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ABSTRACT 

We describe a versatile and scalable strategy towards long-range and periodically ordered 

mesoporous alumina (Al2O3) structures by evaporation-induced self-assembly of structure-

directing ABA triblock copolymer (F127) mixed with aluminum tri-sec-butoxide–derived sol 

additive. We found that separate preparation of the alkoxide sol-gel reaction before mixing with 

the block copolymer enabled access to a relatively unexplored parameter space of copolymer-to-

additive composition, acid-to-metal molar ratio and solvent, yielding ordered mesophases of 

two-dimensional (2D) lamellar, hexagonal cylinder and 3D cage-like cubic lattices, as well as 

multiscale hierarchical ordered structures from spinodal decomposition-induced macro- and 

mesophase separation. Thermal annealing in air at 900 °C yielded well-ordered mesoporous 

crystalline γ-Al2O3 structures and hierarchically porous γ-Al2O3 with 3D interconnected 

macroscale and ordered mesoscale pore networks. The ordered Al2O3 structures exhibited 

tunable pore sizes in three different length scales, <2 nm (micropore), 2-11 nm (mesopore) and 

1-5 μm (macropore), as well as high surface areas and pore volumes up to 305 m2/g and 0.33 

cm3/g, respectively. Moreover, the resultant mesoporous Al2O3 demonstrated enhanced 

adsorption capacities of carbon dioxide and Congo red dye. Such hierarchically ordered 

mesoporous Al2O3 are well-suited for green environmental solutions and urban sustainability 

applications, for example, high-temperature solid adsorbents and catalyst supports for carbon 

dioxide sequestration, fuel cells and wastewater separation treatments.  
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INTRODUCTION 

Mesoporous alumina (Al2O3) materials with high chemical, mechanical and thermal stability 

have been widely adapted in many industrial applications such as high-temperature catalysis and 

adsorption.1–3 Improving mesoporous Al2O3 with structural and textural features such as 

periodicity and long range order, uniform pore size and good connectivity, high surface area and 

pore volume, acidic/basic surface characteristics and addition of metal components, can further 

enhance their physical and chemical functionalities and expand the application space into energy 

conversion, size-selective separation and sensing of environmental pollutants, as well as 

enrichment of biomacromolecules.3–17  

Self-assembly of surfactant and block copolymers (BCPs) as structure-directing agents (SDAs) 

for molecular organic and sol-gel derived inorganic precursors is a well-established soft-

templating pathway towards well-ordered mesoporous carbon, silica and metal oxide 

structures.15,18–25 In particular, Niesz et al., Yuan et al. and Tan et al. showed coupling self-

assembling polyethylene oxide-block-polypropylene oxide-block-polyethylene oxide (PEO-b-

PPO-b-PEO, e.g., F127 and P123) and polyisoprene-block-polystyrene-block-polyethylene oxide 

(PI-b-PS-b-PEO) BCPs with Al2O3 sol-derived additives formed under controlled hydrolysis 

rates, yielded highly ordered mesoporous Al2O3 with hexagonally arranged channels 

(p6mm).5,6,15 However, the compositional parameter space for alternative morphologies remains 

limited. For example, Grant et al. observed a poorly defined cage-like body-centered cubic 

ሺ𝐼𝑚3ത𝑚ሻ mesophase under a highly specific combination of F127/Al2O3 composition and ethanol 

volume.26 They further observed higher nitric acid/metal ratios promoted mesophase transition of 

hexagonal to unspecified cage-like cubic morphologies in the P123–Al2O3 system.27 Small-angle 

X-ray scattering data indicated loss of long-range order for some cubic mesostructures after 



 

4 
 

thermal annealing at 900 °C.26,27 In a separate work, Wei et al. observed a single mesophase of 

face-centered cubic (𝐹𝑚3ത𝑚) lattice in mesoporous Al2O3 thin films using polystyrene-block-

polyethylene oxide (PS-b-PEO) as SDA and pre-stabilized Al2O3 nanoparticles as additive.11 

Even as minor variations of BCP/Al2O3 composition and acid/Al ratios typically resulted in 

structural disorder and macroscopic phase separation,5,26,27 facile access to other complex self-

organized Al2O3 mesostructures via BCP soft-templating remains highly desirable. And while 

mesoporous Al2O3 structures of other morphologies and pore sizes can be obtained using ordered 

hard templates, the process requires multiple synthesis steps such as template preparation and 

backfilling of precursors, thereby increasing both time and cost.3,28,29 

Here we report a systematic study of the mesophase ordering of a family of long-range and 

periodically ordered Al2O3 structures generated by the evaporation-induced self-assembly 

(EISA) of commercially available PEO-b-PPO-b-PEO tri-BCP (F127) as SDA, aluminum tri-

sec-butoxide (Al(OsBu)3) as source of Al2O3 and nitric acid (HNO3) as catalyst. In particular, 

separate preparation of the HNO3-catalysed sol-gel reaction of Al(OsBu)3 to form stable Al2O3 

sol precursors followed by adding into the ethanolic solution of F127 SDA, facilitates the co-

assembly process. The mesophase family members of 2D lamellar, hexagonal ሺ𝑝6𝑚𝑚ሻ and 3D 

cage-like cubic ሺ𝐼𝑚3ത𝑚ሻ lattices, as well as hierarchical structures with 3D interconnected 

macroscale and hexagonally arranged mesoscale pore networks, can be reproducibly synthesized. 

To the best of our knowledge, observations of the lamellar lattice and hierarchically ordered 

mesoporous Al2O3 are reported for the first time. The formation pathways for lyotropic liquid 

crystalline-like mesophase transitions in F127–Al2O3 monoliths via variations of the F127/Al2O3 

compositions (17–39 wt% Al2O3), HNO3/Al molar ratios (1.2–2.0), and solvents for sol–gel 

reaction of Al(OsBu)3, are elucidated and presented in a two-component morphology map. The 
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hybrid composites transformed into highly crystalline mesoporous γ-Al2O3 and retained their 

long-range order after thermal annealing in air at 900 °C. Finally, the resultant mesoporous 

ordered Al2O3 structures exhibited excellent adsorption capacities and affinities for carbon 

dioxide and Congo red dye molecules compared to commercial Al2O3 material.  

EXPERIMENTAL SECTION 

Materials. All chemicals were used as received. Pluronic F127 (PEO-b-PPO-b-PEO, 12.6 

kg/mol), aluminum tri-sec-butoxide (Al(OsBu)3), 97%), n-butanol (n-BuOH, anhydrous 99.8%), 

commercial Al2O3 (A1522, Type WN-6, Neutral, Activity Grade Super I) and Congo Red 

(≥85%) were obtained from Sigma-Aldrich. Absolute ethanol (EtOH, 200 proof) was obtained 

from Merck. Nitric acid (HNO3, 69 wt% in water) was obtained from Honeywell International.  

Synthesis of F127–Al2O3 Hybrid Monoliths (HNO3/Al = 2). In a typical synthesis, a 10 wt% 

F127 solution was prepared by dissolving 10 g of F127 in 90 g of EtOH at 40 °C in a reagent 

bottle. In a separate scintillation vial, 3.76 g (81.7 mmol) of EtOH was added to 1 g (4.0 mmol) 

of Al(OsBu)3 and left undisturbed for 30 min, followed by vigorous stirring for another 30 min, 

forming a white cloudy suspension due to alcoholysis reaction.15,30 0.526 mL (8.1 mmol) of 

HNO3 was carefully added into the cloudy mixture and stirred vigorously for 6 h to obtain a 

colorless transparent Al2O3 sol solution under ambient conditions. The water source for 

hydrolysis of Al(OsBu)3 was HNO3 acid. The molar ratios of HNO3/Al and H2O/Al in the EtOH-

based Al2O3 sol mother solution were approximately 2:1 and 3:1, respectively. Appropriate 

aliquots of Al2O3 sol solution were then mixed with the 10 wt% F127 solution to obtain hybrid 

samples of varying F127/Al2O3 compositions. For example, 1.58 g aliquot of Al2O3 sol solution 

(18.2 wt% Al(OsBu)3) was added to 1.80 g of 10 wt% F127 solution to obtain a hybrid 
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composite comprising a theoretical composition of 25 wt% Al2O3. The actual value obtained 

from thermogravimetric analysis was 23 wt% Al2O3, indicating close agreement with our 

calculations. The final composition of the hybrid samples ranged from 17 to 39 wt% Al2O3 

(Figure S1). 

