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Abstract 1 

Novel approaches to harness earth abundant silicates as building blocks for carbon dioxide 2 

removal, capture, utilization, and storage are gaining increasing attention in the context of 3 

sustainable and low carbon energy and resource recovery. Advancing a calibrated 4 

understanding of these fluid-silicate interactions is essential for developing scalable 5 

processes. One of the challenges in developing predictive controls over these interactions is 6 

the compositional and morphological heterogeneity of naturally occurring, heterogeneous 7 

magnesium silicate minerals. To address this challenge, the synthesis of architected 8 

mesoporous crystalline magnesium silicate (Mg2SiO4) is proposed. While synthesis routes 9 

for producing amorphous mesoporous magnesium silicates have been developed via sol-gel 10 

synthesis routes, approaches to synthesize crystalline magnesium silicates with well-11 

controlled pore size distributions have not been explored. The conventional approaches of 12 

converting matter that is amorphous to crystalline states at elevated temperatures results in a 13 

heterogeneous pore size distribution. To develop controls on pore size distribution, 14 

amorphous mesoporous magnesium silicates are coated with carbon. This approach preserves 15 

the pore size distributions during the amorphous to crystalline transformations of Mg-16 

silicates at elevated temperatures. The carbon coating is removed on heating. Magnesium 17 

silicate particles produced using this approach have highly ordered pores around 2.58 nm and 18 

a specific surface area of 124.25 m2/g. In this study, we report the chemical compositions, 19 

morphologies, phase transitions, and pore structures of the intermediate materials produced 20 

during the synthesis of crystalline mesoporous magnesium silicates. The synthesis routes 21 

discussed in this study can be applied translationally to produce metal silicates with ordered 22 

mesoporous structures.  23 
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1. Introduction 1 

As we transition to sustainable and renewable energy resources, our dependence on metals 2 

is expected to increase significantly. The need for metal-based electrodes for electrolysis to 3 

produce fuels and clean water, catalysts for energy and resource conversion, and rare earths 4 

for electronic materials is the societal basis for exploring earth-abundant and low-value 5 

substrates for metal recovery and utilization. In this context, naturally occurring magnesium 6 

silicates are receiving increasing attention since they are a source of nickel and iron, and are 7 

a source of magnesium for CO2 capture, storage, and removal [1-8]. Earth-abundant 8 

magnesium silicate minerals include (Mg, Fe)2SiO4 (olivine) and serpentine 9 

((Mg,Fe)3Si2O5(OH)4). Without any pre-treatment, olivine is considered to be more reactive 10 

compared to serpentine. The magnesium end member of olivine is Mg2SiO4 (forsterite) and 11 

the iron end member is Fe2SiO4 (fayalite). Olivine is being extensively investigated for CO2 12 

removal via weathering [9-11] and carbon mineralization [1-8,12-18].  13 

In enhanced weathering, the dissolution of magnesium silicates releases Mg2+ ions. Each 14 

Mg2+ ion can capture two molecules of CO2 from air to produce two bicarbonate ions in soils 15 

and enhance soil fertility for crop production and growth. In carbon mineralization, 16 

magnesium (or calcium) silicates are reacted with CO2 to produce magnesium (or calcium) 17 

carbonates [1,2,4,5,6,7,8,12,13,14,15,16,17,18]. The chemical and morphological 18 

heterogeneity of naturally occurring Mg-silicates, anomalous speciation behavior that is 19 

highly sensitive to pH, temperature, gas compositions, and ionic strength, and the ambiguous 20 

role of precipitated silica on the reactivity of Mg-silicates [1,12,19,20,21,22]. These 21 

challenges motivate the synthesis of mesoporous magnesium silicates with well-ordered pore 22 

structures to advance a calibrated understanding of the synthesis of magnesium silicates.  23 



Page 5 of 59 

 

These studies will have a translational impact on the use of magnesium silicates for several 1 

industrial and medical applications. First, silicate materials are ideal adsorbents for 2 

wastewater filtration systems. For example, silicate materials can be used to adsorb 3 

phosphate, fluoride, cobalt salt, ammonia nitrogen, heavy metal ions, and organic pollutants 4 

[23,24,25,26,27,28]. Silicate materials also play important roles in manufacturing long-5 

lasting phosphor and plasma display panels (PDPs) [29,30]. Moreover, because of the 6 

extremely low electrical conductivities and dielectric constants of some silicate materials, 7 

they are often used in electrical or micro-wave devices. In the medical industry, magnesium 8 

silicates are used in drug delivery, protein adsorption, and bone regeneration [31,32,33]. 9 

These widespread applications of magnesium silicates motivate the design of novel synthesis 10 

routes for producing crystalline magnesium silicates with mesoporous structures. 11 

Prior work has been focused on the synthesis of magnesium silicates such as Mg2SiO4 and 12 

MgSiO3 using sol-gel, hydrothermal, and ball-milling methods. Sanosh and coworkers [34] 13 

reported a sol-gel method to synthesize amorphous Mg2SiO4 nanoparticles with a narrow 14 

particle size distribution of approximately 27 nm. Magnesium nitrate hexahydrate 15 

(Mg(NO3)2·6H2O, MNH) and tetraethyl ortho-silicate (TEOS) were used as sources of 16 

magnesium and silicate, respectively. The reaction was performed in an acid environment, 17 

and the final product has a prolate spheroidal structure [34]. Ni and coworkers [35] 18 

synthesized forsterite ceramics with high bending strength and fracture toughness using sol-19 

gel methods. This study used magnesium nitrate hexahydrate (Mg(NO3)2·6H2O) and 20 

colloidal SiO2 as starting materials to produce a gel that was subsequently calcined [35]. 21 

