased 

from 0 to 7.5 × 10−2 mol·L−1, the crystal length decreases from 130 μm to 0.1-0.3 μm and the corresponding 

aspect ratio declined dramatically from 150-240 to 1-2, and the crystal morphology gradually changes from 

whisker to rod, and even irregular nanogranules. The preferential adsorption of Al3+ on the side facets of HH 

would lower the surface energy inhibited the elongation along these facets. The doping of Al3+ in the HH would 

distroyed the main chain of HH inhibited the elongation along [001] direction. The two facts contribute to the 

morphology control. The work exhibits an efficient method to controlling the morphology of HH over a large 

range of size by simply adjusting the concentration of AlCl3. 

1. Introduction 

Synthesis of nano-sized and micrometer-sized material with 

controllable morphology has attracted increasingly interest in 

materials chemistry due to morphology-dependent optical 

electronic, magnetic, catalytic, and biomedical properties [1-4]. 

Numerous researches have focused on preparing materials 

with multifarious morphologies, such as wires, rods, tubes, 

disks, and hollow particles [5-9].  

The performance of calcium sulfate hemihydrate (HH) in 

different applications is strongly related to the morphology 

and size of crystal. HH crystals with low aspect ratio, exhibiting 

superior mechanical properties and good flowability, are 

suitable for using as bone cement [10]. HH crystals with high 

aspect ratios, including whiskers and wires, are widely used in 

plastics, ceramics, rubber, paper making as reinforcing 

materials, owing to their superior thermal stability, chemical 

resistance and excellent compatibility [11, 12]. Recently, some 

researchers synthesized nano-sized HH crystals used as drug 

carrier, an important emerging application of HH, which 

further extends the application area of HH [13, 14]. Therefore, 

controlling the morphology of HH is very important to 

achieving the expected properties to satisfy the practical 

application. 

The morphology of HH crystals can be controlled by lots 

of strategies, including changing pH of the solution, 

microwave-assisted method, the use of crystal shape modifiers 

and reverse micellar method. For instance, as the pH increased 

from 1.5 to 8.78, the aspect ratio of HH crystal reduced from 

9.04 to 1.23 [15]; HH crystal nanowires with aspect ratio up to 

62 was synthesized by microwave-assisted method [16]; the 

presence of glycerol, Mg
2+

 and ethanediol increased the aspect 

ratios of HH crystals up to 118, 370 and 400 [17-19], 

respectively. The aspect ratios of HH crystals increased from 

1.7 to 4.8 by adding an appropriate amount of ethanol, 

potassium sodium tartrate and sodium citrate, respectively 

[20-22]. However, the aspect ratio is merely adjusted in a 

narrow range. The morphology of HH crystal can be controlled 

over a large range of size using reverse microemulsions of 

water, n-hexanol, cetyltrimethyl ammonium bromide (CTAB) 

and sodium dodecyl sulfonate (SDS) [23]. The aspect ratios can 

be adjusted from 2-7 to 180-250 and eventually to 

nanogranules. However, comparing to hydrothermal process, 

the process of the reverse micromemulsion method is 

complicated and lots of organic solvent and surfactants are 

used. 

Herein, a simple approach was developed to controlling 

HH crystal morphology over a large range of size through 

hydrothermal treatment calcium sulphate dehydrate (CaSO4﹒

H2O, DH, gypsum) derived from oyster shells using aluminum 

chloride as habit modifier. The morphology of HH crystal can 

be controlled over a large range of size by simply adjusted the 

concentration of AlCl3.The adsorption and doping of Al
3+

 on/in 

HH crystal contribute to the morphology control, and the 

corresponding mechanism has been discussed. 
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2. Experimental 

2.1. Experiment Procedure  

Commercial chemicals with analytical grade were used in the 

experiments. Calcium sulfate dihydrate, synthesized from 

oyster shells [24], mixed with deionized water and a certain 

amount of aluminum chloride with a purity of 99.8% at room 

temperature to get the suspensions containing 1.0～5.0 wt % 

calcium sulfate dihydrate and 0 to 7.5 × 10
−2

 mol·L
−1

 aluminum 

chloride. The slurries were then treated under hydrothermal 

condition (140 °C, 4.0～12.0 h), filtrated, and dried at 105 °C 

for 6.0 h. 

