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Abstract: A novel flower-like γ-AlOOH and γ-Al2O3 with hierarchical Nanoarchitectures were 

successfully synthesized via the assembly of P123 and aluminium chloride with the urea being 

used as precipitating agent under hydrothermal conditions. The influence in morphology control 

were studied by altering the amount of P123 (Vp123) and molar ratio of CO(NH2)2/Al
3+ 

(RUAl ), 

implying that the increasing RUAl could lead to the crystal growth in the form of nanofilms or 

nanostrips and the addition of P123 could have the morphology-alteration impact to 3D 

hierarchical architectures, and the possible formation mechanism were carefully studied. Further 

adsorption investigation indicates that the flower-like γ-Al2O3 exhibit an enhanced adsorption 

performance towards Methyl orange as a result of the unique hierarchical structure, and the 

addition of P123 also has an drastic effect on the surface acidity of the as-prepared flower-like γ-

Al2O3.
 

Introduction 

In the last decades, metal oxides with hierarchical structures 

have drawn more attention for their nanometre-sized building 

blocks and overall micrometre-sized structure with the 

increasing of varied applications ranging from adsorption, 

catalysis, energy conversion and storage to drug delivery, 

nanotechnology and biotechnology1-4. Alumina and aluminium 

oxide hydroxides nanomaterials with heterogeneous 

hierarchical nanostructures have been investigated extensively 

for scientific and industrial applications5-13
 due to their novel 

properties and promising applications. Especially, γ-AlOOH 

and γ-Al2O3 are used widely as catalysts, catalyst supports, 

adsorbents, ceramics, abrasives and filters14-16.  

    Up to now, various hierarchical structured Boehmite and γ-

Al2O3, such as nanotubes17, nanofibers18, nanorods19, 

nanowire20, nanoplatelets and nanowires21, nanostructured 

microspheres22, hollow microspheres23-25 have been 

successfully achieved by various methods. Zhang et al.26 have 

synthesized a flower-like three-dimensional (3D) 

nanoarchitectures by using anhydrate AlCl3, during the 

synthetic process the ethanol-water solution were selected to 

slow down the strong hydrolyzation of the anhydrate AlCl3. 

    However, not only the novel properties and hierarchical 

structures have been paid attention to but also the 

environmental problems involving water treatment. Despite the 

above-mentioned successful demonstrations, it is still a 

challenge to obtain γ-AlOOH or γ-Al2O3 with unique 

morphology and enhanced physicochemical properties, which 

would possess unique properties in the applications of water 

contamination treatment. Herein, A novel flower-like γ-AlOOH 

and γ-Al2O3 3D nanoarchitectures were successfully 

synthesized by hydrothermal method, and the effect on the 

morphology of the molar ratio of CO(NH2)2/Al3+ (RUAl ) and the 

amount of Poly (ethylene glycol)-block-poly (propylene-

glycol)-block-poly (ethylene glycol) (P123) were also carefully 

studied. On the basis of the control experiments and time-

dependent experiments, we proposed a possible formation 

mechanism of the novel flower-like nanoarchitectures. 

Moreover, the as-prepared γ-Al2O3 was found to have an 

enhanced adsorption performance toward Methyl orange with a 

rapid adsorption rate, indicating their promising applications in 

water contamination treatment. 

Experiment section 

Synthesis of flower-like 3D hierarchical nanoarchitectures 

All chemicals were of analytical grade reagents and used as 

received without further purification. In a typical synthesis 
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experiment, all experiments were performed under air 

atmosphere, 0.05 M aluminium chloride (AlCl3·6H2O) and 

0.075 M urea (CO(NH2)2) was dissolved in mixed solvents of 

water (50 mL) under vigorous stirring for 5 min，then 5 mL 

alcohol solution of 0.1 g mL-1 P123 (alcohol was used to 

increase the solubility of P123) were added to, with vigorous 

stirring for another 5 min to ensure complete mixing. The 

solution were transferred into a Teflon-lined stainless autoclave. 

