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Abstract 

A boric acid assisted assembly approach has been provided to prepare the 

mesostructure silica with various morphologies and porosities. The hollow siliceous 
spheres with ultrasmall size (~ 15 nm) can be synthesized under such ultra-dilute 
CTAB/P123 surfactant concentration, with TEOS as the silica source in weak acid 
system. It also found the ratio of CTAB/P123, the concentration of boric acid and 
surfactant, the amount of TEOS and the addition of MgSO4 acted key roles to control 

the morphologies and porosity. The obtained mesostructure silica possess ordered 
structure, uniform morphologies (hollow sphere, tubular and cage-like mesoporous 
silica), high surface area (304.2 – 742.0 m2g-1), tunable large pore volume (0.55 – 
2.07 cm3g-1) and pore size distribution (2.2 – 11.8 nm).  
 

 
 
 
Keywords: mesoporous silica, boric acid, co-surfactant, self-assembly, hollow 
siliceous sphere. 
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1. Introduction 

   In recent years, mesoporous nanomaterials have received increasing attention 

because of their specific physical and chemical properties, such as large surface area, 

tunable pore size, easy functionalization, various compositions and frameworks, and 

thus many breakthrough applications in catalysis, adsorption, electrochemistry and 

biology.1-7 As an important mesoporous nanomaterial with numerous practical 

applications, silica has attracted significant interesting since its designable porosity 

and excellent biocompatibility.8 Current methodologies to produce the mesoporous 

silica nanomaterials are based on the cooperative self-assembly between surfactant 

and silicates precursor, with controllable nanoscale architecture, unique morphologies 

and frameworks.9-12 For example, mesoporous silica nanoparticles (MSN) have 

become highly promising as the carrier to delivery drugs into cancer cell and realize 

controllable release for bioapplications.8, 13-16 A frequently used approach to 

synthesize MSN is a surfactant-assistant sol-gel process by using 

hexadecyltrimethylammonium (CTA+) cationic surfactant as template in the alkaline 

solution.17-20 As another typical mesoporous silica material, SBA-15 has been 

prepared with the triblock copolymer Pluronic P123 (PEO20-PPO70-PEO20) as the 

template under strong acidic conditions.21 This simple self-assembly method can be 

applied to prepare mesoporous silica with different morphologies, including sphere, 

fiber, nanorods, film and so on.22-28 However, it is still difficult to control the 

assembly of surfactant and silica source to form mesostructure silica with various 

shapes in the weak acidic condition.29-31 Furthermore, avoiding the use of strong 

acidic medium is highly desirable and beneficial in terms of environmental impact.32  

Boric acid (B(OH)3) is known as a weak Lewis acid (pKa = 9.237). It can interact 

with H2O molecule and form the tetrahydroxyborate anion (B(OH)4
-) and hydronium 

cation (H3O
+).32, 33 Previous reports have demonstrated the B(OH)4

-, H3O
+ and boric 

acid molecules can interact with the hydrophilic poly(ethylene oxide) moieties 

(-CH2CH2O-) of Pluronic P123 through polar interactions, which can promote the role 

of double hydrogen bonds and in favor of the assembly of mesostructures.32, 34 These 
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features render boric acid highly promising in the synthesis of mesostructure 

materials.35-40 

Herein, we report the utilizing of boric acid on the formation of mesostructure 

silica by employing the tetraethyl orthosilicate (TEOS) as precursor, commercial 

triblock copolymer Pluronic P123 and hexadecyltrimethylammonium bromide (CTAB) 

as co-surfactant. A series of mesostructure silica with various morphologies, porosities 

and diameters can be controllable obtained by changing the ratio of CTAB/P123, the 

amount of silica precursor, the addition of inorganic salt, and the concentration of 

boric acid and surfactant.  

 

2. Experimental Section 

2.1 Chemicals. All of chemicals were analytical grade and used without further 

purification. Triblock poly(ethylene oxide)-b-poly(propylene oxide)-b-poly(ethylene 

oxide) copolymer Pluronic P123 (PEO20-PPO70-PEO20) was brought from Acros Corp. 

