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Abstract 

Mesoporous silica nanoparticles have highly versatile structural properties that are suitable for a 

plethora of applications including catalysis, separation and nanotherapeutics. We report a one-

pot synthesis strategy that generates bimodal mesoporous silica nanoparticles via co-assembly of 

a structure-directing Gemini surfactant (C16-3-16) with tetraethoxysilane/(3-

aminopropyl)triethoxysilane-derived sol additive. Synthesis temperature enables control of the 

nanoparticle shape, structure and mesopore architecture. Variations of the 

aminosilane/alkylsilane molar ratio further enables programmable adjustments of hollow to core-

shell and dense nanoparticle morphologies, bimodal pore sizes and surface chemistry. The 

resultant Gemini-directed aminated mesoporous silica nanoparticles have excellent carbon 

dioxide adsorption capacities and antimicrobial properties against E. coli. Our results provide 

enhanced understandings in the structure formation of multiscale mesoporous inorganic materials 

that are desirable for numerous applications such as carbon sequestration, water remediation and 

biomedical-related applications.  
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1. Introduction 

Mesoporous inorganic materials with ordered architectures, high surface area and pore 

volume, tailorable pore size and pore size distribution, tunable composition and surface 

chemistry, have stimulated widespread interests for various applications1 ranging from 

catalysis,2,3 separation,4,5 optics,6 energy generation and storage,7–11 biomedical,12–17 farming18 

and semiconductor nanostructures.19–21 Mesoporous silica materials are especially well-explored 

as a model system for sol-gel chemistry22,23 and are known for its versatility to generate 

periodic/quasicrystalline nanoarchitectures and pore geometries in various macroscopic forms 

(e.g., nanoparticles, films, monoliths),24–41 as well as serving as nanocasting templates to access 

other functional materials.20,42,43 Owing to all these structural features, mesoporous silica 

nanoparticles (MSNs) are highly sought after in drug delivery, diagnostics and sensing 

applications.12–16,34 

Conventional MSNs generated from self-assembling mixtures of organic structure agents 

(e.g., surfactants, block copolymers) and silica sol precursors typically have a single type 

ordered/disordered mesostructure with monomodal pore size and narrow pore size distribution.44 

Extending the control of MSN shape and structure, pore size and pore geometry as well as 

surface chemistry enable further broadening of functionality and application space.45 For 

example, multicompartment MSNs with different cubic and/or hexagonal-arranged mesopore 

compartments impart multifunctionalities and individual stimulated responses;32,46 however, the 

pore sizes of such multicompartment MSNs are usually less than 10 nm, constraining the size of 

adsorbate materials and effective mass transfer.47 Hierarchical MSNs with bimodal pore sizes 

(<5 and 20–50 nm) have been reported,47–52 but the synthesis protocols either involve many 

steps,47,51,52 require multiple structure-directing agents,49,50 or the macroscopic form is that of a 
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typical sphere shape that poses limits in transport and adhesion properties and surface 

interactions.48,53,54 A facile one-pot method was described by Yan and co-workers16 mixing 

cetyltrimethylammonium bromide (CTAB) surfactant with tetraethoxysilane (TEOS) and (3-

aminopropyl)triethoxysilane (APTES) as silica co-precursors to form hollow MSNs. However, 

the silica mesostructure order and pore geometry characteristics were not fully defined and the 

control of MSN shape and pore size was not established.16  

Here, we describe a facile one-pot synthesis approach mixing a structure-directing 

Gemini diammonium surfactant (C16H33(CH3)2NBr–C3H6–NBr(CH3)2C16H33, C16-3-16) with 

TEOS to generate hollow MSNs with tunable nanoparticle (NP) shapes (sphere, biconcave and 

cube), variable pore architectures (lamellar and cylinder) and bimodal mesopore sizes under 

different temperatures. Adding APTESas a co-precursor provides a simple lever to modify the 

MSN size (~100 to 250 nm) and NP structure (hollow, dense, core shell) as well as functionalize 

the MSN surface with primary amine groups. A nonclassical formation mechanism based on the 

oriented aggregation of structured Gemini/silica hybrid clusters is proposed. The resultant 

aminated bimodal MSNs serve as a suitable nanocarrier platform to host metallic silver (Ag) 

with controlled ion release rates to promote antibacterial activities as well as a solid-state sorbent 

with high carbon dioxide (CO2) adsorption capacities and stable cyclability.  
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2. Results and Discussion 

2.1. Co-Assembly of C16-3-16 Gemini Surfactant and TEOS-Derived Silica  

Gemini surfactants, made up of two charged polar head groups separated by a methylene 

spacer and with each head group attached to a hydrocarbon tail, readily transform into 

lyotropic/thermotropic liquid crystalline structures.26,55,56 The structure-directing agent in this 

study, C16-3-16, is a Gemini surfactant with C16 tails and a C3 spacer separating the quaternary 

nitrogen atoms. It was reported that C16-3-16 micelles in aqueous solutions (2.5 to 10 mM) 

exhibited disklike shape at lower temperatures (~30 °C) and elongated rod shape at higher 

temperatures (40 to 70 °C).57 We expected C16-3-16 to form similar shaped micelles in the mixed 

solvent of deionized water and ethanol (EtOH, 3.6 mM). In the present work, TEOS was added 

as a silica precursor into the Gemini surfactant solution (4 mM) under basic conditions, forming 

bimodal MSNs (BMSNs) of various shapes and structures at temperatures of 30 to 95 °C. 