Similarly, Kharaziha and coworkers [36] used the same starting materials of sucrose and 22 
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polyvinyl alcohol polymer (PVA) to form bioactive forsterite ceramic with a high surface 1 

area [36].  2 

A template-assisted hydrothermal method was used to generate mesopores magnesium 3 

silicate with a hierarchical structure [37]. In this approach, carbon-coated SBA-15 was used 4 

as a template. The pore walls of the template were transformed into crystalline magnesium 5 

silicate (Mg3Si4O9(OH)4) [37] on heating. As an alternative to chemical routes, nanosized 6 

magnesium silicates [38] were synthesized using mechanical activation approaches without 7 

the liquid phase. Tavangarian and coworkers [39] synthesized single-phase nanocrystalline 8 

forsterite via two different ball-milling methods. In the first route, moderate talc 9 

(Mg3Si4O10(OH)2) and magnesium carbonate (MgCO3) powders were mixed in a steel vial 10 

with steel balls and calcined after milling. By adjusting the ball-to-powder weight ratio, 11 

rotation speed, and calcination temperature, nanocrystalline forsterite powder with a particle 12 

size of approximately 40 nm was obtained [39]. The other ball-milling method replaces 13 

magnesium carbonate (MgCO3) powder with periclase (MgO), producing a single-phase 14 

nanocrystalline forsterite [40]. 15 

Further, approaches to synthesize MgSiO3 (enstatite) were reported. Tsai and coworkers [41] 16 

developed a nanocrystalline enstatite fiber via the sol-gel method. In a typical synthesis 17 

procedure, they mixed tetraethoxysilane (TEOS) and a methanol solution of magnesium 18 

methoxide (Mg(OCH3)2), followed by DI-water and acetic acid to promote the hydrolysis. 19 

After drying and calcination, the enstatite fibers were obtained [41]. In addition, Song and 20 

coworkers [42] reported the synthesis of MgSiO3 ceramics with good microwave dielectric 21 

properties via the ball-milling method. In this pathway, MgO and SiO2 powder were added 22 

to a nylon vial with zirconia balls for ball milling. The mixed powder was then calcined and 23 
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ball-milled again. The final product was obtained by sintering the hydraulically pressed 1 

pellets from secondary ball milling [42]. 2 

In addition to amorphous Mg2SiO4 and MgSiO3 materials, the synthesis of magnesium 3 

silicate hydroxide (Mg3Si2O5(OH)4) and talc (Mg3Si4O10(OH)2) has been explored. 4 

Magnesium silicate hydroxide (Mg3Si2O5(OH)4) can be used as a lubricant additive. Zhuang 5 

and coworkers [43] synthesized Mg3Si2O5(OH)4 with different morphologies via the 6 

hydrothermal method. The researchers mixed Mg(NO3)2, ethanol, and PEG200, and added 7 

the mixture to Na2SiO3 solution to precipitate Mg3Si2O5(OH)4. The precipitates were 8 

hydrothermally treated with NaOH solution to obtain the final product. By adjusting the 9 

concentration of NaOH, the morphology of the final product evolved from a hollow sphere 10 

to a core-shell sphere. Magnesium silicate nanotubes are produced by adding ethylene glycol 11 

at the end of the synthesis route [43]. Wang and coworkers[44] also produced magnesium 12 

silicate hydroxide with different morphologies and structures by hydrothermally treating 13 

MgO and SiO2 in NaOH solution. Talc (Mg3Si4O10(OH)2) which is widely used to 14 

manufacture ceramics, paper, and paints was synthesized with varying morphologies to meet 15 

industrial requirements [45]. Wang and coworkers [27] successfully used colloidal silica as 16 

a chemical template to synthesize Mg3Si4O10(OH)2 hollow spheres. Moreover, Golubeva et 17 

al. [46] used the hydrothermal method to synthesize Mg3Si4O10(OH)2·nH2O with an 18 

approximate particle size of 100 nm [46]. 19 

The application and performance of silicate materials greatly depend on the chemical 20 

compositions, structures, and morphologies of the particles. Mesoporous silicates are among 21 

the most attractive materials because of their excellent performance in adsorption, catalysis, 22 

molecular sieving, sensors, and electrochemistry [47]. According to IUPAC classification, 23 
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mesoporous materials have a pore size between 2 nm to 50 nm [48]. Unlike traditional 1 

microporous materials synthesized by a single molecular template, the synthesis of 2 

mesoporous materials requires the participation of aggregated surfactant molecules as a 3 

template[49]. This type of aggregated molecular template is known as micelles, which form 4 

spontaneously when the surfactant concentration attains a critical value [50]. With templates, 5 

the desired materials can be synthesized outside, and the mesoporous structure is obtained 6 

after removing the micelles template by calcination or chemical extraction [47]. By applying 7 

proper surfactant concentrations, the size and structure of micelles can be controlled, which 8 

gives control over the shape and size of the pores in the final product. The wide-ranging 9 

applications and controllable structures of mesoporous magnesium silicate materials have 10 

attracted scientific attention. Specific examples are discussed below.  11 

Lu and coworkers synthesized a crystalline Mg3Si4O9(OH)4 using mesoporous silica as a 12 

template. In their study, they used SBA-15 as a template and silica source to form magnesium 13 

silicate via the hydrothermal method [51]. Zhu and coworkers synthesized amorphous 14 

mesoporous Mg2SiO4 via the sol-gel method with surfactants [52]. These studies indicate 15 

that several varieties of magnesium silicate materials can be manufactured in a mesoporous 16 

structure. However, these approaches produce either amorphous magnesium silicates 17 

mesoporous materials or crystalline magnesium silicates that are not Mg2SiO4. Crystalline 18 

materials with mesoporous structures are preferred because of their better performance in 19 

targeted applications. Compared to amorphous products, crystalline materials possess better 20 

mechanical and thermal stabilities because of the long-range order of the molecules and the 21 

lattice defects [53]. Crystalline phases enhance optical, electronic, and photocatalytic 22 

activities in mesoporous materials [54]. Amorphous materials are typically transformed into 23 
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crystalline matter using heat. Nevertheless, the mesoporous structure tends to collapse when 1 

amorphous Mg-silicate is heat-treated to produce crystalline phases. For this reason, prior 2 

studies have not attempted to tackle the challenge of producing crystalline Mg2SiO4 with 3 

ordered pore structures. 4 

To address this challenge, we developed a novel synthesis method to produce crystalline 5 