Hexadecyltrimethylammonium bromide (CTAB), boric acid, tetraethyl orthosilicate 

(TEOS), anhydrous magnesium sulfate and HCl were purchased from Sinopharm 

Chemical Reagent Co. (China). Ltd. Deionized water was used in all experiments. 

2.2 Preparation of mesostructure silica. The mesostructure silica was synthesized 

via using nonionic tri-block copolymer Pluronic P123 and CTAB as the co-surfactant 

templates and TEOS as the silica source in the boric acid solution. As a typical 

synthesis of hollow silica spheres, 0.1 g of P123, 0.02 g of CTAB and 3.0 g of boric 

acid (1.3 mol/L) were firstly dissolved in 40 mL deionized water and stirred for 2 h. 

Then, 0.5 mL of TEOS was dropped into the solution with gentle stirring at 40 °C. 

After continuous reaction for 80 h, the solution was transferred into a 100-mL 

autoclave and hydrothermal treated at 100 °C for 24 h. The precipitates were collected 

by centrifugation and washed with deionized water several times. The P123 and 

CTAB surfactants were removed by calcination in atmosphere at 550 °C for 5 h to 

obtain the products. 

2.3 Characterization. The small-angle X-ray scattering (SAXS) measurements were 
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taken on a Nanostar U small-angle X-ray scattering system (Bruker, Germany) using 

Cu Kα radiation. The d-spacing values were calculated by the following 

formula: qd /2π= . Nitrogen sorption isotherms were measured at 77 K with a 

Micromeritcs Tristar 3020 analyzer (USA). Before measurements, the samples were 

degassed in a vacuum at 180 °C for 6 h. The Brunauer-Emmett-Teller (BET) method 

was utilized to calculate the specific surface areas (SBET), using adsorption data in a 

relative pressure (P/P0) range from 0.04 to 0.2. The pore volume and pore size 

distributions were derived from the adsorption branches of isotherms by using 

Barrett-Joyner- Halenda (BJH) model. The total pore volume, Vt, was estimated from 

the amount adsorbed at a relative pressure P/P0 of 0.995. Scanning electron 

microscopic (SEM) images were obtained on a Philip XL30 microscope. A thin film 

of gold was sprayed on the samples before the characterization. Field-emission 

scanning electron microscopy (FESEM) images were obtained on a Hitachi S-4800 

microscope (Japan). Transmission electron microscopy (TEM) measurements were 

achieved on a JEOL 2011 microscope operated at 200 kV. The samples were 

suspended in ethanol and dried on a holey carbon film on a Cu grid for TEM 

measurements. Fourier transform infra-red (FTIR) spectra were collected on Nicolet 

Fourier spectrophotometer with spectral width of 4000 – 500 cm-1, using KBr pellets 

of the solid samples. 

 

3. Results and Discussion 

The mesostructure silica materials were synthesized by using TEOS as the silica 

source, nonionic tri-block copolymer Pluronic P123 and cationic CTAB as the 

co-surfactant templates under boric acid medium. The key to the fabrication of 

mesostructure silica under the weak acid condition lies in the choice of boric acid as 

the catalyst, which can advance the interaction between silica precursor and surfactant 

micelle to form mesostructures. As a typical example, hollow siliceous spheres can be 

simply prepared by using P123 (0.1 g) and CTAB (0.02 g) as co-surfactant templates 

and TEOS (0.5 mL) as the silica source in boric acid solution (1.3 mol/L). The 
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small-angle X-ray scattering (SAXS) pattern of the obtained product (denoted as S1) 

displays an obvious wide peak at q = 0.07 (Fig. 1A-S1), indicating a certain extent of 

ordered mesostructure. The scanning electron microscopic (SEM) image reveals the 

sample S1 composing with tiny nanoparticles (Fig. S1A). As confirmed by 

field-emission scanning electron microscopy (FESEM) image, spherical 

mesostructure silica nanoparticles were synthesized with a size of ~ 15 nm (Fig. 1B), 

similar to that single spherical micelles spheres. Transmission electron microscopy 