Transmission electron micrographs (TEM) in Figure 1 demonstrate the critical role of synthesis 

temperature in the shape and structure transitions of Gemini-directed BMSNs after surfactant 

removal by acid extraction.  
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Figure 1. (a–h) TEM micrographs and (i) schematic representations of BMSNs generated by co-

assembly of C16-3-16 and TEOS-derived sol additive at 30 ° C (a,b), 50 ° C (c,d), 80 ° C (e,f) and 

95 ° C (g,h), after surfactant removal. Insets in (b) and (f) show the surface morphologies of the 

selected regions at higher magnifications. 

Figure 1a,b shows that BMSNs synthesized at 30 °C were spherical in shape with a 

hollow particle structure and diameters ranging from 110 to 140 nm. Closer TEM examination of 

Figure 1b suggests the rough NP surface was composed of non-uniformly stacked layers of silica 
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likely due to the incomplete condensation of TEOS.58 Interestingly, TEM in Figure 1c,d show 

the cross-section view of BMSNs of 50 °C with a new biconcave disk shape and similar NP sizes 

of 110 to 130 nm. The BMSN biconcave disks were made up of more regularly stacked layers of 

silica nanosheets (Figure 1d) relative to the 30 °C-sample, attributed to faster silica condensation 

rates and improved self-organization process at 50 °C.58 Scanning electron micrographs (SEM) 

in Figure S2a,b corroborated the particle morphology of TEOS-derived BMSNs of 30 and 50 °C 

at lower magnifications.  

Higher synthesis temperatures of 80 and 95 °C promoted formation of alternative cubic 

and spherical shaped hollow BMSNs, respectively, decorated with distinctive surface wrinkles 

(Figure 1e–h). Resultant cubic BMSNs of 80 °C were well-defined with relatively uniform 

average size of 170 nm (Figure 1e and 2a), whereas collapsed BMSNs and particle aggregations 

were more prevalent at 95 °C (Figure 1g). Moreover, surface wrinkles on the 80 °C-BMSNs 

appeared more well-spaced compared to the randomly dense-packed wrinkles on the 95 °C-

BMSNs (compare Figure 1f and h). The regularly spaced surface wrinkles and cubic shape of the 

80 °C-BMSNs are similarly observed in SEM (Figure S2c). Importantly, higher magnification 

TEM reveals the silica mesopore channels were oriented radially from the particle core (Figure 

1f).  

We performed nitrogen sorption measurements to evaluate the bimodal porosity 

characteristics of TEOS-derived BMSNs. Nitrogen sorption isotherms displayed in Figure 3b,c 

and S3 indicated a large increase in BET surface areas from ~80 m2/g to 300 m2/g as the 

synthesis temperatures were raised from 30 to 80 °C (Table S1), consistent with structural 

evolution toward the cubic hollow particle morphology. Moreover, the BJH pore size distribution 
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plots in Figure 3c and S3 revealed the bimodal pore sizes reduced from ~10–70 nm to ~3–60 nm 

for BMSN samples of 50 and 80 °C, respectively.  

The thermotropic BMSN mesophase formation is likely a result of the Gemini surfactant 

micelle shape and electrostatic interactions between the surfactant ammonium headgroups with 

silica sol oligomers. We postulate that C16-3-16 surfactants formed disk-like mesophases in the 

mixed water/EtOH solvent at lower temperatures (≤50 °C).56,57 The base-catalyzed TEOS-

derived silica oligomers were negatively-charged and attracted to the disk-like cationic Gemini 

micelles, promoting self-assembly into an organic-inorganic lamellar phase (see schematic in the 

second panel of Figure 1i).54,59 At 30 °C, the lamellar phase further evolved into spherical-shaped 

multilamellar vesicles to minimize excess surface energy.50 Acetic acid treatment to remove C16-

