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Abstract. Over the past decades, the academic community has devoted considerable attention to 

mesoporous and microporous materials, primarily due to their distinctive nanoscale pore 

structures. Despite the extensive research conducted on these materials, there is still a pressing 

need to develop methods for optimizing their synthesis and improving their performance. 

Therefore, this paper introduces the basic concepts of mesoporous and microporous materials 

and their importance, and describes in detail their typical synthesis methods that include the 

solution-gel method for the synthesis of mesoporous materials and the ionothermal synthesis 

method for the synthesis of microporous materials. The paper then goes on to examine some of 

the more common characterization methods that are used in the field, such as X-ray diffraction 

(XRD), nitrogen adsorption, and transmission electron microscopy (TEM), and also lists some 

of the ways in which these characterization methods have been used in the context of 

electrochemical capacitors and photocatalytic explanation. It has been shown that mesoporous 

and microporous materials have the potential for significant applications in energy storage and 

environmental remediation. Further research should concentrate on the improvement of the 

synthesis process and the investigation of additional application areas, with the aim of fully 

exploiting the potential of these materials. 

Keywords: Mesoporous Materials, Microporous Materials, Ionothermal Synthesis Method, Sol-

Gel Method. 

1.  Introduction 

In accordance with the definition of the International Union of Pure and Applied Chemistry (IUPAC), 

porous materials are continuous solid network materials that are filled through voids.Porous materials 

possess ordered pore structure and large surface area, which are of significance in many fields, including 

catalysis, adsorption, and energy storage. Mesoporous materials typically exhibit pore sizes between 2 

and 50 nm, while microporous materials have pore sizes less than 2 nm. The synthesis of these materials 

is undergoing a period of evolution, with the advent of sol-gel methods for the production of mesoporous 

materials and ionothermal synthesis method for microporous materials, which allow for precise control 

of the structures of the materials, thereby enabling their adaptation to specific application requirements. 

Besides, the characterization of these materials is of critical importance for the understanding of their 

properties and potential applications, and commonly employed characterization techniques include X-

ray diffraction, nitrogen adsorption, and transmission electron microscopy, providing comprehensive 

data regarding the crystal structure, surface area, and pore distribution of the material. Furthermore, 
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mesoporous and microporous materials have a wide range of applications, exerting a profound impact 

on numerous fields. Therefore, the paper aims to provide a comprehensive overview of the synthesis 

methods. Moreover, it examines the latest developments, highlighting the key role of these materials in 

driving technological advances and addressing global challenges such as energy storage and 

environmental protection. 

2.  Typical Synthesis of Mesoporous and Microporous Materials 

The Sol-Gel and Ionothermal Synthesis methods have attracted much attention as potential routes for 

synthesizing mesoporous and microporous materials due to their respective advantages. Therefore, they 

are selected for detailed analysis. 

2.1.  Typical Synthesis of Mesoporous: Sol-gel Synthesis Method 

The Sol-Gel synthesis, a solution chemical synthesis method commonly used for the preparation of 

mesoporous materials, forms a homogeneous gel system in solution through a sol-to-gel transition, 

resulting in a material with a mesoporous structure. The core steps of the method include dissolving 

metal precursors, adding surfactants or templating agents, controlling the pH and temperature of the 

solution. When appropriate conditions satisfies, the precursors in the solution gradually aggregate to 

form a gel with regular distribution of templating molecules inside, which is subsequently dried and 

calcined to form the final mesoporous material. This method features by ease of operation, low cost, and 

strong control over the structure of the material. By adjusting the conditions and adding different 

templating agents, precise control of the pore size, structure, and surface properties of mesoporous 

materials can be achieved. Therefore, the solution-phase synthesis method is widely used for 

mesoporous materials. In this method, appropriate self-assembled template molecules play a key role in 

determining the final pore size and homogeneity. However, preparing mesoporous material in the 10-30 

nm range is often challenging due to the lack of suitable templates, and the difficulty in arranging the 

template materials in a well-defined manner often leads to poor spatial orientation of the pores and wide 

size distributions [1]. The precise control of biomolecules at the nanoscale or even in situ enables 

manipulation of their microstructure, making them promising template materials. Among them, protein 

cages, which are characterized by a hollow interior and can be assembled in a controlled manner with 

an intrinsic size range of 10-50 nm in diameter, have been demonstrated to be a promising synthetic 

material due to the versatility of protein cage assembly [2]. Meanwhile, silica is often chosen as an ideal 

material for protein template systems due to the robustness, biocompatibility and mild synthesis 

conditions, which allow for the preservation of protein shape and function [3]. 