The colorless transparent F127–Al2O3 hybrid solutions were stirred for 30 min and then cast in 5 

mL (1.7 cm diameter) and 10 mL (2.1 cm diameter) PTFE beakers set on a glass Petri dish 

covered with hemispherical glass dome, and heated at 50 °C for EISA over 3–7 days under 

ambient conditions. For scale-up experiments, the F127–Al2O3 hybrid solutions were cast in 

crystallization dishes of 5 cm and 7.5 cm diameters. Typically, six 1.7-cm PTFE beakers were 

placed under each glass dome for EISA. To enable deeper quench depth in the spinodal 

decomposition regime via faster solvent evaporation rate (MA28-2-DQ), a single PTFE beaker 

was cast under the dome at 50 °C. It is expected that ethanol would evaporate at a faster rate with 

the reduction of overall ethanol vapor pressure in the dome. The hybrid monolithic samples were 

cured in a vacuum oven at 25 °C (20 min), 40 °C (50 min), 60 °C (>12 h), 100 °C (2 h) and 

finally 130 °C (2 h).  

F127–Al2O3 Hybrids of Varying HNO3/Al Molar Ratios. New hybrid samples with different 

HNO3/Al molar ratios of 1.2–1.8 were synthesized by preparing different Al2O3 sol mother 

solutions in EtOH. The inorganic composition was maintained at 23 wt% Al2O3 for all samples. 

For the Al2O3 sol solution with HNO3/Al molar ratio of 1.6, 3.76 g (81.7 mmol) of EtOH was 

added to 1 g (4.0 mmol) of Al(OsBu)3 and left undisturbed for 30 min, followed by vigorous 

stirring for another 30 min, forming a white cloudy suspension. 0.421 mL (6.5 mmol) of HNO3 

was carefully added into the cloudy mixture and stirred vigorously for 12 h to obtain a colorless 
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transparent Al2O3 sol solution under ambient conditions. A 1.53 g aliquot (18.7 wt% Al(OsBu)3) 

was then added into a 1.80 g 10 wt% F127 solution, followed by EISA and thermal curing as 

described above.  

For other Al2O3 sol solutions, 0.316, 0.368, and 0.473 mL of HNO3 were added into the 

Al(OsBu)3–EtOH mixtures in separate vials and stirred for different durations to obtain colorless 

transparent solutions with HNO3/Al molar ratios of 1.2 (60 h), 1.4 (36 h), and 1.8 (12 h), 

respectively. 

n-BuOH for Hydrolysis and Condensation of Al(OsBu)3. New hybrid samples were 

synthesized using BuOH-based Al2O3 sol additive. The BuOH-based additive was prepared by 

adding 3.76 g (50.8 mmol) of n-BuOH to 1 g (4.0 mmol) of Al(OsBu)3 and left undisturbed for 

30 min, followed by vigorous stirring for another 30 min, forming a white cloudy suspension. 

0.421 mL (6.5 mmol) of HNO3 was added into the cloudy mixture and stirred vigorously for 12 h 

to obtain a colorless transparent BuOH-based Al2O3 sol solution. A 1.53 g (18.7 wt% 

Al(OsBu)3)) aliquot was then added into a 1.80 g 10 wt% F127 solution, followed by EISA and 

thermal curing as described above, to obtain hybrid samples comprising 23 wt% Al2O3 

(HNO3/Al = 1.6). 

Mesoporous Al2O3 Monoliths. The F127–Al2O3 hybrids were heated in a tube furnace under 

static air at 450–1000 °C (3 h) for polymer removal and Al2O3 crystallization, with a ramp rate of 

1 °C/min. 

Carbon Dioxide Adsorption Experiments. Carbon dioxide sorption measurements were 

conducted using a Micromeritics ASAP 2020 at 0 °C and 25 °C. Samples were degassed at 
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130 ℃ overnight under vacuum before measurement. The density of carbon dioxide at 0 and 

25 °C are 1.951 and 1.784 kg/m3, respectively. 

Congo Red Adsorption Experiments. All adsorption experiments were performed in the dark 

to prevent photobleaching of Congo red dye. 10 mg of finely powdered mesoporous Al2O3 

samples were dispersed in a 70 mL aqueous Congo red solution (50 mg/L) under continuous 

stirring at 750 rpm. At a specific time point, an aliquot of 2 mL was extracted from the Al2O3–

Congo red mixture and separated by centrifugation at 5000 rpm for 10 min. The supernatant with 

remaining Congo red dye was then collected for UV-vis absorbance measurement. A calibration 

curve was obtained by measuring the absorbance of aqueous Congo red solutions for the 

concentration range of 1 to 50 mg/L at at λmax = 498 nm. It is noted that Congo red was added in 

excess for all mesoporous Al2O3 samples, i.e., 3.5 mg of dye per 10 mg of Al2O3. 

Characterization. Small-angle X-ray scattering (SAXS) measurements were collected with a 

Xenocs Nano-inXider using Cu Kα radiation source and Dectris Pilatus 3 detectors. Using the 

Xenocs FOXTROT software, 2D SAXS patterns were azimuthally integrated around the beam 

center into 1D scattering intensity curves plotted against the scattering vector magnitude 𝑞 ൌ

4𝜋 sin𝜃 𝜆⁄  , where θ is half of the total scattering angle and λ is the X-ray wavelength. The 

cylinder-to-cylinder distance of p6mm lattice was calculated using 𝑑 ൌ 4𝜋 ൫√3𝑞∗൯,⁄  where q* is 

the scattering vector of the principal peak. The d-spacing for lamellar and disordered structures 

was calculated using 𝑑 ൌ 2𝜋 𝑞∗⁄ . Scattering vector of the principal reflection of Im3തm lattice 

was calculated from 𝑞∗ ൌ 2𝜋 𝑑ଵଵ଴⁄ , where d110 is the interplanar distance of (110) plane.24 

Powder X-ray diffraction (PXRD) data were collected with a Bruker D8 Advanced XRD 

instrument using Cu Kα radiation. 
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Transmission electron micrographs (TEM) were obtained using the JEOL 2010 and 2100F 

electron microscopes operating at the accelerating voltage of 200 kV equipped with the AMT 

XR40B CCD camera and Gatan Ultrascan 1000XP CCD camera, respectively. Scanning electron 

micrographs (SEM) were collected on Pt-coated mesoporous Al2O3 samples using a JEOL 7600F 

field emission scanning electron microscope equipped with a half-in-lens detector.  

Nitrogen sorption measurements were conducted using a Micromeritics ASAP 2020 at −196 °C. 

Samples were degassed at 130 ℃ overnight under vacuum before measurement. The specific 

surface areas were obtained using the Brunauer–Emmett–Teller (BET) method below 0.2 P/P0.31 

The mesopore size distributions were obtained by the Barret–Joyner–Halenda (BJH) method 

together with the improved Kruk–Jaroniec–Sayari (KJS) model using the adsorption branch of 

nitrogen isotherms.32,33 The micropore size distributions were obtained using the t-plot method.34 

Single point adsorption pore volumes were extracted at 0.99 P/P0.   

Thermogravimetric analysis (TGA) measurements were conducted using a TA Instruments Q500 

in air with a heating rate of 10 ℃/min. UV-vis spectroscopy measurements were collected using 

a Shimazu UV-vis spectrometer UV2700 in the dark under ambient conditions.   

 

RESULTS AND DISCUSSION 

Influence of Composition on Ordered Mesoporous F127–Al2O3 Monoliths. In some earlier 

works, Al precursors and acid catalysts were typically added into the BCP solutions within short 

intervals (≤15 min), leading to the occurrence of multiple simultaneous reactions (e.g., 

alcoholysis, Al2O3 sol–gel hydrolysis/condensation reactions) in the mixtures.5,6,26,27,35,36 
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However, the tumultuous chain of reactions may cause the weakening of interactions between 

organic-inorganic components and impede mesophase ordering, especially under higher 

BCP/Al2O3 compositions and/or HNO3/Al ratios.23,35,37 To this end, we decoupled the 

hydrolysis/condensation reactions of Al(OsBu)3 into Al2O3 sol additive in a separate vial before 

mixing with the F127 BCP solution, thereby introducing an additional level of control to access 

more complex morphologies.  