3-16 resulted in multi-shell hollow particles (Figure 1b). The higher temperature of 50 °C varied 

the charge density of silica oligomers due to slightly increased TEOS hydrolysis/condensation 

rates,26,58 yielding biconcave shaped particles with multistacked silica mesostructure after 

surfactant removal (Figure 1d).50  

At even higher temperatures (>50 °C), the Gemini surfactant micelle assumed an 

elongated rod-like shape.56,57 In addition, the hydrolysis and condensation reactions of TEOS 

further accelerated, resulting in more complex interactions between elongated rod-like C16-3-16 

micelles with the hastily formed silica oligomers and self-assembled into the disordered 

cylindrical mesophase (see schematic in the third panel of Figure 1i).54,57,59 We speculate the 

synthesis temperature of 80 °C provide the optimal control of thermodynamic and kinetic self-

assembly driving forces to form well-defined cubic-shaped hollow BMSNs with radial mesopore 

channels (Figure 1f). Synthesis at 95 °C confirmed this hypothesis as ruptured MSNs and 
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particle aggregation were observed (Figure 1g), attributed to overly rapid hydrolysis and 

condensation reactions of TEOS, resulting in irregularly sized surfactant/silica nanoclusters that 

disrupted the self-assembly process.33,58  

2.2. Influence of APTES/TEOS Ratios on Gemini-Directed BMSNs 

Aminosilanes are well-explored in the synthesis of MSNs either as a co-structure 

directing agent,60,61 a co-condensing silica precursor13,32,34,46 or to introduce chemical functional 

groups on the MSN surface.13,16,33 We introduced APTES as a co-structure director and co-

condensing silica precursor to further tune the shape, size and mesophase of Gemini-directed 

BMSNs in the one-pot synthesis protocol. TEM in Figure 2 shows the structural evolution of 

aminated BMSNs with increasing molar ratios of APTES-to-TEOS at 80 °C with a constant 

silane concentration of 4 mM, while keeping all conditions the same. Aminated BMSNs are 

designated as X-NH2-BMSNs where X denotes the APTES molar percentage (0–50 mol %). 
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Figure 2. (a–h) TEM micrographs and (i–j) corresponding particle size histograms of NH2-

BMSNs with increasing APTES concentrations of 0 mol % (a,b,i), 10 mol % (c,d,j), 20 mol % 

(e,f,k) and 30 mol % (g,h,l), synthesized at 80 °C, after surfactant removal.  

Figure 2 a,b,i shows cubic-shaped hollow BMSNs with an average diameter of ~180 nm 

when no APTES was added as described earlier (0-NH2-BMSNs, see also Figure 1e,f). With 10 

mol % APTES as co-precursor, the first TEM observations made were that the aminated BMSNs 

were round and smaller in size (10-NH2-BMSNs, Figure 2c,d). The particle size and size 

distribution improved to an average diameter of around 140 nm (Figure 2j). However, the 

particle shell thickness and mesoporous silica structure disorder also clearly increased. Further 

increase in APTES concentrations resulted in even smaller particles, approximately 120 and 90 
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nm for 20-NH2-BMSNs and 30-NH2-BMSNs (Figure 2k, l), respectively, as well as the 

densification of NH2-BMSNs as reflected by increased darker contrast in the particle center 

regions under bright-field TEM (Figure 2e–h). All the evidence suggests the structure evolution 

from the outer to the inner portion of the NPs with increasing amounts of APTES that engulfed 

the hollow interior. The decrease in particle size and size distributions of NH2-BMSNs were 

corroborated by dynamic light scattering measurements (Figure S4). However, further increase 

in APTES up to 50 mol % resulted in amplified occurrences of aggregation of irregularly shaped 

NH2-BMSNs depicted in Figure S5. 

Small-angle X-ray scattering (SAXS) plots in Figure 3a depict the structural evolution of 

NH2-BMSNs with increasing APTES-to-TEOS molar ratios before (dashed curves) and after 

surfactant removal (solid curves) as a collective average. For pure TEOS-derived particles, the 

SAXS pattern of as-made 0-NH2-BMSNs (dashed black curve) displays only a single principal 

peak at q* = 1.88 nm−1, consistent with the disordered cylindrical morphology observed in TEM 

(Figure 1f, 2b). Interestingly, there is a significant drop in peak intensity after Gemini surfactant 

removal (solid black curve), attributed to the reduced structural integrity of the hollow particle. 

The shift of the principal reflection to a smaller angular position is likely an artefact due to the 

substantial peak broadening event. As APTES concentrations increased up to 30 mol%, we 

observed a blue shift in the angular positions and broadening of the principal SAXS peaks for 

both as-made and surfactant-free NH2-BMSNs (Table S1). This corresponds to larger d-spacing 

values for the NH2-BMSNs from 3.3 nm (0-NH2-BMSNs) to 4.7 nm (30-NH2-BMSNs). The 

intensities of the principal SAXS reflections remained almost unchanged for both as-made and 

surfactant-free TEOS/APTES-derived NH2-BMSNs, indicating improved particle structural 

integrity with the addition of APTES (compare red, green and blue-colored dashed and solid 
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curves). We further note the broader SAXS principal reflections of NH2-BMSNs were consistent 

with the 3-dimensional (3D) disordered wormhole-like mesostructure as observed in TEM 

(Figure 2c–h).  