mesoporous forsterite (Mg2SiO4) with narrow pore size distribution. This method generates 6 

an amorphous mesoporous magnesium silicate precursor initially, followed by the 7 

amorphous-crystalline transition of the precursor in the presence of sucrose which is coated 8 

on the pore walls to maintain the pore structure. This sucrose coating inside the pores 9 

prevents the collapse of the mesopores during the thermal treatment. The resulting crystalline 10 

matrix preserves the highly ordered pore structure.  11 

To test the hypothesis that high purity mesoporous crystalline Mg2SiO4 materials with 12 

ordered mesoporous structures can be synthesized using this route, we addressed the 13 

following research questions in this study: (i) Starting from amorphous Mg2SiO4 gels, what 14 

is the chemical and morphological evolution of the materials as crystalline Mg2SiO4 phases 15 

are formed? (ii) How do the pore volume and pore size distribution evolve during the various 16 

stages involved in the synthesis approaches? (iii) What are the mechanisms underlying the 17 

transition of amorphous to crystalline transition of Mg2SiO4 in the presence of sucrose for 18 

maintaining the mesoscale porosity in these materials? To address these questions, the 19 

detailed material synthesis approaches, and the results from the characterization of these 20 

materials are discussed in the following sections.  21 

 22 
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2. Materials and Method 1 

2.1. Synthesis of Crystalline Mesoporous Magnesium Silicate 2 

The reagents used in the study, Pluronic® P123 (EG27PG61EG27), magnesium nitrate 3 

hexahydrate (Mg(NO3)2.6H2O), and tetraethylorthosilicate (TEOS) was purchased from 4 

Sigma Aldrich and 12 M hydrochloric acid (HCl) was acquired from Fisher Scientific. 5 

Sucrose was supplied by VWR, and sulfuric acid (H2SO4) was procured from Ricca. 6 

Crystalline mesoporous magnesium silicates with highly ordered pores were developed using 7 

a multi-step synthesis route as shown in Figure 1. The first step involves the synthesis of 8 

amorphous magnesium silicate via a sol-gel approach, followed by the preservation of pores 9 

using a carbon-coating approach, and finally, the removal of carbon and the formation of 10 

crystalline magnesium silicate. 11 

In the first step, amorphous magnesium silicate was prepared by adding 3 g of P123 to 120 12 

mL of 2 M HCl and 30 mL of DI water. The mixture was then stirred at 38°C for 1 hour, 13 

followed by the addition of 8.5 g of TEOS and 10.3 g of Mg(NO3)2.6H2O. This mixture was 14 

further stirred for 24 hours at 38°C. The precipitates generated during the first step were dried 15 

at 100°C in the air for 24 hours. P123 from within the pores was removed by calcining the 16 

dried sample at 600°C at a ramping rate of 1°C/min for 6 hours in a benchtop muffle furnace 17 

(Thermo Scientific Thermolyne FB1410 M, Asheville, NC).  18 

In the second step, the pores inside the amorphous mesoporous magnesium silicate obtained 19 

from Step 1 were coated and preserved using a carbon-coating approach. Typically, the direct 20 

thermal treatment of amorphous magnesium silicate produces crystalline magnesium 21 

silicates at temperatures higher than 800°C which results in the collapse of the mesopores. 22 
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Since the overarching goal of this work is to develop the crystalline magnesium silicate with 1 

ordered pores, the carbon-coating route was chosen. In a typical coating procedure, 2 g of 2 

sucrose was dissolved in 0.224 g of H2SO4 and 9.756 g of DI water. 1 g of amorphous 3 

magnesium silicate powder was added to this mixture and mixed at 120°C for 12 hours. In 4 

the next step, the sucrose coated magnesium silicate was calcined at 900 °C in nitrogen (N2) 5 

for 2 hours at a ramp rate of 1°C/min in the tube furnace (Lindberg Tube Furnace, 1000-C-6 

1) to obtain crystalline magnesium silicate. The calcination step resulted in the carbon coating 7 

of pores and amorphous to the crystalline transformation of pore walls. In the final step, the 8 

carbon-coated sample was heated at 650°C in the air for 3 hours at a ramping rate of 20°C/min 9 

using the benchtop muffle furnace to remove carbon from the pores [55]. As a reference, the 10 

as-synthesis amorphous magnesium silicate was calcined at 900 °C in nitrogen (N2) for 2 11 

hours at a ramp rate of 1°C/min in the tube furnace to obtain the crystalline product without 12 

carbon coating. 13 

2.2. Characterization of Synthesized Powders 14 

The changes in the chemical composition and structure of synthesized samples were 15 

evaluated using infrared (IR) spectroscopy collected in an Attenuated Total Reflection (ATR) 16 

mode using an Attenuated Total Reflection-Fourier Transform Infrared spectrometer (ATR-17 

FTIR, NicoletTM iS50, Waltham, MA) and the X-ray photoelectron spectroscopy (XPS, 18 

Scienta Omicron ESCA-2SR, Al K). The crystalline phases in the synthesized materials 19 

were obtained from X-ray diffraction (XRD, Bruker D8 Advance ECO powder diffractometer, 20 

Bruker). The morphology and particle size were determined by using field emission scanning 21 

electron microscopy (FESEM, LEO 1550 FESEM, Bruker) and field emission high 22 

resolution transmission electron microscope (FEI F20 TEM STEM) at 120 kV. Finally, the 23 

pore size distributions (PSD) were determined from N2 adsorption-desorption isotherms 24 
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using the Brunauer–Emmett–Teller technique (BET) (Quantachrome Autosorb iQ Analyzer, 1 

Boynton Beach, FL). Before measuring the adsorption-desorption isotherms, the synthesized 2 

samples were outgassed at 120°C for 18 hours. 3 

Finally, the structural transitions during calcination in N2 were determined using in-situ wide-4 

angle X-ray scattering (WAXS) measurements between 30°C and 906°C in an N2 5 

environment. The measurements were performed in sector 9-ID-C at the Advanced Photon 6 