2.2. Characterization. 

The morphology of the HH crystals were characterized using 

the field-emission scanning electron microscopy (SEM, JEOL 

JSM-6, Japan), the high-resolution transmission electron 

microscopy (HRTEM, JEM-2100, Japan) equipped with the 

selected area electron diffraction (SAED). The structures of the 

HH crystals were identified by powder X-ray diffractometer 

(XRD, Rigaku D-MAX-2500/PC, Japan) using Cu Kα1 radiation 

(λ=1.54178 Ǻ), with a scanning rate of 2 
o
min

-1
 and scanning 2θ 

range of 5 to 40
o
. X-ray photoelectron spectrometer (XPS, 

Thermo ESCALAB 250Xi, USA) was employed to examine the 

surface adsorption of aluminium chloride by using an Al Kα X-

ray source operated at 150W.The adsorption style between 

Al
3+

 and SO4
2-

 was investigated by attenuated total reflectance 

Fourier transform infrared spectroscopy (ATR-FTIR, Vertex 70, 

USA). The average diameters and the lengths of the whiskers 

for each sample were estimated by direct measuring about 

100 whiskers from the typical optical micrographs with the 

magnifications of 100-1000. 

3. Results and discussion 

3.1. Morphology control of HH crystals 

According to the theoretical fundamentals of crystal growth, 

the final external shape of a crystal depends on the relative 

growth rates of different crystal faces, which could be changed 

by modifying thermodynamic and/or kinetic parameters of the 

crystallization environment [25]. Some additive agents called 

crystal shape modifier have been added, in order to controlling 

the morphology of HH crystals. HH crystals were synthesized 

by hydrothermal method in the presence of various 

concentrations of AlCl3 whereas other experimental conditions 

were fixed. The SEM images of HH crystals are shown in Figure 

1. HH crystals with an average length of 123 μm, an average 

width of 0.93 μm were synthesized in the absence of AlCl3 

(shown in Figure 1a). When the concentration of AlCl3 was 

2.5×10
−3

 mol·L
−1

, the crystals were significantly elongate along 

the [001] direction with the length up to 132 μm while the 

mean width declined to 0.6 μm (shown in Figure 1b). Further 

increasing the AlCl3 concentration to 2.5× 10
−2

 mol·L
−1

 let to 

forming short rods with 3.0-7.0 μm in length and 0.2-0.5 μm in 

width (shown in Figure 1c). Increasing the concentration of 

AlCl3 to 7.5×10
−2

 mol·L
−1

 led to forming HH crystals of about 

100-300 nm, in the form of irregular nanogranules (shown in 

Figure 1d). The data indicate that the HH crystal length along 

the c axis and the corresponding width are strongly dependent 

on the concentration of AlCl3. TEM, SAED, and high resolution 

electron microscopy (HRTEM) were carried out to further 

study the morphology and structure of HH crystal. Figure 1e 

exhibits the HH crystal in the form of long rod, and the SAED 

pattern shows that near the (000) plane (insert image shown in 

Figure 1f, the enlarged Figure 1f shown in supporting 

information) were identified as (114), (112), and (006), taken 

from the [1 0] zone axis; they matched the vector relationship 

of crystal planes. According to the SAED pattern, we confirm 

that the HH crystals are single crystals grown [001] direction. 

Figure 1e, f exhibited that the distance of the lattice fringes 

along the elongation of the crystal was 0.5963 nm, quite 

similar to the d002=0.599 nm of HH, further confirming the HH 

crystals grown [001] direction. 