 

Figure 3. (a) SAXS patterns of NH2-BMSN samples synthesized at 80 °C before (dashed lines) 

and after surfactant removal by acid extraction (solid lines). Tick marks in (a) indicate the 

respective principal SAXS reflections. (b) Nitrogen sorption isotherms and (c) BJH pore size 

distributions of surfactant-free NH2-BMSN samples. Data were offset vertically for the isotherms 

(by 300 and 500 cm3/g for 30-NH2-BMSNs and 50-NH2-BMSNs, respectively) and BJH pore 

size distribution plots (by 3 and 5 cm3/g·for 30-NH2-BMSNs and 50-NH2-BMSNs, respectively) 

to improve clarity.  

Nitrogen sorption analysis of surfactant-free NH2-BMSNs corroborated TEM and SAXS 

data. Figure 3b and S6 shows that the nitrogen sorption isotherms of 0-NH2-BMSN, 20-NH2-
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BMSN, 30-NH2-BMSN and 50-NH2-BMSN are of type IV with some hysteresis. BET surface 

areas and pore volumes decreased from 300 to 180 m2/g and 0.72 to 0.24 cm3/g, respectively, as 

APTES concentrations increased from 0 to 50 mol % (see Table S1). The decreasing porosity 

values are consistent with the particle morphology change from hollow-type to dense BMSN 

particles.  

The BJH pore size distribution plot of 0-NH2-BMSN sample in Figure 3c (black curve) 

shows a bimodal pore size distribution with an intense peak centered at ~3.46 nm and a 

significant population of pores between 10 to 100 nm represented by the area under the 

secondary peak. The BJH mesopore size is close to the TEM observations of ~2–2.4 nm (Figure 

S7). For the 30-NH2-BMSN sample, the wormhole-like mesopore size remained almost constant 

at ~3.5 nm, while the population of larger pores of 40–60 nm reduced substantially, consistent 

with the densification of NH2-BMSNs. For the 50-NH2-BMSN sample, the wormhole-like 

mesopore of 3.6 nm is the most dominant in the BJH pore size distribution plot, suggesting an 

almost completely dense mesoporous silica nanoparticle. Capillary condensation of liquid 

nitrogen at ~0.4P/P0 observed in all of the isotherms shown in Figure 3b corroborated the 

consistent mesopore size of 3.6 nm for the NH2-BMSNs.  

We performed Fourier transform infrared (FTIR) spectroscopy to estimate the amount of 

amine functional groups present in the NH2-BMSNs samples as shown in Figure S8a. FTIR 

spectrum of the control 0-NH2-BMSN sample exhibits the highest intensity peaks at 1087 and 

3450 cm−1, corresponding to Si–O–Si and SiO–H bond vibrations, respectively. These signal 

intensities decreased gradually as observed in the FTIR spectra of NH2-BMSNs with higher 

amounts of APTES appended. Instead, new IR peaks appeared at the 1560 and 3000–3300 cm−1 

bands, attributed to N–H bending and primary amine stretching vibrations, respectively. Figure 
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S8b shows the plot of peak intensity ratios of N–H bonds (1560 cm−1) relative to Si–O–Si bonds 

(1087 cm−1) as a function of initial APTES loading concentrations, providing a semiquantitative 

affirmation of amine functional groups present in the NH2-BMSNs.  

The formation and cooperative self-assembly of periodic silica mesostructures is 

regulated by the complex interactions between structure-directing ionic surfactants (S) and 

silicate additive (I), especially on the organic/inorganic interfaces.62,63 The synthetic route in the 

self-assembly of cationic C16-3-16 Gemini surfactant (S+) and TEOS-derived silicate oligomers 

(I−) under basic conditions can be described by the matching of S+I− via attractive electrostatic 

Coulomb force.62,63 The addition of aminosilane promotes further interactions between the 

charged species and enables mediation of surfactant micelle geometry and packing behaviors as 

co-structure-directing agent and co-condensing silicate additive as well as to slow down sol–gel 

condensation reactions.31–35,60,64,65 For example, Garcia-Bennett and co-workers reported the 

influence of pH of the synthesis solution on aminosilane precursors and MSN formation.60 For 

pH values above the pKa of APTES (>10.6), the amine groups became deprotonated (N0) and 

allowed the hydrophobic components of APTES to penetrate into the hydrophobic micelle core 

of the cetyltriethylammonium bromide surfactant (denoted as the S+~N0I− route), altering the 

micelle curvature and resultant mesophase morphologies.60 We postulate a similar formation 

mechanism for the growth of Gemini-directed NH2-BMSNs at 80 °C as shown schematically in 

Figure S9. 