Figure 1 depicts a pathway to synthesize mesoporous silica using ferritin crystal as template, where 

the empty spherical ferritin cages apoferritin (aFT), in which an empty spherical ferritin cage apoferritin 

(aFT) with an outer diameter of 12 nm and an inner cavity diameter of 8 nm was utilized as the protein 

unit [4]. Apoferritin spontaneously assembles into a lattice by electrostatic self-assembly with cationic 

particles Cd2+ released in agarose gels. The size and spacing of the intermediary particles finally 

determine the pore structure. The crystals then bind to clusters of pre-hydrolyzed cations derived from 

N-[3-(trimethoxysilyl)propyl]-N,N,N-trimethylammonium chloride (TMAPS) and tetraethoxysilane 

(TEOS) precursors. Through the formation of strong electrostatic, a bond between apoferritin crystals 

and the cationic clusters is created. And silica encapsulating the crystals (aFT-crystals-silica) can be 

formed. In the end, the apoferritin is removed by calcination process at 500℃ for 4 hours, resulting in 

mesoporous silica with hypoferritin pore regularity [5].  
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Figure 1. Synthesis of Mesoporous Silica by Ferritin as Templating Molecule [5] 

2.2.  Typical Synthesis of Microporous Materials: Ionothermal Synthesis Method 

Ionothermal Synthesis, a method proposed by Morris et al for the preparation of aluminum phosphate 

molecular-sieve analogues, employs eutectic mixture (EUs) or ionic liquid as solvent and structure 

directing agents (SDAs) during the synthesis process, featured by the removal of competition between 

the template-framework and solvent-framework interactions present in hydrothermal or solvothermal 

synthesis. This approach has received increasing attention due to the potential in the discovery in new 

materials such as metal phosphates and metal–organic frameworks [6].  

Organohalide salts and hydrogen bond donors (such as amides, amines, carboxylic acids and 

alcohols), as a class of eutectic mixture, and the imidazole-based ionic liquids, as solvents and potential 

SDA, are two template materials commonly used in ionothermal synthesis. In contrast to conventional 

hydrothermal or solvothermal synthesis, ionothermal synthesis does not require high temperature or 

pressure, which is helpful to avoid thermal instability of the material structure and solvent volatilization 

problems. In some previous studies, the synthesis of four different aluminium phosphate molecular sieve 

materials using 1-methyl-3-ethylimidazolium bromide ionic liquid (EMIBr) was first reported by 

Cooper et al [7]; nine aluminium phosphate zeolites were synthesized for the first time using eutectic 

mixture composed of ammonium halides and urea and its derivatives by Parnham et al [8]. In this method, 

quaternary ammonium salts are very attractive structure guiding agents as they can be easily prepared 

in a variety of shapes and sizes. 

3.  Characterization Methods for Mesoporous and Microporous Materials 

3.1.  X-Ray Diffraction (XRD) 

X-ray diffraction is a valuable tool in the study of mesoporous and microporous materials, as it enables 

the determination of the crystal structure and the detection of crystallinity. In an X-ray diffraction 

experiment, a material is subjected to high-energy X-rays, which are diffracted by atoms or molecules 

in the crystal lattice to form a diffraction pattern. The analysis of the position and intensity of diffraction 

peaks in the diffraction pattern allows the type of crystal structure (e.g. cubic, hexagonal, etc.) and lattice 

constants to be determined, thereby enabling the crystal structure of the material to be inferred [9]. 

Furthermore, XRD provides both qualitative and quantitative information about the crystallinity of the 

material, including crystallinity and grain size. In the case of mesoporous and microporous materials, 

the application of X-ray diffraction is primarily concerned with the analysis of the pore structure. The 

analysis of changes in the shape and position of diffraction peaks allows the size, distribution, and 

arrangement of pores to be deduced, thus enabling the assessment of pore properties and surface 
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characteristics of the material [10]. For example, Zhao et al. successfully synthesized mesoporous silica 

SBA-15 with adjustable periodic 50-300 Angstrom pores by template composed of amphiphilic triblock 

copolymer polyethylene oxide-polypropylene oxide-polyethylene oxide (PEO20-PPO70-PEO20). The 

small-angle diffraction pattern shows four distinct peaks (100), (110), (200), and (210), shown in part A  

figure 2, which coincides with the hexagonal symmetry of p6mm [11]. 

 

Figure 2. Powder XRD Diffraction Patterns of (A): before Calcination and (B): Calcinated Mesoporous 

Silica (SBA-15) [11] 

In addition, part B figure 2 shows that the scattering reflection peaks (300), (220), and (310) are three 

distinct small peaks distributed in the 2θ range of 2-4°, suggesting that the synthesized SBA-15 has a 

high degree of hexagonal mesoscopic organization. In addition, the intensity of the (100) peak reflects 

a d-spacing of up to 104 Å. From the comparison of A and B, the p6mm morphology is well preserved 

after the calcination treatment, which confirms that SBA-15 is thermally stable, although a slight shift 

of its position to a larger angle, d(100) = 95.7 Å, is observed after 6 h of calcination at 500 °C. The 

p6mm morphology is well preserved after the calcination treatment, which confirms that SBA-15 is 

thermally stable [11]. 