 

Figure 1 SEM images of HH crystal synthesized at the 

concentration of AlCl3 (mol·L
−1

): (a) 0, (b) 2.5× 10
−3

, (c) 2.5× 

10
−2

 (d) 7.5× 10
−2

.(e, f) TEM and HRTEM images and SAED 

pattern of HH crystal in the presence of 2.5× 10
−3 

mol·L
−1 

AlCl3 

Aspect ratio is defined as the ratio of the length of the c 

axis to that of a axis. As shown in Figure 2, the aspect ratio of 

HH crystals is changing over a wide range. Increasing the 

concentration of AlCl3 from 2.5×10
−3

 to 7.5×10
−2

 mol·L
−1

 results 

in the aspect ratio decreasing from 150-240 to 1-2. Thus, the 

AlCl3 assistant method offers an approach to control the 

morphology and size of HH crystals over a wide range by 

simply changing the concentration of AlCl3.  

Page 2 of 6New Journal of Chemistry

N
ew

Jo
ur

na
lo

fC
he

m
is

tr
y

A
cc

ep
te

d
M

an
us

cr
ip

t



Journal Name  ARTICLE 

This journal is ©  The Royal Society of Chemistry 20xx J. Name., 2013, 00, 1-3 | 3  

Please do not adjust margins 

Please do not adjust margins 

 

Figure 2 Aspect ratio of HH crystal as a function of the 

concentration of AlCl3 

3.2. Growth mechanism of HH crystal in the presence of AlCl3 

Energy dispersive spectrometry (EDS) analysis was used to 

confirm the present of Al on the surface of HH crystal 

(Supporting information Figure S2). The atomic percent of Al 

was increased with the increase in concentration of AlCl3, 

while the atomic ratios of Ca/S were decreased. These results 

indicated that Al was absorbed on the surface of HH crystal. 

The preferential adsorption of Al
3+

 on the HH crystal is 

responsible for the controllable morphology. 

The preferential adsorption of Al
3+

 on the surfaces of HH 

crystal can be associated with the structure of HH crystal. The 

crystal lattice of HH is compose of repeating unit, Ca and SO4 

atoms ionically bonded in the form of -SO4–Ca-SO4-Ca-SO4- in  

which every S atom is covalently bonded with four O atoms 

forming a tetrahedral structure [26, 27]. These hexagonally 

arranged chains form a framework along [001] direction with 

consecutive channels with a diameter of about 4.5Å, where 

every two calcium sulfate molecules share one water molecule 

[28]. Thus, SO4
2-

 ions present a denser distribution on the side 

facets of [110], and [100], and Ca
2+

 ions present a denser 

distribution on the top facet of [001] [23]. Thus, the Al
3+ 

ions 

with positive charge are easier to adsorb on the side facets 

than on the top facet.  
On the basis of the fact that Al

3+
 is adsorbed on the 

surface of HH crystals that was negatively charged, the detail 

adsorption style of Al
3+

 is investigated using ATR-FTIR 

spectroscopy. As shown in Figure 3 curve a, the peak located 

at 1007 cm
-1

 is ascribed to the distorted symmetric stretching 

of υ1 band of SO4
2-

, the triple peaks located at 1150, 1129, and 

1085 cm
-1

 are related to the active υ3 band of SO4
2-

. The 

presence of four bands in the υ S-O stretching region indicated 

that the adsorbed sulfate has C2υ symmetry and the sulfate is 

bonded to the metal ion through two oxygens in the form of –

Me-O-S(O2)-O-Me- named bidentate binuclear [29]. This 

related to the main chain, -SO4–Ca-SO4-Ca-SO4-, of HH crystal. 

Compared to curve a, the peak at 1150 and 1129 cm
-1

 shifted 

to 1140 and 1110 cm
-1

 in curve b, c, and d, respectively. This 

indicated the sulfate is bonded to the metal ion through two 

oxygens in the form of –Me-(O2) -S(O2) named bidentate 

mononuclear [30-32]. This may be attributed to the adsorption 

of Al
3+

 on the surface of HH crystals in the form of –Al-(O2) -

S(O2). 