The pH in our synthesis solution environment was ~11 using sodium hydroxide (NaOH) 

as base catalyst for the sol–gel reactions. Silicate oligomers derived from the rapid hydrolysis 

and condensation reactions of TEOS were attracted to the ammonium headgroups of rod-like 

C16-3-16 micelles via the S+I− pathway,57 resulting in the nucleation of radially oriented disordered 



 

15 

 

cylinders on the surface of cubic-shaped hollow BMSNs (vide supra, see Figure 2b and S9). The 

addition of APTES induced new changes in hydrolysis and condensation rates of silicate 

oligomers and nucleation of BMSNs.33,60 Firstly, most of the amino groups of APTES were 

expected to be in the neutral state, enabling the intercalation of aminopropyl medieties in the 

hydrophobic Gemini surfactant micelle cores and thereby induced further micelle shape change 

toward the wormhole-like mesostructure (Figure S9). Secondly, APTES likely promoted the 

formation of small silica clusters of various sizes with the 3D disordered wormhole-like 

morphology.33 These similarly structured surfactant/silica clusters then packed together, growing 

into spherical hollow particles with thicker shells of wormhole-like structured mesoporous silica 

(Figure 2d). Thirdly, further increase in APTES enabled even slower condensation rates that 

promoted denser packing of the structured hybrid clusters, generating mesoporous silica particles 

with smaller hollow cores (Figure 2f, h). As more silica building blocks were consumed to form 

dense particles at higher APTES concentrations, the size of resultant MSNs became 

progressively smaller (compare Figure 2h and 2a). This is corroborated by the increased silica 

wall thicknesses obtained from nitrogen sorption measurements as BJH mesopore diameters 

remained unchanged (see Figure 3c and Table S1). The proposed mechanism is similar to the 

non-classical growth of mesocrystals that was observed in the formation of well-ordered 

aminated CTAB-directed MSNs via organization of mesostructured silica clusters.33,66 

2.3. BMSN Silver-Embedded Nanocarrier and CO2 Sorbent Applications 

Gemini-directed self-assembly provides a one-pot approach to synthesize BMSNs with 

control of high surface area and accessibility, pore geometry and size, and active amine 

functional groups desirable for many applications. In particular, NH2-BMSNs with different 

bimodal pore sizes could potentially control the release of metal ions to enable high antimicrobial 
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efficiencies.67 We performed AgNO3 backfilling experiments with the 0-NH2-BMSN and 20-

NH2-BMSN samples, followed by heating at 100 °C to induce amine-assisted AgNO3 reduction 

into Ag NPs in the hollow mesoporous silica particles.68,69 TEM image in Figure 4a shows sub-

10-nm AgNO3 particles scattered randomly on the bare silica NPs (0-NH2-BMSN), attributed to 

poor adhesion and loss of salt through larger pores. Contrarywise, TEM in Figure 4b shows the 

successful growth of Ag NPs with diameters of 20 to 50 nm in the hollow cores of aminated 

silica NPs (20-NH2-BMSN), attributed to chemical reduction of AgNO3 by the amine-

functionalized surface.68,69 Confinement of Ag NPs in 20-NH2-BMSNs was confirmed via TEM 

inspection of a series of images taken at different rotation angles (Figure S10), energy dispersive 

X-ray spectroscopy (EDS) mapping analysis (Figure S11) and wide-angle X-ray scattering 

(Figure S12). The 20-NH2-BMSNs with a smaller hollow core and thicker mesostructured silica 

shell has the optimal nanocarrier design to store and slowly release Ag+ ions to inhibit bacterial 

activities.  
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Figure 4. TEM images of (a) AgNO3@0-NH2-BMSNs and (b) Ag@20-NH2-BMSNs after 

backfilling experiments. (c) OD measurements of E. coli growth in LB broths that contained no 

medium (control), AgNO3 salt, AgNO3@0-NH2-BMSNs and Ag@20-NH2-BMSNs. (d) Optical 

images of E. coli colonies in agar plates streaked with bacterial cultures that contained no 



 

18 

 

medium (control), AgNO3 salt, AgNO3@0- NH2-BMSNs and Ag@20-NH2-BMSNs, after 

incubation for 24 h at 37 °C. (e) CO2 adsorption isotherms of 0-NH2-BMSNs and 20-NH2-

BMSNs at 0 °C and 25 °C for 1 bar. (f) CO2 adsorption isotherm plots of 0-NH2-BMSNs and 20-

NH2-BMSNs and respective fitted curves from the pseudo-second order kinetic model, as well as 

(g) cyclic CO2 adsorption capacity plots of 0-NH2-BMSNs and 20-NH2-BMSNs, all measured by 

the TGA method at 25 °C. 