The autoclave was sealed and maintained at 150 °C for 24 h 

statically, and then was allowed to cool to room temperature 

naturally. Consequently, the white precipitated powder was 

obtained by filtration, washed by alcohol and distilled water 

several times. The sample was dried at 70 °C for 12 h, and then 

calcined at 600 °C in air for 4 h. Control experiments, as 

described above, but with the molar ratio of CO(NH2)2/Al3+ 

(RUAl) being adjusted to 1.5:1 (Sam.1), 2.25:1 (Sam.2), 3:1 

(Sam.3), 3.75:1 (Sam.4) at Vp123=5 and the amount of P123 

(Vp123) being adjusted to 1 (Sam.5), 3 (Sam.6), 7 (Sam.7), 0 

mL (Sam.8) at RUAl =1.5, were also undertaken to study the 

specific effect of the urea and P123 on the morphology. 

Characterization 

The crystal structure and phase purity of the product were 

examined by X-ray diffraction (XRD, D/max-2500, Cu-Kα 

radiation). An overview of the sample morphology was 

checked with a scanning electron microscope (SEM, JSM-

7500F, JEOL) and transmission electron microscopy (TEM, 

JEM-2100, JEOL) analysis. Nitrogen adsorption and desorption 

isotherms were conducted at 77 K by using a Micrometrics 

ASAP-2420. Prior to the above measurements, the as-prepared 

samples had been degassed under  vacuum at 300 °C for 400 

min. Pyridine FTIR spectra were recorded on a Nicolet-6700 

spectrometer. The samples were pressed into self-supporting 

discs, placed in an IR cell, and treated under vacuum (10−5 

Torr) at 400 °C for 2 h. After cooling down to room 

temperature, the samples were exposed to pyridine vapor for 30 

s. Then, IR spectra were recorded after evacuation (10−5 Torr) 

for 1 h at various temperatures. 

Absorption treatment of Methyl orange 

Treatment of adsorption performance was performed by adding 

40 mg of as-prepared samples into 100 mL Methyl orange (40 

mg L-1) under vigorous stirring at room temperature. Analytical 

sample was taken from the suspension after desirable 

adsorption times and separated by filtration. The Methyl orange 

concentration was monitored by a UV-vis spectrophotometer 

(UV-2550, Shimadzu, Japan). The characteristic adsorptions 

around 466 nm were chosen to monitor the adsorption process 

and the C/C0 was used to characterize the relative adsorption 

capacity (C0 and C represent the initial concentration and 

concentration after equilibrium adsorption treatment, 

respectively). 

Results and discussion 

Structure property and morphology  

Powder XRD was used to monitor the changes in the phase of 

the as-prepared and calcined samples. Fig.1 shows the wide-

angle XRD patterns of the Sam.1 before (Fig.1a) and after 

calcination (Fig.1b). Fig.1a shows all detectable peaks in this 

pattern, which can be assigned to orthorhombic γ-AlOOH 

(JCPDS card no. 21-1307), the results demonstrate that all γ-

AlOOH nanostructures are well-crystallized and no evidence 

could be found for the existence of other impurities in the 

products. The broaden diffraction peaks indicate that the as-

obtained samples were composed of small crystals with a 

crystalline structure in nanometer scale. We obtained the γ-

AlOOH with the urea, which used as a Brőnsted base for 

coprecipitation of metal ions and synthesis of metal-oxides or 

hydroxide with tuning the pH value of the medium remains 

relatively low throughout the reaction process. The procedures 

of AlOOH preparation can be described as follows27,28:  

NH2CONH2 + H2O → CO2 + 2NH3 ----------------------------

(1) 

NH3 + H2O → NH4
+
 + OH

-  
--------------------------------------

(2) 

Al
3+

 + 3OH
- 
→ Al(OH)3 ------------------------------------------

(3) 

Al(OH)3 → AlOOH + H2O---------------------------------------

(4) 

    The virgin γ-Al2O3 (Fig.1b) (JCPDS card no. 10-0425) were 

fabricated by calcination of the as-prepared γ-AlOOH at 600 °C 

for 4 h, in agreement with a previous report29 that the phase is 

yield via the dehydration process of AlOOH at temperatures 

between 400 °C and 700 °C. 