Figure 1 shows the synthesis route schematic towards periodically ordered F127-directed 

mesoporous Al2O3 structures. First in a separate vial, Al(OsBu)3 was added into EtOH, triggering 

the exchange of sec-butoxy with ethoxy ligands surrounding the Al3+ cation (alcoholysis).15,30,35 

HNO3 (69 wt%) was then added as the catalyst and water source for the hydrolysis of Al(OsBu)3. 

As an example, the molar ratio of HNO3/Al of the sol mixture was first set at 2:1 to obtain a 

transparent colorless solution of Al2O3 sol oligomers (or hydrophilic nanoclusters) in EtOH.6,37,38 

Aliquots of different amounts of Al2O3 sol additive were mixed with F127 BCP dissolved in 

EtOH, enabling selective interactions of metal oxide sol to the hydrophilic PEO-corona of F127 

micelles by hydrogen bonding.5,6,15,21,22 The resultant hybrid solutions were then cast in PTFE 

beakers for EISA and thermal curing to form monoliths of various periodically ordered F127–

Al2O3 mesostructures (Figure S2). Thermal annealing in air up to 900 °C removed the BCP and 

yielded long-range ordered crystalline mesoporous Al2O3 structures.   
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Figure 1. Schematic for EISA of periodically ordered F127–Al2O3 mesostructures by varying 

the F127/Al2O3 composition and HNO3/Al molar ratio.  

Figure 2 shows the SAXS patterns of hybrid and corresponding mesoporous Al2O3 samples as a 

function of increasing inorganic composition for the HNO3/Al molar ratio of 2. Hereinafter, 

samples are denoted as MAX-Y-Z, where X, Y and Z indicate the Al2O3 composition (17 to 39 

wt% Al2O3), HNO3/Al molar ratio (1.2 to 2) and thermal annealing temperature (450 to 

1000 °C), respectively. From Figure 2a the SAXS pattern of hybrid MA17-2 (sample (i)) 

exhibits a relatively broad principal peak with low intensity, suggesting a disordered 

mesostructure. As inorganic content increased, the SAXS patterns of hybrid MA19-2 to MA28-2 

samples (samples (ii)–(vi)) show significantly improved reflections with high intensities, 

indicating formation of long-range ordered lattices. The principal peak (q*) and higher-order 

SAXS reflections of hybrid MA19 and MA20 (samples (ii), (iii)) located at the angular positions 

of ሺ𝑞 𝑞∗⁄ ሻଶ ൌ 1, 3, 4, are consistent with the hexagonal cylindrical morphology (p6mm). While 

SAXS patterns of hybrid MA23-2, MA26-2 and MA28-2 (samples (iv)–(vi)) allow assignment 

of the p6mm symmetry, the shoulder featured on the right hand side of the respective principal 
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peak in the SAXS curves suggest a second mesophase.39,40 The hybrid samples were likely near 

the boundaries of two different lattices resulting in mixed morphologies.39,40 Finally the low 

intensity and lack of higher-order reflections in the SAXS pattern of hybrid MA39-2 similarly 

indicate a disordered structure (sample (vii)). The respective principal peak (q*) and 

corresponding lattice d-spacing values are summarized in Table 1.  

To verify the periodic lattices, hybrid samples were thermally annealed in air at 450 °C for 

SAXS (Figure 2b) and TEM (Figure 3) characterization. Figure 2b shows that the respective 

principal peak and higher-order SAXS reflections of long-range ordered mesoporous Al2O3 were 

retained after thermal annealing (samples (ii)–(vi)), albeit with some peak broadening and shift 

to higher q values ascribed to thermal-induced mesostructure shrinkage and polymer 

decomposition forming the pores. The overall mesoscale shrinkage is approximately 35–40%. 

SAXS data show that samples lacking periodic order, e.g., MA17-2-450, underwent 

mesostructure collapse as indicated by the disappearance of the principal peak (sample (i) in 

Figure 2b). TEM micrographs of MA17-2-450 (Figure 3a and S3a) show tubular/wormlike type 

structures, suggesting the Al2O3 composition of 17 wt% was insufficient to stabilize the 

mesophase for heat treatment. As the Al2O3 composition increased to 19 wt%, SAXS indicates 

MA19-2-450 retained the p6mm symmetry (sample (ii) in Figure 2b). This was corroborated by 

TEM showing the projection of lying-down cylinders in the direction perpendicular to 

hexagonally arranged mesopores (Figure 3b). As the TEM image shows a projection of wide 

channel lines,41 we used the measured center-to-center distance of 10.6 nm to calculate the 

cylinder-to-cylinder d-spacing value of 12.2 nm. From SAXS the cylinder-to-cylinder d-spacing 

is found to be 14.6 nm (q* = 0.50 nm−1), close to the TEM estimation.  
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Figure 2. SAXS patterns of (a) F127–Al2O3 hybrids and (b) corresponding mesoporous Al2O3 

samples after calcination at 450 °C in air, for (i) MA17-2, (ii) MA19-2, (iii) MA20-2, (iv) 

MA23-2, (v) MA26-2, (vi) MA28-2 and (vii) MA39-2, respectively. Tick marks indicate the 

principal peaks and expected higher-order reflections for p6mm symmetry.   
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Table 1. Structural analysis of F127–Al2O3 samples. 

 

 

 

 

 

 

 

 

 

 

 

a Determined by SAXS. b Determined by TEM and SEM of mesoporous Al2O3 samples. 
  

sample q* (nm-1) d-spacinga 
(nm) 

mesophasea,b 

MA17-2 0.27 23.1 tubular / wormlike 
MA19-2 0.31 23.4 p6mm 

MA20-2 0.33 22.1 biphasic p6mm / Im3തm 

MA23-2 0.36 20.5 biphasic p6mm / Im3തm 

MA26-2 0.34 21.4 mixed p6mm / Im3തm / wormlike 

MA28-2 0.35 20.9 hierarchical, p6mm 
MA28-2-DQ 0.34 21.6 hierarchical, p6mm 

MA39-2 0.43 14.6 disordered 
MA19-2-450 0.50 14.6 p6mm 

MA20-2-450 0.53 13.8 biphasic p6mm / Im3തm 

MA23-2-450 0.55 13.2 biphasic p6mm / Im3തm 

MA26-2-450 0.56 12.9 mixed p6mm / Im3തm / wormlike 

MA28-2-450 0.57 12.7 hierarchical, p6mm 
MA28-2-DQ-450 0.54 13.6 hierarchical, p6mm 

MA23-1.8 0.39 18.5 p6mm 
MA23-1.6 0.42 17.2 p6mm 
MA23-1.4 0.46 15.6 p6mm / lamellar 
MA23-1.2 0.46 13.8 lamellar 

MA23-1.8-450 0.64 11.4 p6mm 
MA23-1.6-450 0.68 10.7 p6mm 
MA23-1.4-450 0.74 9.8 p6mm / lamellar 
MA23-1.2-450 0.75 8.4 lamellar 

MA23-1.6(BuOH) 0.45 16.1 p6mm 
MA23-1.6(BuOH)-450 0.80 9.1 p6mm 

MA23-2-700 0.62 11.8 biphasic p6mm / Im3തm 

MA23-2-900 
0.62 (p6mm) 
0.50 (Im3തm) 

11.8(p6mm) 
17.9 (Im3തm) 

biphasic p6mm / Im3തm 

MA23-1.6-700 0.74 9.8 p6mm 
MA23-1.6-800 0.72 10.1 p6mm 
MA23-1.6-900 0.77 9.5 p6mm 
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Figure 3. TEM micrographs (and FFT insets) of (a) tubular-type structure of MA17-2-450, (b) 

hexagonal cylinders of MA19-2-450, (c, d) biphasic MA20-2-450, (e, f) biphasic MA23-2-450, 

(g) hexagonal cylinders of MA26-2-450, and (h) lamellar structure of MA23-1.2-450. The (c) 

and (e) panels display the hexagonal cylinder morphology, while (d) and (f) panels display 3D 

cubic networks.  

Interestingly, a new shoulder (q = 0.62 nm−1) appears on the right side of the principal peak (q* = 

0.52 nm−1) in the SAXS pattern of MA20-2-450 (sample (iii) in Figure 2b) after heat treatment, 

suggesting biphasic behavior (Figure S4). From TEM we observe both lying-down hexagonal 

cylinders in parallel (Figure 3c) and 3D cage-like cubic networks with four-fold symmetry (see 

Figure 3d and corresponding fast Fourier transform (FFT) inset). While it is difficult to assign a 

symmetry group with the current SAXS and TEM data, we postulate the cubic structure could 

belong to the Im3തm family reported by Grant and coworkers (vide infra).26 From TEM of the 

p6mm lattice in Figure 3c, we estimated the cylinder-to-cylinder d-spacing to be around 13.7 nm, 
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almost identical to the d-spacing of 13.8 nm from SAXS (sample (iii) in Figure 2b). And from 

TEM in Figure 3d, we measured a d100-spacing (lattice parameter) of 13.1 nm and estimated the 

principal reflection of the Im3തm morphology to be around q* = 0.68 nm−1 (d110-spacing = 9.2 

nm), close to q value of the shoulder in the SAXS curve.  