Source (APS), Argonne National Laboratory (ANL). The details about the instrument were 7 

reported in previous publications [56,57]. The sucrose-coated magnesium silicate sample was 8 

loaded into a quartz capillary (I.D. = 1.3 mm and O.D. = 1.5 mm) to acquire the scans. The 9 

background was taken from the empty capillary and subtracted from the data. During the 10 

acquisition, N2 was also purged through the capillary. The X-ray energy was set to 21.0 keV 11 

which corresponds to the X-ray wavelength of 0.59 Å. The total X-ray flux during the 12 

measurements was 1013 photon mm-2 s-1. The calibrations for sample-to-detector distance and 13 

instrument were performed using LaB6.  14 

3. Result and Discussion 15 

3.1. Chemical and Structural Changes during Synthesis 16 

As discussed in the previous section, the synthesis of crystalline magnesium silicate proceeds 17 

via sol-gel synthesis of amorphous Mg-silicate, followed by the coating of sucrose to 18 

maintain the pores in mesoporous in Mg-silicate, the transformation of amorphous Mg-19 

silicate to crystalline Mg-silicate, and the removal of carbon which preserves the pores. 20 

Figure 1 is a schematic representation of this approach. To evaluate the hypothesis that high 21 

purity crystalline magnesium silicate can be synthesized using this approach, the as-22 

synthesized amorphous magnesium silicate, sucrose-coated magnesium silicate, carbon-23 
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coated magnesium silicate, and crystalline magnesium silicate are characterized in detail. For 1 

comparison, the as-synthesized magnesium silicate heat-treated without carbon-coating is 2 

also prepared and characterized.  3 

The changes in the chemical bonding of these materials are determined using ATR FT-IR 4 

spectroscopy. The IR spectra identifying Si-O coordination are shown in Figure 2. The peak 5 

corresponding to the asymmetric stretching vibrations of Si-O bonds around 1000 cm-1 6 

appeared in all the samples [58]. The peak representing Si-O-Si bending vibration around 7 

650 cm-1 is also noted in sucrose-coated magnesium silicate, carbon-coated magnesium 8 

silicate, and crystalline magnesium silicate [59]. Further, in the high wavenumber range 9 

(>2500 cm-1), the as-synthesized amorphous sample shows the Si-OH peak around 3200 cm-10 

1 and the peak of residual C-H bond from P123 at around 2980 cm-1 [60],[61]. The very low 11 

intensity indicates the small amount of the residual Si-OH bond and C-H in the sample. For 12 

the sucrose-coated sample, the strong OH peak appears around 3300 cm-1 due to the hydroxyl 13 

(OH) functional groups in the sucrose molecules. Additionally, after the calcination in N2 and 14 

air, the C-H bond are eliminated. However, a weak signal from -OH bands around 3200 cm-15 

1 appears in the carbon-coated and crystalline samples, which could indicate the adsorbed 16 

moisture on the particles. On the other hand, the reference sample without a sucrose coat 17 

shows Si-O stretching peak at around 1050 cm-1 and a Si-O-Si bending peak at around 850 18 

cm-1, which can be a hint of the existence of MgSiO3 [63]. Besides, the Si-O-Si peak around 19 

950 cm-1, and Si-OH peak around 880 cm-1 are also noted [58]. Based on the IR spectra of 20 

the Si-O coordination, it can be noted that the peaks corresponding to the vibrations from Si-21 

O linkages vary significantly across the different samples. To delineate the changes in the 22 

silica environment as the synthesis proceeds, the peaks that correspond to the Si-O bond 23 
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between 1250 – 800 cm-1 were deconvoluted (Figure 3) using the Levenberg Marquardt 1 

algorithm with a Gaussian model embedded in Origin Pro software (OriginLab Corp.). The 2 

deconvolution provides information about the Qn coordination in silica during the synthesis. 3 

The Qn notation (n = 0, 1, 2, 3, 4) represents the number of bridging oxygens per Si 4 

tetrahedron in silicate-based materials [64]. Q4 corresponds to SiO2 species with 0 non-5 

bridging oxygens (NBOs), while Q0 represents 4 NBOs in [SiO4]
4--related species. The 6 

silicate species, corresponding Qn notations, NBOs, and wavenumber ranges (cm-1) are 7 

reported in Table 1.  8 

For as-synthesized amorphous Mg-silicate, the main peaks corresponding to the amorphous 9 

silica (SiO4) with 0 non-bridging oxygens are expected due to the hydrolysis of TEOS in the 10 

acidic solution and condensation to form ≡Si-O-Si≡ linkages (Figure 3 (a)) [65–68]. Since 11 

the sol-gel synthesis conditions used in this study lead to the formation of amorphous silica 12 

linkages with Mg2+ cations (from Mg(NO3)2) randomly distributed in the matrix, we noted a 13 

slight shift in the main peak, which appears ~1015 cm-1 instead of the typical ~1080 cm-1 14 

peak for amorphous silica systems (SBA-15, Stöber silica particles, etc.) [63,64]. The 15 

presence of these cations could affect the NBOs in amorphous silica, as noted by a peak 16 

around 907 cm-1 in Figure 3 (a), corresponding to 3 NBOs with Q1 coordination. In silicate-17 

based materials, the segregation of [SiO4]
4- tetrahedra upon sharing of an oxygen atom can 18 

lead to [SiO3 – O – SiO3]
6- species and free O2- ions that coordinate with Mg2+ cations in the 19 

matrix and form MgO-based regions [71]. This observation is consistent with the formation 20 

of crystalline MgO peaks in the XRD patterns of as-synthesized Mg-silicate (Figure 4).  21 

After sucrose-coating on mesoporous Mg-silicate, the position of the Si-O-Si remains 22 

unchanged around ~1015 cm-1 while a new peak is noted around 981.68 cm-1, which can 23 
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result from the distortion in [SiO4]
4- tetrahedra coordination during treatment in the presence 1 

of H2SO4 and sucrose. Moreover, the MgO peaks in the XRD pattern of sucrose-coated Mg-2 

silicate (Figure 4 (b)) are also diminished, which may result from the distortion of Mg-O 3 

coordination upon exposure to H2SO4-based solution. Thermal treatment of sucrose-coated 4 