 

Fig.1. XRD patterns of Sam.1 before (a) and after calcination (b) under 600 °C for 

4 h. 
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    Fig.2 and Fig.S1 present SEM and TEM images of the 3D 

flower-like (Sam.1) γ-Al2O3  and γ-AlOOH nanostructures, 

respectively. Fig.2a-2b shows that well-defined 3D hierarchical 

flower-like γ-Al2O3 are self-assembled into the nanostructures 

with an mean size about 1.5~2 µm can be clearly observed. 

Moreover, no other morphologies can be observed, indicating a 

well-ordered 3D hierarchical flower-like morphology of the as-

prepared γ-Al2O3. The TEM images of the γ-Al2O3 flower-like 

nanostructures are shown in Fig.2c-2d, which suggesting that 

the entire structure of the architectures were composed of 

several bunches of flake-like nanopetals with the lengths 

around 1 µm and 100 nm in width, respectively. These 

nanopetals with sharp edges and corners made of several 

aggregated nanoparticles which may be extremely useful for the 

high BET surface areas and high value of pore volume (see 

below). In addition, these nanopetals connected to each other 

via the centre to fabricate 3D flower-like hierarchical structures.  

 

Fig.2. Typical SEM images (a-b) and TEM images (c-d) of the flower-like γ-Al2O3 

(Sam.1): a, top-magnification image; b, low-magnification image;  

It is significant to note that the 3D hierarchical flower-like 

nanostructures are considerable stable, even treated with the 

high temperature calcination, the integral morphology of the 3D 

hierarchical flower-like γ-AlOOH precursor nanostructures are 

not damaged after the calcination (as shown by Fig.2a and 

Fig.S1 (Supporting Information)). The size and morphology of 

γ-Al2O3 are extreme similar to those of the γ-AlOOH, 

indicating that the size and morphology can be well preserved 

during the phase-transformation from γ-AlOOH to γ-Al2O3. 

Surface area and porosity 

Fig.3 exhibits N2 adsorption-desorption isotherms and 

corresponding pore-size distribution (inset) of flower-like 

(Sam.1) γ-Al2O3 (a) and γ-AlOOH (b), which exhibit similar 

Type IV shape isotherms with H1 hysteresis loops at relative 

pressures of P/P0 above 0.35 and 0.45, respectively. The 

samples show almost the same adsorption and desorption 

branch as well as the pore-size distribution, indicating that they 

possess the similar structure, which is in consistent with the 

SEM and TEM images (Fig.2 and Fig.S1c). Accordingly, the 

corresponding pore-size distribution were relatively narrow, 

and the samples all shown a narrow pore-size distribution 

centring at  about 4 nm. It is may be the result of the 

coexistence of the high uniform nanopetals and flower-like 

nanostructures (Fig.2), suggesting that the distribution of 4 nm 

originated from the nanopetals and flowers. The BET surface 

areas and the pore volumes of the flower-like γ-AlOOH and γ-

Al2O3 are shown in Table S1. The BET surface areas were as 

high as 186 m2/g, which is higher than that of the reported 

flower-like nanostructures26. After calcination, the BET surface 

areas drastically increased from 186 to 260 m2/g due to the 

phase transformation within the aluminium species, meanwhile, 

the pore volume increased from 0.31 to 0.49 cm3/g and the 

average pore width decreased from 8.6 to 7.3 nm.  

 

Fig.3. N2 adsorption-desorption isotherms and corresponding BJH-pore size 

distribution (inset) of flower-like (Sam.1) γ-Al2O3 (a) and γ-AlOOH (b). 