The broadening of principal peak is most prominent in the SAXS pattern of MA23-2-450 over 

the q range of 0.40–0.80 nm−1 (sample (iv) in Figure 2b), suggesting a strong presence of both 

p6mm and Im3തm lattices, consistent with TEM characterization (Figure 3e, f and S5). In 

particular, the TEM image in Figure 3f presents both hexagonally arranged mesopores (top left 

corner) and four-fold 3D cubic networks. From TEM in Figure 3e, we estimated the cylinder-to-

cylinder d-spacing of p6mm lattice is 11.3 nm relative to the SAXS value of 13.2 nm (sample 

(iv) in Figure 2b). The d110-spacing and lattice parameter (d100-spacing) of the Im3തm lattice in 

Figure 3f are around 8.6 nm and 12.2 nm, respectively. We estimated the angular position of the 

Im3തm principal reflection is around q* = 0.73 nm−1, i.e., within the broad range of the main 

SAXS peak. The slight difference in d-spacing values from TEM and SAXS analysis may be 

attributed to samples being tilted off their zone axes during TEM measurements.  

The SAXS pattern for MA26-2-450 (sample (v) in Figure 2b) retains the principal peak but with 

diminished intensity and disappearance of higher order reflections, indicating some loss of long-

range order. This is consistent with TEM and SEM observations where hexagonally arranged 

mesopore channels are observed (Figure 3g) together with regions of cubic (Figure S3c) and 

wormlike structures (Figure S3d), suggesting another stage of mesoporous Al2O3 structural 

evolution. From TEM (Figure 3g) the estimated cylinder-to-cylinder d-spacing of 9.2 nm is 

much smaller than the SAXS value (12.9 nm). We postulate this could be due to increased 

mesostructural inhomogeneities introduced by the disordered wormlike mesophase as well as 
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samples being tilted off their zone axes during TEM measurements. Further increase of Al2O3 

composition led to spinodal decomposition-induced macro and mesophase separation for MA28-

2-450 (sample (vi) in Figure 2b). SAXS (sample (vii) in Figure 2b) and TEM (Figure S3f) 

analysis indicate the highest Al2O3 composition of 39 wt% (MA39-2-450) resulted in a 

disordered structure.  

The structural evolution of F127–Al2O3 mesophases can be explained by the critical packing 

parameter, 𝑔 ൌ 𝑣 𝑎଴𝑙⁄ , where v is the volume of the hydrophobic block, a0 is the effective area of 

hydrophilic components and l is the length of hydrophobic block.42–44 Assuming the hydrophobic 

volume and length remain constant, the hydrolyzed Al2O3 sol additive is selectively attracted to 

the hydrophilic PEO block by hydrogen bonding, thereby increasing the a0 and curvature of the 

hybrid F127–Al2O3 micelle but decreasing g.24,38 The initial inorganic composition of 17 wt% 

Al2O3 was found to be inadequate to stabilize an ordered liquid crystal mesophase that eventually 

collapsed under heat treatment (MA17-2-450). Increasing the composition to 19 wt% Al2O3 

(MA19-2-450) enabled formation of a thermally stable mesoporous Al2O3 with long-range p6mm 

order ሺ1 3⁄ ൏ 𝑔 ൏ 1 2⁄ ሻ. As the inorganic content reached 20 to 23 wt% Al2O3 (MA20-2-450 

and MA23-2-450), the increase in the interfacial curvatures and higher effective hydrophilic 

contact area values (a0) resulted in the decrease of packing parameters (g), initiating the shift to 

biphasic p6mm and Im3തm ሺ𝑔 ൑ 1 3⁄ ሻ symmetries. For the higher composition of 26 wt% Al2O3, 

the mesostructure transited into the mixed p6mm, Im3തm and wormlike structures (MA26-2-450). 

Most surprisingly, for the 28 wt% Al2O3 composition, the hybrid system crossed into the phase 

transformation of macroscale spinodal decomposition and mesoscale self-assembly.  

Spinodal Decomposition Induced Formation of Hierarchically Ordered Al2O3. Hierarchical 

porous inorganic structures with well-ordered mesopores that facilitate mass flow and 
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accessibility at the macro and nanoscale levels as well as possessing high specific surface area, 

pore volume and structural stability, are highly desirable for many applications such as catalysis 

and separation. One approach to generate hierarchical porous Al2O3 structures is to have the 

homogenous organic-inorganic mixture enters a thermodynamically unstable state via 

chemical/physical stimuli such as composition and evaporation rate,45,46 thereby crossing the 

phase boundary (spinodal line) to induce spinodal decomposition phase separation of two 

intermixed phases.36,45,47–49 Tokudome and coworkers prepared mixtures of polyethylene oxide 

and propylene oxide to control gelation of Al2O3 salt precursors to induce spinodal 

decomposition phase separation of macroporous Al2O3 frameworks but without ordered 

mesoscale pores.48 Wu and coworkers required adding trimethylbenzene as a swelling agent to 

increase the hydrophobic core of P123–Al2O3 micelle resulting in disordered porous Al2O3 

structures with pore size distribution of 6–600 nm.36 Here we found that by simply adding ~28 

wt% of Al2O3 additive into the F127 solution and upon ethanol evaporation, spinodal 

decomposition occurred spontaneously resulting in F127-rich phase and ordered F127–Al2O3-

rich phase. Thermal annealing in air removed the BCP to form hierarchical ordered Al2O3 

structures comprising interconnected networks of macroscale pores and well-ordered 

mesoporous channels with p6mm symmetry as shown in Figure 4.  

Figure 4a shows a freshly fractured cross-section of the MA28-2-450 monolith with randomly 

distributed macroscale pores of 1–5 μm (Figure 4b, c). SEM (Figure 4d) and TEM (Figure 4e) 

images of higher magnifications show the inorganic Al2O3 struts consist of parallelly aligned 

mesopore channels with the distinctive honeycomb symmetry (p6mm). SAXS data corroborate 

the majority of MA28-2-450 mesostructure has the p6mm symmetry (sample (vi) in Figure 2b) 

with a cylinder-to-cylinder d-spacing of 12.6 nm. We also found some regions of wormlike 



 

19 
 

structure in TEM (Figure S3e) that could explain for the shoulder feature next to the principal 

peak in the hybrid SAXS curve (sample (vi) in Figure 2a). To the best our knowledge, this is the 

first report of spinodal decomposition-induced hierarchical porous Al2O3 monolith with periodic 

hexagonal mesopore channels.  

 

Figure 4. (a–d) SEM and (e) TEM micrographs of hierarchical MA28-2-450. The highlighted 

regions denoted in (a) and (c) are shown at higher magnifications in (b) and (d), respectively. (f–

h) SEM images of hierarchical MA28-2-DQ-450 obtained at faster solvent evaporation rate, 

resulting in a deeper quench depth. The highlighted regions denoted in (f) and (g) are shown at 

higher magnifications in (g) and (h), respectively. 

The synthesis of spinodal decomposition induced hierarchical ordered Al2O3 is robust and highly 

reproducible. For instance, we fabricated ten other hybrid MA28-2 samples and found eight of 

them having highly similar morphology as confirmed by SAXS (Figure S6a, b). The samples 

were then thermally annealed in air at 450 °C and 700 °C for nitrogen sorption analysis. The 



 

20 
 

nitrogen isotherm of hierarchical MA28-2-450 exhibits a Type IV H1 hysteresis (Figure S7a) 

with a sharp capillary condensation step at ~0.7P/P0, indicating uniform pore size and good 

connectivity. The BET surface area and BJH pore size are 63 m2/g and 6.9 nm (Figure S7b), 

respectively, with micropores contributing about 16% of the specific surface area (Table 2). 