To evaluate antibacterial performance, we immersed samples of AgNO3 salt, AgNO3@0-

NH2-BMSN and Ag@20-NH2-BMSN in Escherichia coli (E. coli) cultures and incubated at 

37 °C for 24 h. A suspension of E. coli with no medium was studied as the control for 

comparison. The optical density (OD) measurement bar chart in Figure 4c indicates the Ag@20-

NH2-BMSN sample exhibited the most efficient suppression of E. coli activities after incubation 

at 37 °C for 24 h, followed by the pure AgNO3 salt. We hypothesize the hollow Ag@20-NH2-

BMSN sample provided a more controlled and sustained cargo release of Ag+ ions through the 

mesopores, inhibiting bacterial growth via rupture of the E. coli cell membranes.67 This was 

supported by the speciation measurements of Ag+ ions discharged by Ag@20-NH2-BSMN using 

an inductively coupled plasma optical emission spectrometer (ICP-OES) over a 24 h period 

(Figure S13). This was further corroborated by the agar streak plate method that showed 

negligible E. coli bacterial activity in the Ag@20-NH2-BMSN sample (Figure 4d and S14). We 

could further control the Ag+ release rates to enhance antibacterial performance by tuning the 

surface silica mesopore size. For instance, adding hydrophobic pore expanders into the self-

assembling mixtures would result in larger pores,28 while employing Gemini surfactants with 

shorter alkyl tails would reduce the mesopore size.26  
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Ordered mesoporous inorganic materials are well-explored as potential solid-state 

adsorbents for post-combustion CO2 capture (see Table S2).5,70 For example, Fan and co-workers 

synthesized SBA-15 mesoporous silica platelets, followed by grating aminosilanes on the silica 

surface by a post-process wet impregnation step.70 The resultant 3-aminopropyltrimethoxysilane-

grafted SBA-15 platelets exhibited a CO2 adsorption capacity of 1.58 mmol/g at 25 °C for 1 bar. 

It is, however, more advantageous to synthesize animated mesoporous silica adsorbents through 

the simpler one-pot approach. We demonstrated the NH2-BMSN sample series as a suitable 

solid-state adsorbent candidate for CO2 capture. Figure 4e shows the CO2 adsorption isotherms 

of bimodal mesoporous nanoparticles of pure silica (0-NH2-BMSN) and amine-functionalized 

silica (20-NH2-BMSN) samples. At 0 °C for 1 bar, 20-NH2-BMSN has a CO2 absorption 

capacity of 2.00 mmol/g that is more than 2 times the pure silica sample (0.89 mmol/g), 

attributed to the strong chemical affinity of CO2 molecules to the primary amine surface groups. 

The CO2 adsorption capacity of 20-NH2-BMSN at 25 °C remained excellent at 1.48 mmol/g for 

1 bar. From the Clausius−Clapeyron equation, the isosteric heat of adsorption for CO2 in 20-

NH2-BMSNs was estimated to range from ∼19.4 kJ/mol (at 0.2 mmol/g) to ∼6.4 kJ/mol (at 1.5 

mmol/g), as shown in Figure S15.70,71 

We assessed the CO2 adsorption behaviors of Gemini-directed BMSNs using the 

thermogravimetric analysis (TGA) method at 25 °C. Figure 4f shows that both 0-NH2-BMSN 

and amine-functionalized 20-NH2-BMSN samples reached their near-saturation CO2 capacities 

of ~0.30 and 0.63 mmol/g, respectively, within 30 min. The TGA-based CO2 isotherms were 

further evaluated with three kinetic models: the pseudo-first order, the pseudo-second order and 

the Arvrami’s fraction-order models.72,73 From linear regression analysis, we obtained the 

respective kinetic rate constants and squared correlation coefficient (R2) values summarized in 



 

20 

 

Table S3. The pseudo-second order kinetic model provided the best fit to the TGA-derived CO2 

isotherms as shown in Figure 4f. The pseudo-second order rate constant values (k2) for CO2 

adsorption by both 0-NH2-BMSN (k2 = 1.249 min−1) and 20-NH2-BMSN (k2 = 1.099 min−1) are 

very similar. Finally, the amine-functionalized 20-NH2-BMSN sample exhibited a highly stable 

CO2 adsorption capacity of 0.55 mmol/g after 16 TGA cycles, whereas the TEOS-derived 0-

NH2-BMSN retained only a third of the original CO2 adsorption capacity (0.12 versus 0.35 

mmol/g).  