(TEM) image clearly shows the spherical mesostructure silica nanoparticles exhibited 

a remarkable hollow structure with the cavity of ~ 7 nm and a thin silica shell of ~ 2 

nm in thickness (Fig. 1B, inset). N2 sorption isotherms of the hollow siliceous spheres 

(Fig. 2A-S1) present a typical type-IV curve consisting with a distinct H1-type 

hysteresis loop in the broad relative pressure (p/p0) range of 0.4 - 0.9, indicating the 

presence of mesopores. Furthermore, the adsorption branch exhibits two capillary 

condensation steps at high relative pressure (p/p0) of 0.5 - 0.7 and 0.8 - 0.95, 

respectively, suggesting the formation of large and multimodal pore size distribution. 

Corresponding, the pore size distribution calculated by using Barrett-Joyner- Halenda 

(BJH) model with adsorption branch (Fig. 2B-S1), shows a bimodal pore size 

distribution centered at 6.7 and 35 nm, respectively, originated from the cavity 

diameter and accumulation of the hollow spheres. This phenomenon is good 

agreement with the TEM result (Fig. 1B, inset). Moreover, the hollow siliceous 

spheres possess a large pore volume of 1.82 cm3g-1 and the high 

Brunauer-Emmett-Teller (BET) surface area of 515.0 m2g-1 (Table 1). 

Similarly, a series of mesostructure silica materials with various morphologies and 

porosities have been successfully prepared using P123 and CTAB as the co-surfactant 

templates, and TEOS as the silica source in boric acid solution. The detailed 

experimental conditions and corresponding surface areas, pore sizes and pore volumes 

are summarized in Table 1. It is noteworthy that the morphologies, porosities and 

diameters of the mesostructure silica materials are highly dependent on the ratio of 

CTAB/P123, the concentration of boric acid, the amount of silica precursor, the 

addition of inorganic salt, and the concentration of surfactant. 
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The ratio of CTAB/P123 has been considered to investigate the morphology and 

porosity. As the relative proportion of CTAB increase from 0.04 to 0.06 g (S2 and S3), 

the scattering peak becomes poorly resolved (Fig. 1A-S2 and -S3). Further increasing 

the CTAB amount to 0.1 g without the addition of P123 (S4), a clear broad peak 

appears at q value of ~ 0.13 Å-1, suggesting only using CTAB as a surfactant also can 

form the ordered mesostructure silica (Fig. 1A-S4). According, with the P123 as the 

single surfactant (0.1g, S5), two distinguished scattering peaks indexes as 10 and 20 

reflection can be observed associating with the p6mm hexagonal structure (Fig. 

1A-S5). The sample S2, S3 and S4 show spherical particle shape with very small size 

(Fig. S1B-D and Fig. 1C-E). TEM images reveal the nanoparticles are hollow 

siliceous spheres with the shell thickness of ~ 2 nm and cavity diameter about 7, 7 and 

2 nm, respectively (Fig. 1C-E, inset). The oligomeric tubular silica is also can be 

produced, as shown by the SEM, FESEM and TEM images (Fig. S1E and Fig. 1F), 

with the inner diameter of ~ 10 nm, wall thickness of ~ 2 nm and the length of ~ 200 

nm. Nitrogen sorption isotherms of these samples are shown in Fig. 2. All the 

isotherms of the samples (S2 - S5) are type-IV curves accompanying with the 

prominent hysteresis in a broad relative pressure (p/p0) range from 0.4 to 0.9. The 

BET surface areas for the mesostructure silica samples S2 to S5 are in the range of 

330.0 to 716.6 m2g-1, the pore volumes changed from 1.00 to 2.07 cm3g-1, and pore 

sizes varied from 2.2 to 9.2 nm as listed in Table 1. These results indicate that the ratio 

of CTAB/P123 indeed can affect the morphologies and porosities of mesostructure 

silica materials. 