Even after heating at the higher 700 °C, the hierarchical ordered Al2O3 remained stable retaining 

the p6mm lattice as confirmed by SAXS (Figure S6c). The nitrogen isotherm of MA28-2-700 

exhibits a hysteresis loop that is closer to Type IV H2 (Figure S7a). While the BJH pore size was 

reduced by ~10% to 6.2 nm (Figure S7b), the specific area increased by ~20% to 76 m2/g with 

negligible micropore contribution. We speculate at 700 °C, the hierarchical Al2O3 structures 

densified closing the micropores and crystallized into γ-Al2O3 at the surface (Figure S9a).15 The 

newly formed small crystallites may have protruded slightly out of the mostly amorphous wall 

surface, increasing the total surface area but retained mesoscale structural stability.  

We found that the macropore structure can be tuned by controlling the evaporation rate. SEM 

images of MA28-2-DQ-450 in Figure 4f–h show a new form of hierarchically ordered porous 

Al2O3 structures generated by increasing the evaporation rate, thereby inducing a deeper quench 

depth in the spinodal decomposition region.45,46 Figure 4f and g reveal a macroscopic pore 

structure with higher degrees of openness whilst maintaining the highly ordered hexagonally 

aligned cylindrical mesopores (Figure 4h). This is corroborated by the SAXS spectra exhibiting 

multiple reflections with strong intensities for both hybrid and 450 °C-annealed Al2O3 samples 

(Figure S8a). From nitrogen sorption analysis (Figure S8b, c), MA28-2-700-DQ exhibits a Type 

IV isotherm with H1 hysteresis attributed to uniform cylindrical pores and a larger surface area 

of 194 m2/g that is comparable with the quasi-equilibrium mesoporous Al2O3 (i.e., 160–210 

m2/g). This suggests the deeper-quenched hierarchical MA28-2-DQ sample consists of highly 
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accessible co-continuous macropore networks interconnected with ordered hexagonal mesopore 

channels, while MA28-2 contains more isolated macroscale domains resulting in lower surface 

area.46  

Table 2. Textural characteristics of mesoporous Al2O3. 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

 
a Determined by BJH and KJS models from nitrogen sorption analysis. b Determined by t-plot method from nitrogen 
sorption analysis. c Single point pore volume at 0.99 P/P0. d Determined from PXRD. 
 

Influence of HNO3/Al Ratios on Ordered Al2O3 Mesophases. In previous studies of Pluronic 

BCP–Al2O3 mesostructures, Yuan et al. reported the most stable hexagonal p6mm morphology 

were formed at HNO3/Al molar ratios of 2.0–2.4,6 while Grant et al. observed phase transitions 

of p6mm to cage-like cubic lattices at higher HNO3/Al ratios of 3.0–4.0.27 In our present study, 

colorless transparent Al(OsBu)3–derived sol nanoclusters were prepared in separate reaction 

vessels for different durations (12–60 h) before mixing with F127 BCP, enabling precise control 

to investigate alternative ordered F127–directed Al2O3 morphologies at relatively unexplored 

lower acid/metal ratios.  

sample pore size,a 
nm 

BET surface 
area, m2/g  
(micropore 
area,b m2/g) 

pore volume,c 
cm3/g 

(micropore 
volume, cm3/g)c 

crystallite 
size,d nm 

CO2 
sorption 
@ 0 °C, 
mmol/g 

CO2 
sorption 
@ 25 °C, 
mmol/g 

MA23-2-450 7.0 149 (18) 0.29 (0.007)  0.66  
MA23-2-700 6.3 158 (3) 0.25 (0.0002) <1 0.61  
MA23-2-900 5.8 118 (11) 0.20 (0.004) 5-6 0.65  
MA28-2-450 6.9 63 (10) 0.12 (0.004)  0.37  
MA28-2-700 6.2 76 0.10  0.46  

MA28-2-DQ-700 7.5 194 (25)  0.33 (0.01)  0.87 0.54 
MA23-1.6-450 6.2 185 (17) 0.32 (0.006)    
MA23-1.6-700 6.0 207 (23) 0.31 (0.008) 1–2   
MA23-1.6-800    3-4   
MA23-1.6-900 5.0 159 (7) 0.21 (0.002) 4-5   

MA23-
1.6(BuOH)-450 

2.5, 5.3, 
11.9 

305 (67) 0.33 (0.026)  1.69 1.14 

Commercial-
Al2O3 

6.1 123 0.26  0.43 0.23 
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Figure 5a shows the SAXS patterns of various F127–directed Al2O3 hybrids with the same 

inorganic composition (23 wt% Al2O3) but synthesized under different HNO3/Al molar ratios of 

1.2–1.8. Compared to MA23-2 hybrid sample (Figure 2a), the intensity and width of the 

principal SAXS peak of MA23-1.8 hybrid (sample (i) of Figure 5a) become higher and narrower, 

respectively, indicating improved p6mm symmetry as HNO3/Al ratio reduced from 2 to 1.8. The 

most significant structural enhancement is observed in the SAXS pattern of MA23-1.6 hybrid 

(sample (ii) of Figure 5a) with the highest principal peak intensity and appearance of new higher 

order reflections at ሺ𝑞 𝑞∗⁄ ሻଶ ൌ 4 and 7, i.e., MA23-1.6 has the most well-defined hexagonal 

p6mm lattice with long-range order. As a demonstration we conducted scale-up EISA 

experiments of MA23-1.6 hybrids in larger crystallization dishes of 5-cm and 7.5-cm-diameters 

(compared to PTFE beaker of 2.1-cm-diameter) and consistently obtained long-range ordered 

hexagonal morphology (see SAXS data in Figure S10a). For HNO3/Al ratio of 1.4, while the 

SAXS pattern remains consistent with p6mm, the decrease of intensity of the principal peak and 

shift to higher q value, along with the disappearance of secondary reflections, suggest an 

impending mesophase transition (sample (iii) of Figure 5a). Finally, for HNO3/Al of 1.2, the 

intensities of SAXS reflections improve substantially at new angular positions of ሺ𝑞 𝑞∗⁄ ሻଶ ൌ

1, 4, consistent with the lamellar lattice (sample (iv) of Figure 5a).  

SAXS data in Figure 5b (samples (i)–(iii)) and S10 show that mesoporous Al2O3 samples of 

HNO3/Al ratios of 1.8, 1.6 and 1.4, retained the principal and secondary reflections of long-range 

p6mm order after thermal annealing at 450 °C and 700 °C in air, and corroborated by TEM 

(Figure S3g–i). We further observe layered structures in the TEM of MA23-1.4-450 (Figure S3j), 

suggesting biphasic hexagonal and lamellar characteristics attributed to mesophase transition. 

Conversely the SAXS peaks of MA23-1.2-450 disappear almost completely after BCP removal 
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(sample (iv) of Figure 5b), indicating collapse of lamellar mesophase into sheet-like structures 

(see TEM in Figure 3h and S3k). To the best of our knowledge, this is first report of 2D lamellar 

lattice in a Pluronic BCP-directed Al2O3 monolith.  

 

Figure 5. (a,b) SAXS patterns of (a) MA-23 hybrids and (b) corresponding mesoporous Al2O3 

samples annealed at 450 °C for HNO3/Al acid molar ratios of (i) 1.8, (ii) 1.6, (iii) 1.4 and (iv) 

1.2. Tick marks indicate expected SAXS reflections for p6mm (black) and lamellar (red) lattices. 

(c) Nitrogen sorption isotherms and (d) pore size distributions of MA23-2-450 and MA23-1.6-

450 samples.  
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This order-to-order mesophase transition is congruous with the simultaneous increase of critical 

packing parameter (g) and decrease of F127–Al2O3 micelle curvature as HNO3/Al molar ratios 

reduced from 2 to 1.2. HNO3 is the catalyst and H2O source for hydrolysis of Al(OsBu)3. With 

less added HNO3 the kinetics of hydrolysis of Al2O3 sol nanoclusters slowed down significantly 

requiring longer durations (from 6 to 60 h) to form the colorless transparent inorganic additive in 

EtOH. Upon mixing the Al2O3 sol precursors with F127 BCP solution, it is likely that the hybrid 

micelle diameter decrease in size with less amounts of H+, NOଷ
ି and H2O swelling the PEO-

corona,50 resulting in lower effective hydrophilic contact area values (a0) and interfacial 

curvatures, but higher packing parameters (g). This is consistent with the decreasing p6mm d-

spacing values from 21.4 to 15.6 nm (~27%) as the HNO3/Al ratio changed from 2 to 1.4. For the 

HNO3/Al ratio of 1.2, the even smaller micelle interfacial curvature induced a phase transition 

from p6mm to lamellar lattice of zero mean curvature ሺ𝑔 ൎ 1ሻ. 