3.2.  Nitrogen Gas Adsorption 

Nitrogen adsorption is employed to quantify the specific surface area and pore structure of materials, 

which serves as a pivotal tool for investigating the pore structure and surface properties of mesoporous 

and microporous material, providing crucial pore information that contributes to the comprehension of 

the properties of these materials. According to the adsorption isotherm, a curve of adsorption versus 

relative pressure can be obtained, so as to calculate the parameters such as the specific surface area [12]. 

The shape of the adsorption isotherm can be analyzed to obtain information about the pore size 

distribution of the material, including the size and distribution of micro- and mesopores [13]. Finally, 

the pore volume is defined as the volume of pores per unit volume and can be calculated by determining 

the intercept and slope of the adsorption isotherm, which reflects the degree of openness of the pore 

structure and the bulk size of the material [13]. 

4.  Applications of Mesoporous and Microporous Materials 

The application of porous materials in electrochemical capacitors and photocatalytic degradation of 

heavy metal ions exemplifies their pivotal role and expansive potential in the nascent fields of new 

energy and environmental engineering, which is of great significance in promoting the development of 

new energy and environmental protection technology. 

Proceedings of  the 2nd International  Conference on Functional  Materials  and Civil  Engineering 
DOI:  10.54254/2755-2721/89/20241081 

32 



4.1.  Applications in Electrochemical Capacitors 

The high performance electrode active materials for electrochemical capacitors, especially for 

electrochemical double layer capacitors (EDLCs), is the key to achieving efficient energy harvesting. 

The active material for the EDLCs must fulfill specifications of high specific surface area (SSA) and 

electronic conductivity [14] to achieve the high capacitance performance. Therefore, microporous and 

mesoporous material are ideal at this senario. At present, commonly used materials include, activated, 

templated and carbide-derived carbons, carbon fabrics, fibers, nanotubes, onions and nano-horns, of 

which, the activated carbons are the most frequently used material due to its low cost and high SSA led 

by high intrinsic porosity, microporous (<2 nm in size), mesoporous (2-50 nm in size), and macro-

porous (>50 nm) network within the carbon grains after activation process from carbon-rich organic 

precursors. Based on these unique properties, the bilayer capacitance can reach 100-120 F/g in organic 

electrolytes and exceed 150-300 F/g in aqueous electrolytes [14]. 

4.2.  Applications in Photocatalytic Degradation 

Rare-earth doped metal-organic frameworks (Re-MOFs [15]) represent an example of microporous 

materials that combine the advantages of high specific surface area, adjustability of structure and 

function, and high thermal and chemical stability. These materials have important applications in 

photocatalytic degradation of antibiotics and heavy metal ions, and photoreduction of carbon dioxide 

and photocatalytic hydrogen production, which can contribute to the resolution of environmental issues. 

Heavy metal ions produced by industry and other sectors present a significant threat to humans, 

animals, and the natural environment due to their high toxicity, difficulty in natural degradation, and the 

stability of the water environment. The utilization of Re-MOFs materials to eliminate heavy metal ions 

from aquatic environments has been demonstrated to be an efficacious approach. The application of Sm-

MOFs with free amino groups [14] enables the detection and removal of Hg2+ from aqueous 

environments. In an aqueous environment, the Hg2+ will be captured by the organic ligands of the MOFs 

structure through a cooperative interaction between the N atoms and the Hg2+ ions. The photoelectrons 

generated from Sm will be quenched by the Hg2+ during the charge transfer and emission process under 

ultraviolet (UV) light, inducing fluorescence emission of Sm3+ ions from Sm-MOFs. 

5.  Conclusion 

The analysis in this paper demonstrates the importance and potential of mesoporous and microporous 

materials in a number of fields, due to their unique structural properties and wide range of applications. 

The investigation of their typical synthesis methods and diverse characterization techniques has led to 

an in-depth understanding of the key role of these materials in catalysis, adsorption, energy storage, and 

environmental governance. With regard to the synthesis of these materials, the sol-gel method represents 

an effective approach for the preparation of mesoporous materials, while ionothermal synthesis provides 

microporous materials with highly ordered structural features. The application of characterization 

techniques, including X-ray diffraction, nitrogen adsorption, and transmission electron microscopy, 

provides further insight into the crystal structure, pore size distribution, and surface properties of these 

materials. In terms of applications, mesoporous materials show significant advantages in 

electrochemical capacitors, especially in electrochemical double layer capacitors for efficient energy 

storage and rapid energy release. Moreover, they play a pivotal role in photocatalysis, catalyst carriers, 

and environmental governance, offering innovative solutions to energy efficiency and environmental 

pollution problems. In the future, the synthesis techniques should be optimized and more application 

scenarios and material design strategies should be explored to further enhance the application value and 

sustainability of mesoporous and microporous materials in the development of modern science and 

technology. 
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