To confirm the role of boric acid in the formation of mesostructure silica, other 

concentrations of boric acid, 0.32 and 2.5 mol/L (S6 and S7) were selected to further 

examine the physicochemical properties. It can be found that the spherical 

mesostructure silica nanoparticles still are obtained at such low and high 

concentrations (Fig. 3 A and 3B). Furthermore, this mesostructure silica nanopaticles 

display ordered mesostructure in some extent, as revealed by the broad scattering 

peaks in the SAXS pattern (Fig. S2). What is more, the sample S6 and S7 exhibit the 

type-IV isotherms and bimodal pore size distribution (Fig. 3C and 3D), close to that 
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of sample S1 with the concentration of boric acid of 1.3 mol/L. Especially, the surface 

area (500.0 and 595.1 m2g-1), pore volume (1.89 cm3g-1) and pore size (7.4 and 6.5 nm) 

of sample S6 and S7 are nearly the same for the sample S1 (Table 1), suggesting the 

concentration of boric acid has little effect on the morphology and porosity. 

Interestingly, the mesostructure silica can not be prepared if the boric acid is replaced 

with other weak acid at the same reaction condition, such as acetic acid at the pH of 

~3 (Fig. S3). This further verifies the vital role of boric acid in the formation of 

mesostructure silica.  

It was also found that the amount of silica precursor plays a significant impact in 

the morphology. With the addition amount of TEOS decrease from 0.5 to 0.25 mL 

(S8), uniform tubular mesostructure silica is obtained with the width of ~ 15 nm and 

several hundred nanometers in length (Fig. 4A). The tubular mesostructure silica 

presents a broad scattering peak in SAXS pattern and the type-IV isotherms with a 

H1-type hysteresis loop (Fig. S4), demonstrating the tubular ordered mesostructure. 

The inner diameter can be calculated to be ~ 11.8 nm from the adsorption branch by 

using the BJH modal. The formation of tubular mesostructure silica with large hollow 

inner and thin thickness is ascribed to the lower concentration of silica source, 

reducing the curvature of the micelles and optimizing the assembly between 

surfactant and silica precursor.  

With the addition of MgSO4, the obtained mesostructure silica (S9) shows a 

well-resolved scattering peak (Fig. S5). It reveals that MgSO4 additive facilitates the 

assembly of CTAB/P123 co-surfactant and silica source due to the enhanced 

interactions, and improves the ordering of mesostructure. This speculation can be 

confirmed by the phenomena that the hollow siliceous spheres are inclined to 

aggregate together (Fig. 5A and 5B), combined with the decreasing of surface area 

(304.2 m2g-1), pore volume (0.93 cm3g-1) and uniform pore size distribution (6.0 nm) 

(Fig. 5C and 5D and Table 1).  

To explore the influence of concentration of surfactant, three additional high 

concentrations of surfactant (S10: 1.0 g P123 + 0.2 g CTAB; S11: 1 g CTAB; and S12: 

1g P123) conditions were taken into account. SAXS pattern of the samples shows one 
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wide peak (Fig. S6), indicating the formation of not highly ordered mesostructure. 

The morphologies of sample S10 and S11 still unchange with the composed of small 

hollow siliceous spheres (Fig. 6A and 6B). However, it should be noted that the 

cage-like mesostructure silica with the size of ~ 1 µm can be synthesized (S12, Fig. 

6C). The structure of the cage-like mesostructure is similar in profile of human brain, 

binding with ~ 50 nm diameter bundles. TEM image shows the congregating together 

of bundles consisting of 3 - 4 layers of tubular silica (Fig. 6D and inset). Moreover, N2 

sorption isotherms of these mesostructure silica samples (S10, S11 and S12) exhibit 

typical type IV curves with a H2-type hysteresis loop (Fig. S7). However, the pore 

volume and pore size undergo a little decreasing with the increasing of BET surface 

area (Table 1).  