Mg-silicate in the presence of N2 results in a significant change in the IR spectra and 5 

deconvoluted peaks, as depicted by the carbon-coated Mg-silicate sample (Figure 3 (c)). As 6 

a result of thermal treatment, the amorphous silica (SiO2) linkages are transformed to a 7 

relatively high number of NBOs, which is an indication of [SixOy]
n- species coordination with 8 

Mg2+ cations [71,72]. Finally, upon removal of carbon from Mg-silicate in the final heating 9 

stage, the number of peaks for [SixOy]
n- species are significantly increased (Figure 3 (d)), 10 

which may indicate increased coordination of Mg2+ cations with silicate species upon 11 

removal of carbon from the matrix. The higher peak counts in the XRD pattern of crystalline 12 

Mg-silicate after carbon removal compared to carbon-coated Mg-silicate also indicates the 13 

increased bonding between these species. Moreover, the shoulder peak for ‘out-of-phase’ Si-14 

O stretching vibrations [73] noted for as-synthesized amorphous Mg-silicate at 1167.49 cm-15 

1 (blue curve, Figure 3 (a)) is shifted to lower wavenumbers at 1121.35 cm-1, 1112.98 cm-1, 16 

and 1087.78 cm-1 for sucrose-coated Mg-silicate (Figure 3 (b)), carbon-coated Mg-silicate 17 

(Figure 3 (c)), and crystalline Mg-silicate (Figure 3 (d)), respectively. This shift of the out-18 

of-phase shoulder peak to significantly lower wavenumber (cm-1) upon formation of 19 

completely crystalline Mg-silicate is consistent with the observation of the shoulder band for 20 

amorphous silica [67,68] and crystalline magnesium silicate products [75]. 21 

To further determine the variations in the chemical states during the synthesis, X-ray 22 

photoelectron spectroscopy (XPS) is also applied to magnesium silicate samples. The survey 23 
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scans (Figure 5) show O 1s, Si 2p, and Mg 2s peaks in the samples, which indicate the 1 

existence of O2-, Si4+, and Mg2+ in these samples. The sucrose-coated and carbon-coated 2 

magnesium silicate samples have C 1s peaks, originating from sucrose and carbon, 3 

respectively, in these samples. Further, the high-resolution scans for individual elements 4 

(magnesium, silicon, oxygen, and carbon) are analyzed, which reveal the variations in the 5 

chemical states during synthesis of crystalline mesoporous magnesium silicate (Figure 6 & 6 

Figure S1). In the deconvoluted high-resolution spectra, the Mg 2s spectrum shows 7 

consistency with the others. The as-synthesized amorphous sample (Figure 6 (a-1)) has Mg 8 

2s peaks of Mg-O bond at 90.55 and Mg-O-Si bond at 92.16 eV [76], [77]. And the crystalline 9 

magnesium silicate sample shows three different Mg 2s peaks at 88.98, 91.21, 92.55 eV, 10 

which represent the Mg-O bond, and the Mg-O-Si in different phases of Mg2SiO4 (i.e., -11 

Mg2SiO4 and -Mg2SiO4), respectively. The Si 2p spectrum of as-synthesized amorphous 12 

(Figure 6 (b-1)) sample can be identified as the Si-O-Si peak at 105.04eV and the Mg-O-Si 13 

peak at 103.53eV, respectively. After sucrose coating (Figure 6 (b-2)), the Si 2p is not noted, 14 

which could be an indication of complete covering of particles resulting in diminishing of 15 

signals from Si 2p. After the calcination in N2, the crystalline magnesium silicate with carbon 16 

coating shows SiO2 peak at 100.81 eV [78], -Mg2SiO4 peak at 101.57 eV, and -Mg2SiO4 17 

peak at 102.64eV, where the -Mg2SiO4 is transferred from -Mg2SiO4 at high temperatures 18 

[79],[80],[81]. Furthermore, the Si 2p spectrum of the final crystalline product also shows 19 

the -Mg2SiO4, and -Mg2SiO4 peaks at 103.84, and 105.26 eV, respectively. On the other 20 

hand, the O 1s spectrum for the as-synthesized amorphous sample shows the Si-O peak at 21 

534.43eV, the Mg-O peak at 532.22 eV, which is consistent with the XRD results 22 

[79],[82],[83],[84]. And for the O 1s spectra of the sucrose coated sample (Figure 6 (b-3)), 23 
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there are also C-O-C peak at 532.53eV and C-OH peak at 533.02eV other than the Si-O peak 1 

at 533.33 eV, and a very weak band of Mg-O bond at 531.33eV [85],[86]. After the 2 

calcination in N2, the carbon-coated sample (Figure 6 (c-3)) shows different peaks at 533.05, 3 

530.67, and 531.88eV, correspond to the peak of SiO2, -Mg2SiO4, and -Mg2SiO4, 4 

respectively [79]. This result is consistent with Si 2p spectra we’ve discussed before. Then, 5 

the O 1s spectrum of the crystalline magnesium silicate sample also can be deconvoluted into 6 

-Mg2SiO4 peak at 534.25 eV, and -Mg2SiO4 at 535 eV. The positive binding energy shift 7 

in the crystalline sample (Figure 6 (d-3)) can result from the increasing oxidation state of the 8 

atoms in the sample, which is caused by the calcination in an oxidizing atmosphere [87]. 9 

Furthermore, the C 1s high-resolution deconvoluted peaks are presented in Figure S1. As-10 

synthesized amorphous Mg-silicate (Figure S1 (a)) and crystalline Mg-silicate (Figure S1 11 

(d)) have signals from adventitious carbon, which is a carbonaceous layer outside the sample 12 

formed by the exposure to air [88]. In the case of sucrose-coated Mg-silicate (Figure S1 (b)), 13 

peaks from the C-O-C bond, C-C bond, and C-OH bond are noted at 287.63, 284.58, and 14 