 

3. Conclusions 

We have demonstrated a facile one-pot synthesis protocol to synthesize well-defined 

amine-functionalized mesoporous silica nanoparticles via co-assembly of a Gemini surfactant 

(C16-3-16) as structure-directing agent and co-condensing TEOS and APTES-derived silica sol 

precursors. Synthesis temperature provides a simple lever to vary the Gemini micelle shape and 

facilitates the formation of TEOS-derived mesoporous silica nanoparticles with different particle 

shapes and structures (sphere, biconcave disk, cube), silica mesostructures (lamellar and 

cylinders) and bimodal pore sizes. Mixing APTES with TEOS further enables variations of the 

Gemini micelle geometries and packing behaviors as well as silica condensation rates, thereby 

imparting control to form hollow, core-shell and dense mesoporous silica sphere nanoparticles 

with the alternative wormhole-like mesostructure. The aminated hollow bimodal MSNs were 

suitable nanocarriers of Ag NPs that allowed effective and sustained release of Ag+
 ions 

inhibiting E. coli growth. NH2-BMSNs also showed enhanced CO2 adsorption capacities and 

longer cyclability, attributed to the strong chemical affinity of CO2 molecules to the amine 
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surface groups. We envisage the programmable one-pot strategy to synthesize variable functional 

MSNs with direct control of NP structures, shapes, morphologies and surface chemistries could 

push new frontiers in “smart” nanotechnology-enabled applications such as sensing, catalysis, 

nanomedicine and carbon sequestration. 

 

4. Experimental Section 

Materials. Tetraethoxysilane (TEOS, >98%), 1,3-dibromo propane and N,N-

dimethylhexadecylamine were obtained from TCI Chemicals. (3-aminopropyl)triethoxysilane 

(APTES, ≥98%), NaOH (≥97%, pellets) %) and silver nitrate (AgNO3, ≥99.0%) were 

purchased from Sigma Aldrich. 200-proof ethanol (EtOH) was purchased from Merck. All 

materials were used as obtained. 

Synthesis of Gemini diammonium C16-3-16 surfactant. The C16H33(CH3)2NBr–C3H6–

NBr(CH3)2C16H33 (C16-3-16) surfactant was prepared as reported elsewhere.74 Briefly, 1, 3-

dibromopropane was mixed with 2 molar equivalent (plus a 10% excess) of N,N-

dimethylhexadecylamine. The mixture was refluxed in dry EtOH at ~80 °C for 72 h, followed by 

solvent extraction using a rotary evaporator. The solid residues were purified via recrystallization 

in ethyl acetate/methanol (10:1, v/v) several times and characterized by 1H-NMR spectroscopy. 

Synthesis of Gemini-directed BMSNs: MSN samples were synthesized using a modified 

procedure.38 A clear solution of Gemini surfactant (0.148 g, 2×10−3 mol) in a mixed solvent of 

deionized water (38 g, 2.11 mol) and EtOH (13.8 g, 0.3 mol) was prepared in a round-bottom 

glass vessel, followed by the addition of 0.1 M NaOH (6.5 g) as base catalyst. TEOS (0.89 mL, 
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4×10−3 mol) was added into the clear solution and gently stirred at 30 °C for about 10 min. The 

reaction mixture with pH of ~11 was left undisturbed (no stirring) for another 48 h at 30 °C. 

After synthesis, the product mixture with pH of ~8–9 was neutralized with 0.1 M HCl. The 

Gemini surfactant/BMSN hybrid sample was then retrieved by centrifugation and rinsed in EtOH 

at least two times to remove excess surfactant and silica precursors. An EtOH/acetic acid mixture 

(95/5, v/v) was used to remove the surfactant by stirring for at least 30 minutes at room 

temperature, followed by centrifugation and rinsing in EtOH for at least two times. The BMSN 

synthetic procedure was repeated at higher temperatures of 50, 80 and 95 °C, respectively, under 

reflux. Unless otherwise stated, all BMSN samples were stored in the EtOH medium. For 

characterization, BMSN samples were rinsed in EtOH and dried overnight in a vacuum oven at 

room temperature.  

Synthesis of NH2-BMSNs: NH2-BMSN samples were prepared at 80 °C using the same procedure 

as described above except for the use of mixed silane precursors. Varying amounts of TEOS and 

APTES but kept under the same concentration of 4 mM were added into the Gemini surfactant 

solutions, while all other chemicals were maintained constant.  

Synthesis of Ag@NH2-BMSNs: 20-NH2-BMSNs (50 mg) sample was kept in a teflon-capped 

scintillation vial and degassed under vacuum overnight. A 2 ml ethanolic solution of AgNO3 

(0.05 M) was then slowly added into the vial using syringe with needle. The mixture was stirred 

at room temperature for 12 h (under cap), followed by stirring at 60 °C under ambient conditions 

(uncapped) until most of the solution evaporated. The composite sample was rinsed with EtOH 3 

times to remove exceeding amounts of AgNO3, followed by heating at 100 °C for 1 h to form the 

Ag@20-NH2-BMSN sample via amine-assisted reduction.69 The procedure was repeated for the 

0-NH2-BMSNs sample (50 mg).  
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Characterization: Small-angle X-ray scattering (SAXS) measurements were collected with a 

Xenocs Nano-inXider instrument using a Cu Kα radiation source and Dectris Pilatus 3 detectors. 