Considering the facts of the prepared of mesostructure silica materials. Here, the 

key point of the formation of mesostructure silica with various morphologies and 

porosities are highly dependent on the boric acid assisted assembly of CTAB and 

P123 co-surfactant with silica source. It is worth noting that the B(OH)3 can reacted 

with H2O molecule to result the formation of B(OH)4
- anion and H3O

+ cation.32, 33 

Simultaneously, the H3O
+ and boric acid oligomer (B(OH)4

- and boric acid molecules) 

associate with the hydrophilic poly(ethylene oxide) moieties (-CH2CH2O-) of 

Pluronic P123 through polar interactions, hydrogen bond and van der Waals forces, 

which can promote the role of double hydrogen bonds and advance the assembly of 

surfactants and inorganic species. As a consequence, the silicate species originate 

from the hydrolysis and condensation of TEOS precursor can combine with H3O
+ and 

CTA+ through electrostatic interaction to construct the micelles assembly at such 

ultra-dilute CTAB/P123 surfactant condition and different concentrations of boric acid 

(Fig. 7).32, 34 Furthermore, the boric acid also can directly link with Si-OH to form the 

B-O-Si bond, which is easily hydrolyzes. This not stable B-O-Si bond results the B 

species can be easily removed after the hydrothermal and post-treatment process, 

which can be verified by the undetectable characteristic bands of boric acid (550, 884 

and 1192 cm-1) and the peak of B-O-Si (910 cm-1) for mesostructure silica materials in 

the FTIR spectra (Fig. S8).33, 34, 36 On the other hand, the CTAB surfactant is prone to 

Page 9 of 21 RSC Advances

R
S

C
A

dv
an

ce
s

A
cc

ep
te

d
M

an
us

cr
ip

t



10 
 

formation of spherical micelles and results the synthesis of hollow siliceous spheres 

(S1 - S4).41 The spherical micelles behaviors are inclined to transform to tubular 

micelles with the decreasing of silica source (S8) or without the addition of CTAB 

surfactant (S5). Particularly, the addition of MgSO4 can promote the interaction of 

inorganic and organic species and regular mesostructure (S9). Furthermore, the higher 

concentration of surfactant is advantage for the assembly to hierarchical 

mesostructure (S10 - S12).        

4. Conclusion 

In conclusion, the boric acid assisted assembly approach has been successfully 

demonstrated to synthesize the mesostructure silica with controllable morphologies 

and porosities. A series of mesostructure silica such as hollow siliceous spheres, 

tubular and cage-like mesoporous silica were prepared by using CTAB/P123 as 

co-surfactant, TEOS as the silica source in the boric acid medium. The ratio of 

CTAB/P123, the concentration of boric acid and surfactant, the amount of TEOS and 

the addition of MgSO4 were all considered to evaluate the physicochemical properties 

of the mesostructure silica. It reveals the obtained mesostructure silica materials 

possess uniform morphologies, high surface area (304.2 – 742.0 m2g-1), tunable large 

pore volume (0.55 – 2.07 cm3g-1) and pore size distribution (2.2 – 11.8 nm). 

Importantly, this boric acid assisted approach is facile and reproducible under weak 

acid condition. It is believed that this boric acid assisted strategy can be applied to 

synthesize other mesostructure materials. Moreover, the obtained hollow spheres and 

tubular mesoporous silica can serve as the good candidates for catalyst and 

bioapplications.  
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Table 1. Physicochemical properties of mesostructure silica prepared by using 
nonionic tri-block copolymer Pluronic P123 and CTAB as the co-surfactant templates 
and TEOS as the silica precursor in the boric acid solution. 