286.14 eV, respectively [85],[89]. Additionally, the carbon-coated Mg-silicate (Figure S1 (c)) 15 

shows a strong C-C peak at 284.16 eV, which is deconvoluted into sp2 bonded, sp3 bonded 16 

peaks. The shoulder peak around 285.56 eV is identified as the C-O-C peak.  17 

Combined with the FTIR data, the XPS results provide detailed variations of the 18 

compositions and chemical bonds in the Mg-silicate samples. For the as-synthesized 19 

amorphous sample, the Si-O-Si linkages from amorphous SiO2 are verified by both of the 20 

characterizations, while the XPS peak also indicates the existence of the Mg-O bond, 21 

supported by the crystalline MgO characteristic peaks in the XRD curve. For the sucrose-22 

coated sample, the XPS signal of the Si and Mg peak is too weak to analyze due to the excess 23 
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of sucrose in the sample, while the C 1s peaks of this sample reveal the presence of the 1 

sucrose coat. On the other hand, the FTIR results indicate the presence of H2SO4 can distort 2 

the Mg-O and [SiO4]
4- coordination. Then, during the calcination in N2, the FTIR peaks show 3 

that the Mg2+ cations started to coordinate with [SixOy]
n- ligands and form crystalline 4 

magnesium silicate, which is confirmed by the Si 2p peak of the crystalline Mg2SiO4 in 5 

different phases. Finally, after the removal of the carbon coat, the increasing peak number of 6 

the [SixOy]
n- species represents more Mg cations coordinate with [SixOy]

n- and higher 7 

crystallinity, supported by the shifted Si 2p peaks and O 1s peaks of the -Mg2SiO4 and -8 

Mg2SiO4. 9 

The structural features of crystalline magnesium silicates are determined using XRD as 10 

shown in Figure 4. In the as-synthesized amorphous magnesium silicate (Figure 4 (a)), the 11 

characteristic peaks of magnesium oxide (MgO) are noted [90], along with the wide peak 12 

between 15° and 35°, indicating the presence of amorphous SiO2 [91]. The MgO could be 13 

formed in the as-synthesized Mg-silicate upon calcination (at 600 °C) due to the coordination 14 

between Mg2+ cations and [Si2O7]
6- species. To reveal the morphology of the as-synthesized 15 

Mg-silicate sample further, the crystallite size of the generated MgO is calculated from the 16 

XRD data by the Scherrer equation [92],[93]:  17 

𝐷 =
𝐾∙𝜆

𝐵(2𝜃)∙cos𝜃
  (1) 18 

Where D is the average crystallite size, K is the Scherrer constant, which is equal to 0.94 for 19 

spherical crystals with cubic symmetry,  is the wavelength of the applied X-ray, which is 20 

0.154 nm in our case, 2 is the Bragg angle, and B(2) is the Full Width at Half Maximum 21 

(FWHM) in radians of the selected diffraction peak. In this work the (200) peak of MgO is 22 



Page 19 of 59 

 

selected to calculate the crystallite size. From the peak center (42.89°) and the FWHM 1 

(0.0047 rad) of the diffraction peak (Figure S2), the estimated crystallite size of the MgO in 2 

the as-synthesized Mg-silicate sample is 33.32 nm. After coating with sucrose, the 3 

characteristic peaks of MgO disappear (Figure 4 (b)) which is attributed to the dissolution 4 

of MgO in the presence of H2SO4 [94]. The broad peak around 22° indicates the presence of 5 

a complete amorphous phase in the sucrose-coated magnesium silicate sample. Furthermore, 6 

after the calcination in N2, the characteristic peaks of Mg2SiO4 emerge in the carbon-coated 7 

magnesium silicate sample (Figure 4 (c)) [95]. The appearance of these characteristic peaks 8 

can be explained by the amorphous-to-crystalline transition of Mg2SiO4. During the thermal 9 

treatment, the bonds in amorphous magnesium silicate matrix rearrange to form crystalline 10 

and well-ordered Mg2SiO4. The thermal treatment in the presence of N2 serves two purposes 11 

here. First, it helps keep the carbon preserved inside the pores and avoids pore collapse during 12 

thermal treatment. Second, it results in the amorphous-to-crystalline transition of Mg2SiO4. 13 

In the final stage, after calcination at 650 °C and removal of carbon from the pores, the 14 

crystalline structure of Mg2SiO4 is preserved (Figure 4 (d)) [95]. For comparison, the XRD 15 

pattern of the crystalline sample without sucrose coating is also presented (Figure 4 (e)). The 16 

characteristic peaks indicate that the sample consists of crystalline periclase (MgO) and 17 

enstatite (MgSiO3) instead of forsterite [96],[97]. The persistence of MgO in this sample after 18 

thermal treatment can be explained by the absence of sulfuric acid, present in the sucrose 19 

coating solution, which causes the dissolution of MgO. As a result, the MgO particles remain 20 

unaffected in the system and rest of the matrix crystallizes as MgSiO3 [97]. The conclusion 21 

is also supported by the FTIR peaks of the crystalline sample without sucrose coat we’ve 22 

discussed previously. 23 
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3.2. Particle and Pore Morphology of Synthesized Powders 1 

To understand the morphological evolution during the synthesis process, the scanning 2 

electron micrographs shown in Figure 7 are analyzed. The amorphous magnesium silicate 3 

forms cylindrical particles after the removal of P123 surfactant (Figure 7 (a)), which is 4 

typical of particles prepared from similar sol-gel approaches [98]. After the sucrose coating, 5 

the particles are covered with the sucrose (Figure 7 (b)). Upon calcination in N2, the 6 

carbonization of sucrose resulted in the shrinkage of carbon around the particles in the 7 

carbon-coated magnesium silicate sample, resulting in cylindrical particles (Figure 7 (c)). 8 

Based on the XRD pattern of the carbon-coated magnesium silicate sample, the particles after 9 

the calcination in N2 are crystalline and have similar morphology as the amorphous 10 

magnesium silicate. The morphology of crystalline magnesium silicate particles, after the 11 

final step of calcination in the air to remove the carbon, is also cylindrical (Figure 7 (d)). 12 