Surface acidity 

It is well known that a alumina has considerable strong Lewis 

acidity (L acidity) and little Brőnsted acidity (B acidity) with 

the characteristic absorption peak at  1450 cm-1 and 1540 cm-1,  
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Fig.4. FTIR spectra of pyridine adsorption on the γ-Al2O3 samples after 

evacuation for 1 h at 160 °C. a, Sam.5; b, Sam.6; c, Sam.1; d, Sam.7. 

respectively30. Fig.4 shows the FTIR spectra of samples after 

pyridine adsorption and evacuation at 160 °C, and the 

corresponding numbers of acid sites on the samples were 

shown in Table 1. The bands at 1450 and 1585 cm-1 are raised 

to the 8a and 19b modes of pyridine molecules interacting via 

hydrogen-bonding with the weakly acidic surface hydroxy-

groups of γ-Al2O3 while the band at 1614 cm-1 are attributed to 

the same modes of pyridine molecularly coordinated with Al3+, 

acting as Lewis acid sites. The band at 1490 and 1540 cm-1 are 

assigned to the 19a and 19b modes of pyridinium cations, 

associated to a total proton transfer from the Brőnsted acidic 

surface OH- group to the basic molecule. The intensity of bands 

are in good agreement with the numbers of acid sites on the 

samples (Table 1). It is worth nothing that, the increasing 

amount of P123 have no regular relationship with the amount of 

total acid sites, while the Lewis acid sites reduced. Although 

the previous reports31 claimed that the total acid sites decreased 

severely after the calcination treatments, in this work, the acid 

sites can be preserved by the addition of P123.  
Table 1. The numbers of acid sites on the samples recorded at 160°C. 

samples Total acidity 

(mmol/g) 

L  acidity 

(mmol/g) 

B  acidity 

(mmol/g) 

Sam.5 0.391 0.369 0.022 

Sam.6 0.355 0.345 0.010 

Sam.1 0.330 0.318 0.012 

Sam.7 0.339 0.310 0.029 

Effect on the morphology formation 

The molar ratio of CO(NH2)2/Al3+ (RUAl ) and amount of P123 

(Vp123) were found to be critical in the morphology control 

(shown in Fig.5). First , Fig.2 and Fig.5a-5c show the 

 

Fig.5 Typical SEM images of the γ-Al2O3  prepared under different synthesis 

conditions : (a) RUAl=2.25, Vp123=5 (Sam.2); (b) RUAl=3, Vp123=5 (Sam.3); (c) 

RUAl=3.75, Vp123=5 (Sam.4); (d) Vp123=1, RUAl=1.5 (Sam.5); (e) Vp123=3, RUAl=1.5 

(Sam.6);  (f) Vp123=7, RUAl=1.5  (Sam.7). 

morphology of γ-Al2O3 obtained under the varied RUAl, while 

other synthesis parameters keep a constant. As shown in the 

Fig.5a-b, a typical nanofilms obtained with RUAl=2.25 (Sam.2) 

and RUAl=3 (Sam.3), and Fig.5c presents a nanostrip with the 

widths ranging from 20 to 40 nm. With a increasing RUAl, the 

morphology were changed from 3D hierarchical architectures 

(flower-like) to 1D architectures (nanostrip), which may raise 

by the PH value change of the solution. As show in the above 

equation (1)-(4), the pH values must gradually increase as the 

increasing of the OH- content hydrolyzed by urea when the OH- 

content were excess to react with the Al3+. Generally, a slow 

hydrolysis of precursors may favour to the formation process of 

1D oxide nanostructures such as nanowires and nanorods32-33. 

Thus, we can draw a conclusion that the increasing RUAl hinder 

the hydrolysis of precursors, and result in the crystal growth in 

the form of nanofilms and nanostrips.  