 

Figure 3 ATR-FTIR spectra of HH crystals formed in the 

presence of AlCl3(mol·L
−1

): (a) 0, (b) 2.5× 10
−3

, (c) 2.5× 10
−2

 , (d) 

7.5× 10
−2

. 

The XPS is employed to further confirm the adsorption 

styles Al
3+

 on the HH crystals. Figure 4I shows the Al 2p spectra 

of HH crystals, the Al 2p peaks occur in the curve b, c and d, 

indicating the adsorption of Al
3+

 on the HH crystals surface. As 

shown in Figure 4II, a single S 2p peak occurs at the binding 

energy of 169.27 eV in curve a, while double S 2p peaks occur 

in curve b, c, and d: one is located at 169.27 eV, which 

indicates the interaction between Ca
2+

 and SO4
2-

 [18], and the 

other is located at 170.02 eV, which should be attributed to 

the interaction between Al
3+

 and SO4
2-

[33]. This confirms the 

adsorption of Al
3+

 on the surface of HH crystals in the form of –

Al-(O2) -S(O2). 

 
Figure 4 The XPS spectra of HH crystals formed in the present 

of AlCl3 (mol·L
−1

): (a) 0, (b) 2.5× 10
−3

, (c) 2.5× 10
−2

 , (d) 7.5× 

10
−2

. (I) Al 2p peaks, and (II) S 2p peaks. 

On the basis of these XPS results, the O 1s, Ca 2p, C 1s, S 

2p, and Al 2p peak areas were determined. The peak areas and 

use of atomic sensitivity factors provide the atomic 

concentration of each element. The concentration values given 

in Table 1 were based on this [34]. Compared with the blank 

experiment, 1.02%, 2.13%, and 2.94% of Al were detected in 

the presence of 2.5× 10
−3

 , 2.5× 10
−2

, 7.5× 10
−2

 mol·L
−1 

AlCl3, 

respectively. 

 

II I 
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Table 1 Surface Composition of HH Crystals Detected by XPS 

AlCl3 (mol·L
−1

) Ca (%) Al (%) S (%) O(%) C (%) 

0 11.59 0 13.32 57.92 17.17 
2.5× 10

−3
 10.62 1.02 12.5 55.59 20.26 

2.5× 10
−2

 11.07 2.13 14.26 58.23 14.26 
7.5× 10

−2
 9.93 2.94 13.36 58.39 15.38 

The preferential adsorption of Al
3+

 on the (100), and (110) 

facets with negative charges of HH crystals will lower the 

surface free energy of these facets inhibited the elongation 

along these facets. The crystals will then tend to grow to 

minimize the surface area covered by (001) facet, resulting in 

longer and thinner crystals (shown in Figure 1b). In addition to 

the surface free energy, other factors may also be at play 

because the surface free energy argument cannot explain the 

decreasing aspect ratio of crystal with increasing concentration 

of AlCl3, when the concentration of AlCl3 is greater than 2.5× 

10
−3

 mol·L
−1

. We deduce that the doping of Al
3+

 in the HH 

crystal is responsible for the decreasing aspect ratio of HH 

crystal. The -SO4–Ca-SO4-Ca-SO4- chain is destroyed by Al
3+

 and 

a new chain, -SO4-Ca-SO4-Ca-SO4-Al-SO4, is formed. This 

inhibits the elongation along c axis, and lowers the aspect ratio. 