Sample Boric acid 

(mol/L) 

P123 

 (g) 

CTAB 

(g) 

MgSO4 

(g) 

TEOS 

(mL) 

SBET 

(m
2
/g) 

Vt 

(cm
3
/g) 

Pore size 
a
 

（（（（nm）））） 

S1 1.3 0.1  0.02 /  0.5 515.0 1.82    6.7 

S2 1.3 0.1 0.04 /  0.5 532.2 2.07  6.7 

S3 1.3 0.1  0.06 /  0.5 496.8 2.01    7.4 

S4 1.3 / 0.1 /  0.5 330.0 1.00 2.2, 22.6 

S5 1.3 0.1   / /  0.5 716.6 1.72    9.2 

S6    0.32 0.1  0.02 /  0.5 500.0 1.89  7.4, 40 

S7    2.5 0.1  0.02 /  0.5 595.1 1.89  6.5, 31 

S8 1.3 0.1  0.02 /  0.25 502.8 1.13    11.8 

S9 1.3 0.1  0.02  0.35  0.5 304.2 0.93    6.0 

S10 1.3 1  0.2 / 2.5 620.1 0.76    4.6 

S11 1.3 /   1 / 2.5 705.8 0.70    5.6 

S12 1.3   1 / /  2.5 742.0 0.55  5.4 
a pore size distributions were derived from the adsorption branches of isotherms by 
using Barrett-Joyner- Halenda (BJH) model.
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Fig. 1 SAXS pattern (A) and FESEM images of mesostructure silica: (B) S1, (C) S2, 
(D) S3, (E) S4 and (F) S5. Insets show the corresponding TEM images. The 
mesoporous silica hollow spheres and nanotubes (S1 to S5) are prepared by using 
different CTAB amount (0.02, 0.04, 0.06, 0.1 and 0 g) and P123 (0.1 g) as template 

and TEOS (0.5 mL) as the silica precursor in boric acid solution (1.3 mol/L).  
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Fig. 2 N2 sorption isotherm curves (A) and pore size distribution plots (B) of 
mesostructure silica S1, S2, S3, S4 and S5. Isotherm and pore size distribution curves 

are shifted for clarity. The mesostructure silica (S1 to S5) are prepared by using 
different CTAB amount (0.02, 0.04, 0.06, 0.1 and 0 g) and P123 (0.1 g) as template 
and TEOS (0.5 mL) as the silica precursor in boric acid solution (1.3 mol/L).
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Fig. 3 SEM images of (A) S6 and (B) S7, N2 sorption isotherm curves (C) and pore 

size distribution plots (D) of mesostructure silica S6 and S7. Isotherm and pore size 
distribution curves are shifted for clarity. The mesostructure silica (S6 and S7) are 
prepared by using CTAB (0.02 g) and P123 (0.1 g) as template andTEOS (0.5 mL) as 
the silica precursor in different concentration of boric acid solution (0.32 and 2.5 
mol/L). 
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Fig. 4 FESEM image (A) and pore size distribution plot (B) of mesostructure silica S8. 
The mesostructure silica S8 sample is prepared by using CTAB (0.02 g) and P123 (0.1 
g) as template and low volume of TEOS (0.25 mL) as the silica precursor in boric 

acid solution (1.3 mol/L). 
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Fig. 5 Typical SEM (A), TEM images (B), N2 sorption isotherm curves (C) and pore 

size distribution plot (D) of mesostructure silica S9. The mesostructure silica S9 
sample is prepared by using CTAB (0.02 g) and P123 (0.1 g) as template, TEOS (0.5 
mL) as the silica precursor and MgSO4 (0.35 g) as the inorganic salt in boric acid 
solution (1.3 mol/L).
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Fig. 6 FESEM images of mesostructure silica: (A) S10 and (B) S11, SEM (C) and 
TEM (D) images of mesostructure silica S12. The mesostructure silica samples (S10, 
S11 and S12) are prepared by using high concentration of surfactants: CTAB (0.2, 1.0 
and 0 g) and P123 (1.0, 0 and 1 g), and TEOS (2.5 mL) as the silica precursor in boric 
acid solution (1.3 mol/L).
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Fig. 7 Schematic illustration of the formation of mesostructure silica materials 
through boric acid assisted assembly approach by using CTAB/P123 as co-surfactant 

and TEOS as the silica source. 
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A boric acid assisted assembly approach has been provided to prepare the 

mesostructure silica with various morphologies and porosities. 
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