Nitrogen sorption measurements provided further structural and textural properties of 

mesoporous MA23-2-450 and MA23-1.6-450 samples. Figure 5c shows MA23-2-450 exhibits a 

sorption isotherm of Type IV H1 hysteresis loop with delayed desorption, suggesting 

mesoporous samples with cage-like pores.27 This is consistent with our earlier observations of 

mixed cubic and hexagonal morphologies in SAXS (Figure 2b) and TEM (Figure 3e, f). In 

contrast, the sharp and vertical capillary step in the sorption isotherm indicates MA23-1.6-450 

has a Type IV with H1 hysteresis loop (Figure 5c), representing highly uniform cylindrical pores 

and improved pore size distribution (Figure 5d). Furthermore, as the HNO3/Al ratio reduced 

from 2 to 1.6, there was a decrease of pore size from 7 nm to 6.2 nm (Figure 5d) likely due to 

less H+, NOଷ
ି and H2O species interacting with the smaller hybrid micelles, and increase of 

surface area and pore volume by 24% and 10% (Table 2), respectively.  
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We further postulate lower HNO3/Al ratios promote formation of smaller sized Al2O3 sol 

nanoclusters over longer reaction durations.51 Smaller Al2O3 nanoclusters interacting with the 

PEO-based corona may enable favorable translation entropic gains and advocate growth of well-

defined homogeneous mesophases (e.g., compare MA23-2 and MA23-1.6 samples).51,52 Finally, 

we summarized the collected data of F127–Al2O3 hybrid monoliths in a morphology map as a 

function of F127/Al2O3 composition and HNO3/Al molar ratio (Figure 6). 

 

Figure 6. Morphology map of F127–Al2O3 hybrid monolith samples by EISA as a function of 

F127/Al2O3 composition and HNO3/Al molar ratio.   

Influence of Solvent on Porosity of Ordered Mesoporous Al2O3. It is well-established that the 

solubilizing medium greatly affects the sol–gel reaction kinetics of Al alkoxides as well as 

resultant block copolymer–directed mesophases.4,35,53 To investigate the solvent influence, 

Al(OsBu)3 was added into the less polar n-BuOH in place of EtOH. This results in the exchange 

of sec-butoxyl ligands with linear n-butoxyl ligands surrounding the Al3+ ions.15,35,53 Adding 

HNO3 catalyzed the hydrolysis and condensation reactions (HNO3/Al = 1.6). The transparent n-
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BuOH based Al2O3 sol additive was then added into a solution of F127 in EtOH (23 wt% Al2O3), 

followed by EISA to form a hybrid monolith denoted as MA23-1.6(BuOH).  

Figure S11a shows the SAXS patterns of the as-made hybrid MA23-1.6(BuOH) and mesoporous 

Al2O3 after thermal annealing at 450 °C (MA23-1.6(BuOH)-450). Compared to EtOH-derived 

MA23-1.6 (sample (ii) in Figure 5a), the principal SAXS peak of hybrid MA23-1.6(BuOH) has a 

lower intensity and even weaker secondary peaks at higher q values, suggesting a lower degree 

of p6mm order (black curve in Figure S11a). But after thermal annealing at 450 °C, SAXS data 

shows the hexagonal p6mm order improved as indicated by the presence of the principal and 

higher order reflections (MA23-1.6(BuOH)-450, gray curve in Figure S11a). Figure S11b shows 

the nitrogen sorption isotherm of MA23-1.6(BuOH)-450 that is classified as Type IV with H2 

hysteresis. The three capillary condensation steps observed at 𝑃 𝑃଴⁄  of 0.6, 0.75 and 0.95, 

suggest presence of mesopores with different pore sizes. BJH analysis revealed a trimodal 

mesopore size distribution of 2.5, 5.3 and 11.9 nm (Figure S11c). Micropores (<2 nm) further 

contributed about 22% and 8% to the total BET surface area and pore volume of 305 m2/g and 

0.33 cm3/g, respectively.  

Using n-BuOH as solvent further slowed the hydrolysis and condensation reactions of Al(OsBu)3 

compared in the EtOH environment.35 The longer n-butoxy ligands likely introduce steric effects 

that inhibit hydroxyl groups from approaching Al3+ cations and form Al2O3 sol nanoclusters with 

varying degrees of polymerization.35 This may cause weaker interactions between the inorganic 

sol nanoclusters and F127 PEO blocks, disrupting mesophase ordering into better defined p6mm 

lattice.37 The increase of microporosity could arise from poorly coordinated random packing of 

Al2O3 sol species at the mesostructure interfaces. We also cannot exclude the less polar n-BuOH 

(dielectric constant of 17.7 compared to the dielectric constant of EtOH of 25) may have lesser 
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ability to solvate and stabilize the protonated Al2O3 intermediates to form homogenous 

mesophases with the soft BCP template.53,54 

Thermal Annealing of Mesoporous Al2O3. Mesoporous Al2O3 samples were thermally 

annealed from 450 °C to 1000 °C in air and characterized by SAXS, PXRD, TEM and nitrogen 

sorption to determine their structural and textural properties and thermal stability. SAXS (Figure 

7a) and TEM (Figure 7c, d and S12) show that mesoporous MA23-2 samples retained biphasic 

hexagonal p6mm and cubic Im3തm morphologies with various degrees of long-range order for 700 

and 900 °C. More interestingly, we observe large grain areas of MA23-2-900 exhibiting highly 

intense SAXS reflections at angular positions of ሺ𝑞 𝑞∗⁄ ሻଶ ൌ 1, 2, 3, consistent with the Im3തm 

lattice (Figure 7a).24 HR-TEM images in Figure 7d and S12 corroborate the highly crystalline 

Al2O3 p6mm and network-like structures for MA23-2-900, respectively. Similarly, SAXS 

confirmed the preservation of long-range p6mm symmetry for mesoporous MA23-1.6-900 

samples (Figure S9b). Remarkably, optical images and SAXS data in Figure S9 show the MA23-

1.6-900 samples retained both macroscale free-standing monolithic shape and mesoscale p6mm 

symmetry after annealing at 900 °C, with very similar thermal-induced shrinkage of 45% and 

48% in the millimeter (optical) and nanometer (SAXS) length scales, respectively, validating 

high thermal and structural integrity.  
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Figure 7. (a) SAXS and (b) PXRD patterns of mesoporous MA23-2 samples after thermal 

annealing at 450 °C (gray), 700 °C (red) and 900 °C (blue) in air. Tick marks in (a) indicate the 

expected SAXS reflections of p6mm (black) and Im3തm (orange) lattices. PXRD peak markings 

and relative intensities for γ-Al2O3 (green, PDF 00-010-0425) are shown in (b). (c, d) TEM of 

hexagonal cylinders of MA23-2-900. The highlighted region in (c) is shown under higher 

magnification by HR-TEM in (d). (e) Nitrogen sorption isotherms and (f) pore size distributions 

of mesoporous MA23-2-700 and MA23-2-900. 

PXRD patterns of mesoporous MA23-2 and MA23-1.6 samples in Figure 7b and Figure S9a, 

respectively, illustrate the crystalline phase transformation of Al2O3 after thermal annealing in 

air. All mesoporous Al2O3 were amorphous after annealing at 450 °C. While the inorganic 

mesostructure remained primarily amorphous at 700 °C, the appearance of a broad peak at 2θ = 

67° indicates formation of small crystallites oriented to the (440) plane of γ-Al2O3 (PDF 00-010-
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0425). Nucleation and growth of new crystallites in the ordered mesoporous Al2O3 structures 

occurred at 800 °C and 900 °C, denoted by emergence of new PXRD reflections with higher 

intensities and narrower widths as well as observations of crystalline fringes from HR-TEM 

(Figure 7d and S12b). From the Scherrer equation, we estimated the γ-Al2O3 crystallite size grew 

to around 4 and 6 nm at 800 °C and 900 °C, respectively. From SAXS and PXRD, the 

mesoporous structure transformed into crystalline θ- and α-Al2O3, thereby collapsed at 1000 °C 

(Figure S9).55 

Nitrogen sorption analysis of MA23-2-700 and MA23-2-900 exhibit Type IV isotherms and 

hysteresis loops with mixed H1 and H2 characteristics, consistent with the biphasic hexagonal 

p6mm and cage-like Im3തm morphologies of the mesoporous samples (Figure 7e). Whereas 

MA23-1.6-700 and MA23-1.6-900 display Type IV isotherms with H1 hysteresis, confirming 

presence of highly ordered hexagonal mesopore channels (Figure S13a). BJH pore size of 

mesoporous MA23-2 and MA23-1.6 samples decreased from 7.0 to 5.8 nm and 6.2 to 5.0 nm, 

respectively, after thermal annealing from 450 to 900 °C due to crystallization (Figure 5d, 7f and 

S13b). What is surprisingly is that the highest BET surface areas of MA23-2 and MA23-1.6 

samples (i.e., 158 and 207 m2/g, respectively) were obtained after annealing at 700 °C, similar to 

the hierarchical ordered MA28-2-700 samples (vide supra). This is likely due to the formation of 

small γ-Al2O3 crystallites at the surface increasing the overall available surface area for nitrogen 

adsorption.15 The BET surface areas of MA23-2-900 and MA23-1.6-900 then decreased by 

~25% to 118 m2/g and 159 m2/g, respectively, upon further γ-Al2O3 crystallization at 900 °C 

(Figure 5e and S13).  