2D SAXS patterns were azimuthally integrated around the beam center into 1D scattering 

intensity curves plotted against the scattering vector magnitude q = 4π sin θ/λ, where θ is half of 

the total scattering angle and λ is the X-ray wavelength. The d-spacing was calculated using d = 

2π/q*, where q* is the scattering vector of the principal peak. Scanning electron micrographs 

(SEM) were obtained on Pt-coated MSN samples using a JEOL 7600F field-emission SEM 

equipped with a half-in-lens detector at 15 kV. Transmission electron micrographs (TEM) was 

obtained using a JEOL 2100F electron microscope with an operating accelerating voltage of 200 

kV equipped a Gatan Ultrascan 1000XP CCD camera. Nitrogen sorption measurements were 

conducted using a Micromeritics ASAP 2020 system at −196 °C and analyzed with the BET 

(below 0.2 P/P0) and BJH (desorption) models.75,76 All samples were degassed at 130 °C 

overnight under vacuum before nitrogen sorption measurements.  

Antibacterial Testing: An overnight culture of E. coli strain ATCC 25922 in Luria-Bertani (LB) 

broth was first prepared, following by dilution of the bacterial suspension 6 times and incubation 

at 37 °C for 3 h to enable logarithmic growth. Further dilution was performed to reach 

approximately 5×105 CFU/ml in 2 ml of LB broth contained in round-bottomed polypropylene 

test tubes (14 mm) (Greiner Bio-One®). Samples of AgNO3 salt (0.05 M in EtOH), AgNO3@0-

NH2-BMSNs (50 mg) and Ag@20-NH2-20-BMSNs (50 mg) were then added into the test tubes. 

An E. coli LB broth suspension test tube with no medium (bare) was investigated as control 

sample. The test tubes were incubated under agitation at 37 °C for 24 h for bacteria growth. 

Turbidity measurements of E. coli cultures were obtained by optical density (OD) method using 

a spectrophotometer at the 600 nm wavelength. First measurements were obtained before 
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incubation to determine the appropriate dilution factor for the bacteria culture. Second 

measurements were obtained after incubation to determine the bacterial densities in the control 

and sample test tubes. The contents in the tubes were further diluted 1000 times and streaked 

onto LB agar plates for incubation at 37 °C for 24 h under static condition. Optical images of the 

respective LB agar streak plates were obtained with a digital camera.  

Speciation analysis of Ag+ released by Ag@20-NH2-BMSN sample: A 25 mg/ml mixture of 

Ag@20-NH2-BMSN in deionized water was prepared in an Eppendorf tube and incubated at 

37 °C under static conditions. At a specific time point during the total duration of 24 h, the 

mixture was first centrifuged at 10000 rpm for 3 min, followed by extraction of an aliquot 

containing 0.2 ml of the supernatant. The aliquot was further diluted 50 times with deionized 

water for speciation analysis. Separately, 0.2 ml of deionized water was added back into the 

mother mixture to replenish the sampling volume. The Ag+ concentrations of the respective 

aliquots were analyzed using an inductively coupled plasma optical emission spectrometer (Avio 

200 ICP-OES, PerkinElmer).  

CO2 Adsorption Measurements: CO2 adsorption measurements based on the volumetric method 

were conducted using a Micromeritics ASAP2020 system at 0 and 25 °C. Samples were 

degassed at 130 °C overnight under vacuum before measurements. The density of carbon dioxide 

at 0 and 25 °C are 1.951 and 1.784 kg/m3, respectively. For the TGA method, samples were 

loaded in a thermogravimetric analyzer (Thermal Analyzers Instrument 2950) for degassing at 

100 °C for 6 h and subsequently cooled to 25 °C under a constant nitrogen flow of 60 cm3/min. 

To obtain the CO2 saturation adsorption capacities, the samples were loaded in a CO2 

environment under a constant CO2 flow rate of 60 cm3/min for 6 h at 25 °C.  
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A total of 16 CO2 adsorption/desorption cycles were performed to evaluate the adsorption 

capacity retention properties of NH2-BMSN samples. For the adsorption part of the first cycle, 

samples were loaded in a CO2 environment at 25 °C under a constant CO2 flow rate of 60 

cm3/min for 30 min, followed by desorption in a nitrogen environment at 120 °C for 30 min 

under a constant nitrogen flow rate flow rate of 60 cm3/min. The samples were then cooled to 

25 °C under nitrogen. The TGA-based CO2 adsorption/desorption cycle was repeated for another 

fifteen times.  

Supporting Information 

The Supporting Information is available free of charge at https://pubs.acs.org/doi/  

Additional characterization of BMSNs by NMR, DLS, TEM, EDS, WAXS, FTIR spectroscopy, 

ICP-OES, nitrogen sorption and antibacterial assays results.  
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