With the comprehension of the particle morphology, we delineate the changes in the 13 

mesopores inside these cylindrical particles using the N2 adsorption-desorption 14 

measurements, as discussed below.  15 

To verify that the final product has highly ordered pore sizes and reveal the variation in the 16 

pore sizes during the synthesis process, the BET N2 adsorption-desorption isotherms were 17 

measured at 77 K. The isotherms of the samples are shown in Figure S3, and the pore size 18 

distribution curves of different samples are shown in Figure 8. The pores size distributions 19 

from the isotherms are estimated using the non-local density functional theory (NLDFT) 20 

model, which is applied to the adsorption isotherm [99],[100],[101]. The as-synthesized 21 

amorphous magnesium silicate sample exhibits a type IV(a) isotherm having an H1 hysteresis 22 

(Figure S3 (a)), typical of the uniform mesopores with a delayed condensation on the 23 
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adsorption branch because of the capillary condensation in the pores [102]. The sucrose-1 

coated magnesium silicate sample exhibited a random isotherm (Figure S3 (b)). This can be 2 

explained by the occupation of pores by the sucrose molecules, which remain suspended in 3 

the pores and interrupt the capillary condensation phenomenon. However, the carbon-coated 4 

magnesium silicate shows type IV(a) isotherm with H2(a) hysteresis (Figure S3 (c)) [102]. 5 

The type H2 hysteresis is exhibited by complex pore structures. The steep trend noted in the 6 

desorption branch can be attributed to pore-blocking in narrow pore necks or cavitation-7 

induced evaporation [102]. The narrowing of the pore neck occurs due to carbon-coating of 8 

the pores. After the removal of carbon to produce the final crystalline magnesium silicate 9 

product, type H3 hysteresis loop is noted as shown in Figure S3 (d). The crystalline 10 

magnesium silicate without sucrose coating also exhibits a similar isotherm (Figure S3 (e)). 11 

The distinctive features associated with the type H3 hysteresis loop are: (i) the resemblance 12 

of the adsorption branch to a type II isotherm and (ii) the lower limit of the adsorption branch, 13 

which is located at the cavitation-induced relative pressure (P/P0). Moreover, we did not 14 

observe any plateau at high P/P0 values, indicating that the isotherm for the crystalline 15 

magnesium silicate is not identified as type IV [102,103]. Besides having a resemblance to 16 

type II isotherm, the isotherm for crystalline magnesium silicate deviates from a true type II 17 

and can be characterized as pseudo-type II isotherm caused by the delayed capillary 18 

condensation. These features are characteristics of the presence of non-rigid aggregates, a 19 

low degree of pore curvature, and slit-like pores [102,104]. 20 

The surface areas of the amorphous magnesium silicate, sucrose-coated magnesium silicate, 21 

carbon-coated magnesium silicate, and crystalline magnesium silicate are 276.35 m2/g, 0.27 22 

m2/g, 384.43 m2/g, and 124.25 m2/g, respectively. The higher surface area exhibited by the 23 
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as-synthesized amorphous magnesium silicate is attributed to the availability of pores 1 

resulting from surfactant removal from the mesoporous particles, and the high surface area 2 

of the carbon-coated sample comes from the porous carbon structure around the magnesium 3 

silicate particles. On the other hand, the pore volume for the as-synthesized amorphous 4 

magnesium silicate (0.43 cc/g) is also larger than the sucrose coated (0.001 cc/g), carbon-5 

coated (0.14 cc/g), and crystalline magnesium silicate (0.12 cc/g) samples. A significant 6 

decrease in the pore volume is noted after sucrose-coating, indicating the complete filling of 7 

mesopores. Conversely, carbon-coating via calcination in N2 increases the pore volume to 8 

0.14 cc/g. This increase can be explained by the pyrolysis of sucrose and the formation of 9 

carbon-coating along the pore walls (Figure 1, step 4). Finally, after the removal of carbon 10 

from the pores by heating in air, the pore volume from the carbon structure is eliminated and 11 

the pore volume from the magnesium silicate decreases slightly, and the total pore volume 12 

reached a value of 0.12 cc/g. The total pore volume and surface area of the crystalline 13 

magnesium silicate is lower than that of as-synthesized amorphous magnesium silicate. This 14 

observed decrease in the surface area and pore volume in crystalline magnesium silicate can 15 

be attributed to the densification of pore walls during amorphous-to-crystalline phase 16 

transformation. To be specific, the changes in the molecular attractions on heating to 900°C 17 

cause amorphous phases to transform into crystalline phases [34]. The aggregation of 18 

particles causes the specific surface area to decrease during this amorphous to crystalline 19 

transformation. In mesoporous materials, heat treatment or sintering involves the collapse of 20 

the pore structure and aggregation of particles to decrease the surface free energy during 21 

calcination [105]. To prevent the collapse of the pore structure, magnesium silicate is coated 22 

with carbon. The mesoporous structure shrinks and densifies on heating instead of being 23 
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eliminated which causes a small decrease in the pore volume. 1 

The average pore sizes of as-synthesized amorphous magnesium silicate, carbon-coated 2 

magnesium silicate, and crystalline magnesium silicate are 6.56 nm, 4.89 nm, 1.87 nm, and 3 

2.58 nm, respectively. The pore size distributions for as-synthesized amorphous magnesium 4 

silicate, sucrose-coated magnesium silicate, carbon-coated magnesium silicate, crystalline 5 

magnesium silicate, and crystalline magnesium silicate without sucrose coating are shown in 6 