Adsorption Characteristics for Carbon Dioxide and Congo Red Dye. With high surface area 

and thermal/chemical stability, mesoporous Al2O3 are promising solid adsorbents for 
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environmental applications such as carbon dioxide (CO2) capture and wastewater filtration.2,7,9,10 

We first evaluated the (physical) adsorption properties of ordered mesoporous Al2O3 for CO2 at 

0 °C and 25 °C for 1 bar displayed in Figure 8a and S11d, as well as summarized in Table 2. 

MA23-1.6(BuOH)-450 has the highest CO2 adsorption capacity of 1.69 and 1.14 mmol/g at 0 °C 

and 25 °C for 1 bar, respectively, attributed to the high surface area, pore volume and 

microporosity.56,57 However, even as mesoporous MA23-2 samples have varying BET surface 

areas after annealing at 450–900 °C (149–118 m2/g), they share very similar CO2 adsorption 

capacities of 0.61–0.66 mmol/g at 0 °C likely due to lower microporosity and constrained pore 

access for CO2 adsorption caused by the mixed hexagonal and cubic morphologies. Nonetheless, 

ordered mesoporous MA23-2 and MA23-1.6(BuOH) samples have higher CO2 adsorption 

capacities than commercial-Al2O3 (Figure S14a).  

The hierarchical MA28-2-450 has the lowest BET surface area and CO2 adsorption capacity of 

63 m2/g and 0.37 mmol/g (0 °C), respectively. Intriguingly, after annealing at 700 °C both BET 

surface area and CO2 adsorption capacity of MA28-2-700 increased by more than 20% to 76 

m2/g and 0.46 mmol/g (0 °C), respectively. Unlike MA23-1.6(BuOH)-450, nitrogen sorption 

analysis indicates negligible micropores in MA23-2-700. We postulate the higher-than-expected 

CO2 loading capacity could arise from enhanced CO2 flow transport efficiency and surface 

accessibility imparted by the hierarchically interconnected pore networks of macropores and 

hexagonally ordered mesopores (Figure 4). By increasing the solvent evaporation rate to reach a 

deeper quench state in the spinodal decomposition region, the interconnectivity and accessibility 

of the macropore domains drastically improved for hierarchical MA23-2-DQ-700, thereby 

increasing the BET surface area and CO2 adsorption capacity to 196 m2/g and 0.87 mmol/g 

(0 °C), respectively (Figure S8b, d). At 25 °C, the CO2 adsorption capacity of MA23-2-DQ-700 
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(0.54 mmol/g) is more than doubled of commercial-Al2O3 (0.23 mmol/g). Moreover, our CO2 

adsorption capacity values (i.e., 0.5–1.69 mmol/g) are comparable to other mesoporous Al2O3 

systems (0.5–1.36 mmol/g).7,8 

 

Figure 8. (a) CO2 adsorption isotherms of ordered mesoporous Al2O3 samples measured at 0 °C 

for 1 bar. (b) Absorbance spectra of Congo red aqueous solution after treatment with MA23-1.6-

700 at different time points as indicated. (c) Pseudo-first and (d) pseudo-second order kinetics of 

Congo red dye adsorption by MA23-2-700 (blue circle) and commercial Al2O3 (green square). 

The dotted lines in (c) and (d) were obtained from linear regression analysis using the respective 

data points.  
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The 2–50 nm pore size of mesoporous solid adsorbents permits CO2 capture under both low- and 

high-pressure conditions.57,58 Xu et al. reported an impressive loading of 5.39 mmol/g of CO2 

(75 °C, 1 bar) using amine-functionalized mesoporous SBA-15 silica structures.59 However, 

amorphous silica exhibits low hydrothermal stability with extremely slow CO2 adsorption 

kinetics.57,58,60 Estevez et al. investigated the CO2 adsorption capacity of hierarchical porous 

carbon by varying the trimodal pore sizes (<2-nm, 7 and 40-nm, 1–20-μm), surface areas (1500–

2800 m2/g) and pore volumes (1–10 cm3/g), obtaining the CO2 loading of 3.7 mmol/g (25 °C for 

1 bar).61 However, the multistep synthesis protocol is highly complex and energy intensive, such 

as employing different hard templates (ice templating and silica colloids), long pyrolysis 

durations at high temperatures, as well as template removal and carbon activation.61 We 

postulate a facile one-pot synthesis approach to form hierarchically ordered mesoporous Al2O3 

structures with excellent mass transport and accessibility characteristics could enable more 

selective and higher CO2 adsorption capabilities via surface functionalization with amine groups 

and/or incorporation with alkaline metal components.2,7  

Next, we investigated the adsorption properties of hexagonally ordered MA23-1.6-700 and 

commercial-Al2O3 for Congo red dye as a model wastewater pollutant. To obtain the equilibrium 

adsorption capacities, 10 mg of finely powdered mesoporous Al2O3 was immersed in a 70 mL of 

Congo red solution with an initial concentration (C0) of 50 mg/L for 24 h. It should be mentioned 

that a significant excess amount of Congo red was used in our experiments to probe the kinetics 

of dye adsorption in mesoporous Al2O3 (i.e., 3.5 mg of dye per 10 mg of Al2O3 compared to 

1.125 mg of dye per 10 mg of Al2O3 in ref. 9). An aliquot was then retrieved from each sample 

to determine the equilibrium dye concentration (Ce) from absorbance measurement at 498 nm. 

The equilibrium adsorption capacities summarized in Table 3 were calculated using the equation 
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𝑞௘ ൌ ሺ𝐶଴ െ 𝐶௘ሻ𝜈 𝑚⁄ , where ν is the volume of dye solution and m is the mass of mesoporous 

Al2O3. 

Table 3: Summary of Congo red dye adsorption kinetics.  

  
pseudo-first order model pseudo-second order model 

sample qe,a 
mg/g 

k1,b g/mg 

min 
theoretical 
qe,c mg/g 

R2 k2,d g/mg min theoretical 
qe,c mg/g 

R2 

MA23-1.6-700 103.05 2.1×10−3 102.52 0.9824 3.27×10−5 84.75 0.6034 
Commercial-

Al2O3 
39.27 1.2×10−3 37.33 0.9654 4.5×10−4 17.51 0.9549 

a Experimental equilibrium Congo red dye adsorption capacity. b Pseudo-first order kinetic constant derived from 
linear regression. c Theoretical equilibrium adsorption capacity derived from linear regression. d Pseudo-second 
order kinetic constant derived from linear regression. 