    Second, Fig.2 and Fig.5c-5e show the morphology of the  

γ-Al2O3 obtained under the varied Vp123, while other synthesis 

parameters keep a constant. As shown in Fig.S2, there were 

only irregular particles obtained without the addition of P123. 

However, with the increasing P123 content, novel 3D flower-

like nanostructures were gradually obtained (Fig.2 and Fig.5e-

5f, Sam.1 and Sam.6-7) followed the faulty flower-like 

(Fig.5d). When the Vp123=1, a faulty (Fig.5d, Sam.5) flower-

like nanostructures were obtained. Fig.5e shows the average 

diameter of flower-like nanostructures grew up to 2.5~3 µm as 

well as the lengths of the nanopetals grew up to 1~1.5 µm, 
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which have the similar nanopetals as the novel flower-like. On 

further increase the Vp123 to 7.5, the increasing of the P123 

amount increased the viscosity of the system, which would 

make the flowers swarm together by the connection of the 

nanopetals (Fig.2e). Generally, the addition of P123 could 

make the morphology grew to 3D hierarchical architectures. 

   It can be found that the increasing RUAl could lead to the 

crystal growth in the formation of nanofilms or nanostrips, 

while the addition of P123 could have the morphology-

alteration impact to 3D hierarchical architectures. 

Formation mechanism 

To further investigate the formation of flower-like 

nanostructure, the time-dependent experiments were also 

carried out by the SEM and TEM images (Fig.6 and Fig.S3). As 

shown in Fig.S3a, amorphous aluminum hydroxide nanorods 

with diameters around 30 nm appears. Prolonged to 10 h, the 

nanorods gradually self-assembled into lager flake-like 

nanopetals (Fig.6a) on the flowers (Fig.2). As the evolution 

proceeded, spindle-like were self-assembled (Fig.6b, 6d and 

inset) and, at the same time, some flowers were self-assembled 

by more nanopetals being self-assembled onto the spindles 

(Fig.6c and inset). In the higher magnification SEM image 

(Fig.6d), the self-assembled process can be clearly tell apart. 

Fig.3d and Fig.6b show the similar spindle-like nanostructures, 

indicating that when the reaction time prolonged to 12 h the 

dissolution procedure of P123 molecules in the system is the 

same as the system of Sam.5. In addition, the experiments 

suggested that the dissolution of P123 molecules were a rather 

slow process. After 16 h, The faulty flower-like nanostructures 

(Fig.6e-6f) were self-assembled via the aggregation of 

numerous nanopetals. A further increasing in the reaction time 

up to 18 h, led to the formation of more uniform flower-like 

(Fig.6g-6h and Fig.S3b). 

    The structural evolution was a long process , which might be 

the result of the hydrolysis of urea and the dissolution of P123 

molecules. From the morphologies of the samples at different 

evolutionary stages, a possible three-plot formation mechanism 

is proposed. (I) First, the irregular AlOOH was formed from the 

previously formed Al(OH)3 (equation 1-3) under the 

hydrothermal conditions. However, the amount of the AlOOH 

crystal at this time was small, and no precipitation was found, 

which is in well agreement with the time-dependent 

experiments of 6 h that we performed. As the OH- content 

increased by the hydrolysis of urea, the irregular AlOOH 

particles tended to spilt for the distorted hydrogen bonds and 

interaction between the solvent molecules and the surface OH- 

groups via hydrogen bonds, yields the 1D AlOOH nanorods 

(Fig.S3a) with the rolling mechanism34-35. (II) Then, the formed 

 

Fig.6. Morphology evolution of the samples prepared at different reaction stages 

at RUAl=1.5, Vp123=5 and 150 ℃ for (a) 10 h, (b-d) 12 h,(e-f) 16h, (g) 18 h, and (h) 

22 h. TEM images (c and the inset in b) were also displayed. 