Figures 8 (a), (b), (c), (d), and (e), respectively. For as-synthesized amorphous magnesium 7 

silicate and crystalline magnesium silicate samples, narrow pore size distributions are noted, 8 

which are characteristic of highly ordered mesopores. As a precedent, Lu and coworkers have 9 

synthesized crystalline mesoporous Mg3Si4O9(OH)4 with highly ordered pores around 3.8nm 10 

by sucrose coating. However, they synthesized a magnesium silicate product via the 11 

hydrothermal method and the yield of the final product is relatively limited [51]. In the case 12 

of carbon-coated magnesium silicate, when the sucrose pyrolysis coats carbon along with the 13 

pores of mesoporous structure, a variety of pore sizes (Figure 8 (c)) are noted with an average 14 

value of 1.87 nm. This highlights a complex pore network formed in the mesoporous 15 

structure due to the carbon-coating, which is also indicated by the H2 type hysteresis for the 16 

carbon-coated magnesium silicate sample. On the other hand, the pore size distribution of 17 

the reference crystalline magnesium silicate without sucrose coating exhibits an average pore 18 

size and surface area of 4.89 nm, and 9.53 m2/g, respectively. However, the pore volume 19 

(0.03 cc/g) of this samples is significantly lower compared to other samples (Figure 8 (e)), 20 

which indicates that most of the mesopores collapse during the calcination without the 21 

support of a carbon coat. 22 

The pore size and crystalline arrangement of the pore walls in crystalline magnesium silicate 23 
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sample is visualized using high resolution transmission electron microscopy (HR-TEM) as 1 

presented in Figure 9. The pore sizes around 2.6 nm are identified in the HR-TEM image. 2 

Moreover, the crystal orientation in the pore walls is observed from the lattice fringes and a 3 

d-spacing of 0.25 nm is noted, which corresponds to (311) plane of Mg2SiO4 (~2θ = 36°) 4 

[95].  5 

3.3. In-situ Phase Transitions During the Transformations of Amorphous to Crystalline 6 

Mg-Silicates  7 

The structural changes during the calcination of amorphous sucrose-coated magnesium 8 

silicate in N2 were evaluated using synchrotron-based in-situ WAXS measurements. These 9 

measurements provide real-time insights into the phase transformations of the mesoporous 10 

matrix as a function of temperature. To reveal the phase transition process of the sucrose 11 

coated magnesium silicate sample during calcination, the evolution of (311) and (121) 12 

orientations of crystalline Mg2SiO4 [95] are shown in Figure 10. The entire WAXS patterns 13 

are shown in Figure S4.  14 

Initially, a relatively flat curve is noted at 30 °C, indicating an amorphous mesoporous matrix. 15 

The amorphous character of the matrix persists at higher temperatures (> 500 °C), and the 16 

first emergence of the crystalline structure is noted at 779 °C. A continuous increase in the 17 

peak intensities of (331) and (121) orientations of crystalline Mg2SiO4 [95] is noted till 18 

906 °C. These observations are consistent with the transformation of amorphous to crystalline 19 

transformations of crystalline magnesium silicate. To summarize, the crystalline phases of 20 

magnesium silicate appear once temperatures higher than 779 °C are achieved.  21 

 22 
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4. Conclusion 1 

In this study, we report a novel route to synthesize crystalline magnesium silicate (Mg2SiO4) 2 

with highly ordered mesopores starting from amorphous mesoporous magnesium silicate. 3 

The key challenge of preserving the pore diameter inside the mesopores range is resolved by 4 

coating the pores of amorphous magnesium silicates with sucrose followed by transforming 5 

these amorphous materials into crystalline phases and removing carbon by applying heat. 6 

The end product is crystalline and is composed of 100% Mg2SiO4. These particles have 7 

cylindrical morphologies, and the pore diameter is 2.58nm. The highly ordered pore 8 

structures and large surface area of these materials make them ideal candidates for developing 9 

a calibrated understanding of the reactivity of these materials with CO2 for applications 10 

related to carbon capture, utilization, storage, and removal.  11 

  12 
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Tables 1 

Table 1. Classification of different silicate units and corresponding Qn notations, non-2 

bridging oxygens (NBOs), and wavenumber ranges. 3 

Qn notation Non-Bridging Oxygens (NBOs) Unit Wavenumber (cm-1) 

Q4 0 SiO2 1300 – 1051 

Q3 1 [Si2O5]
2- 1050 – 981 

Q2 2 [SiO3]
2- 980 – 951 

Q1 3 [Si2O7]
6- 950 – 901 

Q0 4 [SiO4]
4- 900 – 850 

 4 

  5 
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Table 2. Parameters extracted from N2 adsorption-desorption measurements using non-local 1 

density functional theory (NLDFT) model on the adsorption branch. 2 

Sample ID 
Average Pore 

Width (nm) 

Surface 

Area (m2/g) 

Pore Volume 

(cc/g) 

As-synthesizd amorphous Mg-silicate 6.56 276.35 0.43 

Sucrose coated Mg-silicate 4.89 0.27 0.001 

Carbon coated Mg-silicate 1.87 384.43 0.14 

Crystalline Mg-silicate 2.58 124.25 0.12 

Crystalline Mg-silicate without sucrose coating 4.89 9.53 0.03 

   3 
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as-synthesized amorphous, sucrose-coated, carbon-coated (c), and crystalline magnesium 4 

silicate samples, respectively.  5 
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 3 

Figure 7. Morphologies of amorphous (a), sucrose-coated (b), carbon-coated (c), and 4 

crystalline (d) mesoporous magnesium silicate samples determined using scanning electron 5 

micrographs (SEM) 6 

  7 
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Figure 8. Pore size distribution for as-synthesized amorphous magnesium silicate (a), 2 

sucrose-coated magnesium silicate (b), carbon-coated magnesium silicate (c), crystalline 3 

magnesium silicate (d) samples, and crystalline magnesium silicate without sucrose coating 4 

(e), respectively, determined using non-local density functional theory (NLDFT) model on 5 

the adsorption branch. The insets are schematic representations of the pores and the 6 

crystallinity of the pore walls.  7 
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Figure 9. Visualization of pore size and crystallinity in the pore walls for crystalline 2 

magnesium silicate sample determined using high-resolution transmission electron 3 

microscopy (HR-TEM).  4 
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Figure 10. Changes in the structural arrangements of the pore walls of mesoporous 2 

magnesium silicate samples determined using in-situ Wide-Angle X-ray Scattering (WAXS) 3 

measurement. 4 
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