  
Figure 5 XRD patterns of HH crystal in the present of AlCl3 

(mol·L
−1

): (a) 0, (b) 2.5× 10
−3

, (c) 2.5× 10
−2

 (d) 7.5× 10
−2

 

Figure 5 shows the XRD patterns of HH crystal synthesized 

by ACl3-assitent hydrothermal method. All of the XRD peaks 

were attributed to the sole existence of HH crystal. The 

enlarged figures of (200), (220), and (400) facets and the 

corresponding diffraction angle and interplanar spacing were 

shown in Figure s3 and Table s1. The diffraction angles of (200), 

(220), and (400) facets were decreased as the increase 

concentration of AlCl3, while the interplanar spacing were 

increasing. The results indicated that the possible doping of 

Al
3+ 

in the HH crystal. The doping of Al
3+

 will destroy the main 

chain of HH and inhibit the elongation along [001] leading to 

lower the aspect ratios. 

As the Al 2p peaks shown in Figure 4I curve b, c and d, the 

peaks were located at 74.91 eV, 74.74 eV , and 74.72 eV in the 

presence of 2.5× 10
−3

, 2.5× 10
−2

, and 7.5× 10
−2

 mol·L
−1

 AlCl3, 

respectively. The Al 2p peak at 74.91 eV was related to 

Al2(SO4)3 [33], indicated that ionically bonded Al and SO4 

atoms on the surface of HH crystals. Compared with Al 2p 

binding energy of curve b, the Al 2p binding energies of curve c 

and d have shifted to the lower-energy direction, and their 

deviants were 0.17 and 0.19 eV, indicated that probably 

altered the chemical environment of Al atoms and changed 

the electron density of valence shell [35]. Thus, it could be 

supposedly attributed to the doping of Al
3+

 in the HH crystals 

in the form of -SO4-Ca-SO4-Al-SO4. The electronegativity of Ca 

(1.00) is weaker than Al (1.61), which led to the shift of Al 2p 

peak to the smaller value than Al2(SO4)3 [36]. Based on this, we 

deduce that Al
3+

 mainly adsorbs on the surface of HH crystals 

inhibited the radical growth of crystals, and promoted the 1-D 

growth of HH crystals along c axis in the presence of 2.5× 10
−3

 

mol·L
−1

 AlCl3. As the concentration of Al
3+

 increases to 2.5× 

10
−2

, and 7.5× 10
−2

 mol·L
−1

, the doping of Al
3+

 in the main 

chains of HH crystals is occurred. This inhibits the elongation 

along c axis, and lowers the aspect ratios. 

 

Figure 6 Schematic representation of HH crystals growth in 

the presence of Al
3+

 

Figure 6 shows the schematic drawing of the mechanism 

of HH crystals morphological changes. The [100], and [110] 

facets of HH crystal are negatively charged. When AlCl3 is 

added in the hydrothermal process, Al
3+

 is expected to adsorb 

on these facet. This will lower the free energy on these facets 

and inhibit the elongation along these facets leading to longer 

and thinner crystal. However, while the AlCl3 concentration is 

increasing, the doping of Al
3+

in HH crystal would occur. This 

will destroy the main chain of HH crystal and inhibit the 

elongation along [001] direction leading to shorter crystal, 

ultimately resulting in a morphological transition to short rod 

and even irregular nanogranules with the concentration of 

AlCl3 increasing. 

4. Conclusions 

The morphology and aspect ratio of HH crystal were 

successfully controlled over a large range of size by adjusting 

the AlCl3 concentration in the hydrothermal process. The 

aspect ratio of HH crystals can be adjusted from 150-240 to 1-2. 

With increase in the concentration of AlCl3, the morphology of 

HH crystal is gradually changed from whisk to short rod, and 

even irregular nanogranules. The controlling morphology is 
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attributed to the preferential adsorption of Al
3+

 on [100], and 

[110] facet of the HH crystals and the doping of Al
3+

 in the 

crystal which destroys the main chain of it. This work offers a 

simple approach to preparing HH crystals with various 

morphologies and sizes for its multiple applications.  
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The morphology of HH is successfully controlled over a large range of size by simply adjusting the 

concentration of AlCl3.  
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