 
The most promising Al2O3 adsorbent for Congo red is MA23-1.6-700 with an equilibrium 

adsorption capacity of 103 mg/g, whereas commercial-Al2O3 only adsorbed around 40 mg/g of 

dye molecules after 24 h. We postulate that the commercial-Al2O3 may have fewer available 

adsorption sites due to lower BET surface area and pore volume compared to MA23-1.6-700 

(123 m2/g and 0.26 cm3/g versus 207 m2/g and 0.31 cm3/g, respectively) despite having similar 

pore diameters (~6 nm) (Figure S14c, d). Another possible reason is better pore accessibility 

inherited from the highly ordered hexagonal symmetry (Figure S10b). This is consistent with the 

faster dye removal rate by MA23-1.6-700 inferred from the absorbance spectra of Congo red 

solution collected at hourly intervals in Figure 8b. The amount of dye removed was the highest 

within the first 60 min (see black and dark brown curves), followed by a slight slow-down in the 

next 60 min (see dark brown and red curves for 60 and 120 min time points), and then drastically 

increased over the next 3 h (see the red to orange curves for 120 to 300 min time points). This 

indicates a strong affinity of the dye molecules to the well-ordered and accessible Al2O3 

mesopore channel walls. In contrast, dye adsorption by commercial-Al2O3 reached steady state 

after the first 60 min (Figure S14e).  
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To further quantify dye adsorption behaviors by mesoporous Al2O3, we applied the pseudo-first 

and pseudo-second order kinetic models62 using Equation (1) and (2), respectively, 

logሺ𝑞௘  െ  𝑞௧ሻ ൌ log 𝑞௘ െ 
𝑘ଵ𝑡

2.303
 (1) 

𝑡
𝑞௧
ൌ  

1
𝑘ଶ 𝑞௘ଶ

൅  
𝑡
𝑞௘

 (2) 

 

where qe and qt (mg/g) are the Congo Red adsorption capacities at equilibrium and time point t 

(min), and k1 (g/mg min) and k2 (g/mg min) are the pseudo-first and pseudo-second order rate 

constants derived from linear regression. The time dependent adsorption capacity was calculated 

from 𝑞௧ ൌ ሺ𝐶଴ െ 𝐶௧ሻ𝜈 𝑚⁄ , where Ct is the dye concentration at time point t obtained from 

absorbance measurement. The linear regression plots and calculated kinetic parameters of 

mesoporous MA23-1.6-700 and commercial-Al2O3 are presented in Figure 8 and Table 3. From 

linear regression analysis, the pseudo-first order kinetic model is more appropriate to describe 

Congo red dye adsorption behaviors for both mesoporous Al2O3 samples (Figure 8c). Moreover, 

the calculated adsorption capacities at equilibrium (theoretical qe) are almost identical to the 

measured values (qe). Consistent with our absorbance spectra interpretation, the pseudo-first 

order kinetic constant (k1) for Congo red adsorption of MA23-1.6-700 is higher than 

commercial-Al2O3 by a factor of almost 2.  

CONCLUSIONS  

We demonstrated an EISA-based approach to generate a myriad of long-range and well-defined 

F127–Al2O3 hybrid mesophases. Decoupling the Al(OsBu)3 sol-gel reaction before mixing with 

the BCP, enabled access to a wider and relatively unexplored parameter space of F127/Al2O3 

composition and HNO3/Al molar ratio, forming 2D lamellar, hexagonal p6mm and 3D cubic 
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Im3തm lattices. The formation pathways of order-to-order mesophase transitions were elucidated 

from the interactions of Al2O3 sol nanoclusters, H2O, H+ and NOଷ
ି ions with F127 PEO blocks, 

inducing changes in the micelle curvature and critical packing factor. Exchanging the solvent 

from EtOH to n-BuOH provided further leverage slowing the sol–gel hydrolysis and 

condensation reactions of Al(OsBu)3 to yield hexagonally arranged mesoporous Al2O3 with 

surface area and pore volume of 305 m2/g and 0.33 m3/g, respectively. Further increase in Al2O3 

composition and faster solvent evaporation rate induced spinodal decomposition in the BCP-

additive blend to form F127-rich phase and well-ordered F127–Al2O3-rich phase. Thermal 

annealing in air up to 900 °C removed the copolymer and yielded long-range ordered 

mesoporous γ-Al2O3 structures as well as hierarchically porous γ-Al2O3 structures with 

interconnected networks of macropores and well-ordered mesopore channels with p6mm 

symmetry. The resultant ordered mesoporous Al2O3 exhibited high affinities to capture CO2 and 

Congo red dye for potential high temperature adsorption and wastewater filtration applications. 

Our results summarized as a two-component morphology map may serve as a guide for future 

structure–property studies and synthesis of alternative Al2O3-based oxides and advanced 

ceramics with well-ordered morphologies for urban sustainability and clean energy-related 

applications.  
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Additional characterization of F127–Al2O3 hybrids and mesoporous Al2O3 samples by SAXS, 

PXRD, SEM, TEM, TGA, nitrogen/carbon dioxide sorption analysis and UV-vis spectroscopy. 
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Figure S1. TGA data for MA17-2 to MA39-2 hybrid samples. 
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Figure S2. Optical images of F127–Al2O3 hybrid monoliths of (a) MA17-2, (b) MA19-2, (c) 
MA20-2, (d) MA23-2, (e) MA26-2 and (f) MA39-2. 

 
  



S4 
 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 
Figure S3. TEM/SEM micrographs of (a) wormlike structures of MA17-2-450, (b) hexagonal 
cylinders of MA19-2-450, (c) hexagonal and cubic structures of MA26-2-450, (d) hexagonal and 
wormlike structures of MA26-2-450, (e) wormlike structures of MA28-2-450, (f) wormlike 
structures of MA39-2-450, (g) hexagonal cylinders of MA23-1.8-450, (h) hexagonal cylinders of 
MA23-1.6-450, (i,j) biphasic hexagonal (i) and lamellar (j) structures of MA23-1.4-450, as well 
as (k) lamellar structure of MA23-1.2-450. The highlighted regions denoted in (c) and (d) show 
the hexagonal cylinder morphology.   
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Figure S4. TEM micrograph of mesoporous MA20-2-450 showing biphasic hexagonal and cubic 
morphologies.  
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Figure S5. TEM micrograph of mesoporous MA23-2-450 showing biphasic hexagonal and cubic 
morphologies.  
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Figure S6. SAXS patterns of (a,b) ten other hybrid samples of MA28-2 and (c) MA28-2-450 and 
MA28-2-700 as indicated.  
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Figure S7. (a) Nitrogen sorption isotherms and (b) pore size distributions of MA28-2-450 and 
MA28-2-700 as indicated.  
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Figure S8. (a) Integrated SAXS patterns of MA28-2-DQ hybrid (black) formed at a faster solvent 
evaporation rate resulting a deeper quench depth, as well as MA28-2-DQ-450 (gray) after 
annealing at 450 °C. (b) Nitrogen sorption isotherm and (c) pore size distribution, as well as (d) 
CO2 adsorption isotherms at 0 °C and 25 °C, of MA28-2-DQ-700.  
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Figure S9. (a) PXRD and (b) SAXS patterns of mesoporous MA23-1.6 samples thermally 
annealed in air at 450–1000 °C. The PXRD peak markings and relative intensities for γ-Al2O3 
(blue, PDF 00-010-0425), θ-Al2O3 (purple, PDF 00-056-0456) and α-Al2O3 (red, PDF 04-004-
2852) are shown in (a). (c,d) Optical images of (c) MA23-1.6 hybrid and (d) MA23-1.6-900. 
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Figure S10. (a) SAXS patterns of MA23-1.6 hybrids, MA23-1.6-450 and MA23-1.6-700 samples 
(b,c) Optical images of MA23-1.6 hybrids prepared in crystallization dishes of diameter 7.5 cm 
(b) and 5 cm (c).  
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Figure S11. (a) Integrated SAXS patterns of n-BuOH derived MA23-1.6(BuOH) hybrid (black) 
and MA23-1.6(BuOH)-450 (gray). (b) Nitrogen sorption isotherm and (c) pore size distribution, 
as well as (d) CO2 adsorption isotherms at 0 °C and 25 °C, of MA23-1.6(BuOH)-450. 
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Figure S12. (a, b) HR-TEM images suggest network-like structures in MA23-2-900. Panel (b) 
shows a higher magnification of the highlighted region in (a).  
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure S13. (a) Nitrogen sorption isotherm and (b) pore size distribution of MA23-1.6-700 and 
MA-1.6-900. 
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Figure S14. Plots of (a) CO2 adsorption isotherms at 0 °C and 25 °C, (b) SAXS, (c) nitrogen 
sorption isotherm and (d) pore size distribution of commercial Al2O3. SAXS pattern in (b) 
indicates the commercial sample is mesoscopically disordered. (e) Absorbance spectra of Congo 
red aqueous solution after treatment with commercial Al2O3 at different time points as indicated. 
(f) WAXS of commercial Al2O3 with peak markings and relative intensities for γ-Al2O3 (red, 
PDF 00-010-0425) and AlOOH (blue, PDF 04-013-4266). 
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