nanorods began to form nanopetals (Fig.6a), possibly via an 

oriented-attachment process36. (III) As the reaction proceeded, 

the P123 content was gradually increased in the reaction system 

and the number of P123 adsorbed on the surfaces of nanopetals 

was higher, which may result in self-assemble process of 

nanopetals into spindle-like structure (Fig.6b-6d and inset). It is 

believed that the flower-like ZnO37 and CuS38 structure are 

preferably formed from rods structure in order to minimize the 

interfacial free energy, which is also suitable for the formation 

of flower-like γ-Al2O3 structure. With a prolonged reaction time, 

the spindle-like finally self-assembled into novel flower-like 

(Fig.2 and Fig.6g-6h) by Vander Waals forces and the 

hydrogen bonding36, which have the lower interfacial free 

energy. Our control experiments and time-dependent 

experiments agree well with the self-assembly formation 

mechanism of the flower-like nanostructure, suggesting the 

three-plot formation mechanism can be described as following 

Fig.7. 
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Fig.7. Schematic illustration of the formation of the flower-like γ-Al2O3. 

Absorption application in water for Methyl orange 

The as-prepared flower-like γ-Al2O3 samples were used as 

adsorbents for potential application in water treatment. Owing 

to their unique hierarchical porous structure and textual 

properties39-42. As show in Fig.8B, it is clear that over 90.0% of 

the Methyl orange had been adsorbed at room temperature after 

only 2-4 min, and an equilibrium established within 4 min. 

With the increasing of Vp123, the adsorption behaviors change 

slightly (Fig.8B.b-d) except for the Sam.5. As show in Fig.5d-

5f and Fig.2, the faulty  and uniform  flower-like nanostructures  

may be a key effect on the adsorption behaviors, which exhibit 

the similar pore structure property (Table S1). In contrast, the 

commercial γ-Al2O3 shown much lower adsorption efficiency 

(Fig.8B.e) than the flower-like nanostructures due to the novel 

morphology. However, the flower-like γ-AlOOH (Fig.8B.b*) 

exhibited an lowest adsorption efficiency, which had unique 

hierarchical structure, indicating that the γ-AlOOH have weaker 

adsorption properties than γ-Al2O3
41-42. The enhanced 

adsorption properties of γ-Al2O3 are mainly affected by the 

coordination of the unique hierarchical structure and chemical 

composition.  

Conclusion 

A series of nanofilm, nanostrip, spindle-like and flower-like γ-

AlOOH and γ-Al2O3 nanoarchitectures were successfully 

synthesized by a facile method. The influence in morphology 

control were studied by altering the amount of P123 (Vp123) and 

molar ratio of CO(NH2)2/Al3+ 
(RUAl), implying that the 

increasing RUAl could lead to the crystal growth in the 

formation of nanofilms or nanostrips and the addition of P123 

could have the morphology-alteration impact to 3D hierarchical  

 

Fig.8. UV-vis absorption spectra of Methyl orange in the presence of the γ-Al2O3 

(Sam.1) after time intervals (A) and the adsorption rates (B) on different samples: 

a, Sam.5; b, Sam.1; c, Sam.6; d, Sam.7; e, commercial γ-Al2O3; b*, γ-AlOOH 

obtained before the calcination of the corresponding Sam.1 (b). The inset in 

Fig.8A and 8B show the partial enlarged spectra and an accurate measurement 

with a short time scale, respectively. 

architectures. Moreover, the possible self-assembled formation 

mechanism were put forward by combining the control 

experiments and time-dependent experiments. The morphology 

of the flower-like nanoarchitectures was strongly dependent on 

the experimental conditions including the molar ratio of 

CO(NH2)2/Al3+, the amount of P123 and the reaction time.  

Further adsorption investigation indicates that the flower-like γ-

Al2O3 have good adsorption properties involving with Methyl 

orange. The novel flower-like γ-AlOOH and γ-Al2O3 are 

promising candidates for industrial application, such as 

adsorbents, catalyst, catalyst supports, ceramic, and optical 

nanodevices. 
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