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ABSTRACT  40 

Hollow porous silica nanospheres (HSNs) are emerging classes of cutting-edge nanostructured 41 

materials. They have elicited much interest as carriers of active molecules delivery due to their 42 

amorphous chemical structure, non-toxic nature and biocompatibility. Structural development 43 

with hierarchical morphology is mostly required for obtaining the desired performance. In this 44 

context, large through-holes or pore openings on shells are desired so that the post-synthesis 45 

loading of active molecules HSNs via a simple immersion method can be facilitated. This study 46 

reports the synthesis of HSNs with large through-holes or pore openings on shells, which are 47 

subsequently termed bowl-structured hollow porous silica nanospheres (BHSNs). The synthesis 48 

of BHSNs was mediated by the core-shell interfaces of the core-shell-corona structured micelles 49 

obtained from a commercially available ABC triblock copolymer (polystyrene-b-poly(2-vinyl 50 

pyridine)-b-poly(ethylene oxide) (PS-P2VP- PEO)). In this synthesis process, polymer@SiO2 51 

composite structure was formed because of the deposition of silica (SiO2) on the micelles’ core. 52 

The P2VP block played the significant role in: firstly, hydrolysis and condensation of the silica 53 

precursor i.e. tetraethylorthosilicate (TEOS); and secondly, maintaining the shell’s growth. The 54 
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PS core of the micelles built the void spaces. Transmission electron microscopy (TEM) images 55 

revealed a spherical hollow structure with an average particle size of 41.87 ± 3.28 nm. The average 56 

diameter of void spaces was 21.71 ± 1.22 nm and shell thickness was 10.17 ± 1.68 nm. According 57 

to the TEM image analysis the average large pore was determined as 15.95 nm. Scanning electron 58 

microscopy (SEM) images further confirmed the presence of large single pores or openings in 59 

shells. These were formed due to the accumulated ethanol on PS core acting to prevent the growth 60 

of silica.  61 

 62 

KEYWORDS. Silica nanospheres, Bowl-structure, Interfacial synthesis, ABC triblock copolymer, 63 

Hollow structure. 64 

 65 

INTRODUCTION 66 

Inorganic hollow-structured nanomaterials have emerged as potentially useful functional 67 

phenomena. Such nanomaterials have generated increasing research interest as carriers of active 68 

molecules, because they have potential in helping develop controlled delivery systems in various 69 

fields. This is due to their large specific surface area, low density, mechanical and thermal 70 

stabilities, surface permeability, high loading capacity, controllable structure, and a wide range of 71 

applications.1-3 Among the various hollow-structured inorganic nano-carriers, silica-based 72 

nanoparticles such as hollow porous silica nanospheres (HSNs) are considered most promising 73 

because of their amorphous chemical structure, non-toxic nature4 and biocompatibility5. As well 74 

as drug delivery their potential applications have been extended to agrochemical delivery, 75 

especially pesticides, particularly over the last decade.6-9 It is expected that such carrier materials 76 
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can be utilized for the preparation of controlled-release formulations (CRFs) due to the novel 77 

properties of nano-size particles or materials.10  78 

It is important to ensure the quality and uniform particle size of nanospheres during their 79 

synthesis so that the desired performance will be obtained.11 Recent studies suggest that the size 80 

of pores in the shells of hollow nanosphere material is important because they play a significant 81 

role in the encapsulation and delivery of functional substances.12 For example, HSNs’ performance 82 

declines during post-synthesis loading by simple immersion methods because of small mesopores 83 

(2-5 nm).8,9 Loading active molecules after synthesis mainly depends on diffusion processes and 84 

the efficiency of this loading varies according to the size of mesopores in the shell. Therefore, 85 

technology such as high-pressure supercritical fluid loading is required to facilitate post-synthesis 86 

loading of active molecules into the inner core or void space of HSNs.8,9 More importantly, to 87 

serve as an ideal carrier, the HSNs must be structured with an appropriate pore size that is larger 88 

than the kinetic diameter of the respective active molecules.13,14 It was reported that pore size less 89 

than 10 nm often obstructs the application of ordered mesoporous nanomaterials in many fields 90 

especially where it requires a fast transport and efficient loading of large-size active molecules 91 

such as genetic material, proteins, drugs, organic bioactive molecules etc.15    92 

In this aspect, hollow nanospheres or microspheres with large through-holes (HMLS), or pore 93 

openings wider than 10 nm, are highly desirable for facilitating the loading of active guest 94 

molecules.16 HMLS can even encapsulate large molecules, for example proteins or DNA17, with 95 

diffusion this processes producing any limitations. The guest molecules could also be delivered in 96 

a controlled way from such nanocarriers where initially a fast release rate is observed which is 97 

desired in many applications such as drug delivery, pesticide delivery etc. to compensate rapidly 98 

against the target germs or pests. Later on, a sustained releasing profile is observed due to 99 
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electrostatic interaction and/or hydrogen bonding interaction between the guest molecules and Si-100 

OH groups of HMLs.18 However, to accomplish sustained release profile surface functionalization 101 

seems to be essential where large through-holes facilitate the surface functionalization process to 102 

modify the inner core surfaces on demand. In this case, with increasing amounts of surface 103 

functionalization agents may reduce the loading capacity but slow releasing profile is observed. In 104 

addition, the guest molecules also could be delivered to the target more efficiently preparing 105 

environmentally responsive controlled release system through post loading surface 106 

functionalization or coating with polymers.18-20  107 

To date, various synthetic methods for producing hollow microspheres with a large shell pore 108 

size (>10 nm) have utilized approaches such as template-directed synthesis, shell-breaking, 109 

Ostwald ripening and galvanic replacement reaction.16 These methods have produced various 110 

kinds of HMLS with single, multiple and hierarchal shell holes, and depending on their 111 

morphology, the spheres have been termed bowl-like21,22, mouth-like23, golf ball-like24, or cage-112 

like25. It is apparent that the physico-chemical properties of synthesized hollow-structured 113 

nanomaterials vary depending on their synthesis technique. Several methods have been employed 114 

for synthesizing HSNs, such as sacrificial hard templates, polymeric soft templates, 115 

surfactant/vesicle templates and emulsion templating technique, producing various shell 116 

thicknesses and porosity of structures.5,26 Among these methods, hard templating method suffers 117 

from certain limitations. In the hard templating approach, removing the template is complicated, 118 

time-consuming and unsuitable for mass production due to the utilization of costly hard 119 

template.27,28 While the soft templating approach offers more opportunities for large scale 120 

synthesis of mesoporous materials compared to hard templating approach.29 Of the various soft 121 

templates based on cationic surfactants or Pluronic amphiphilic block copolymers were employed 122 
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initially for the synthesis of mesoporous nanomaterials.15 However, they can produce only a small 123 

pore size due to their short chain length.27 Thus, non-Pluronic based amphiphilic AB diblock or 124 

symmetric ABA triblock copolymers consisting of hydrophilic segments, such as PEO, poly(L-125 

glutamic acid) (PLGA), poly(2-vinylpyridine) (P2VP) or poly(4-vinylpyridine) (P4VP), and 126 

hydrophobic segments such as polystyrene (PS), polyisoprene (PI), polybutadiene (PB) and 127 

polyacrylonitrile (PAN) created much attention for synthesizing various mesoporous materials.27,28 128 

With such block copolymers the mesoporous structure, shape, pore size is also considered to be 129 

adjustable by controlling the synthesis conditions (such as temperature, pH, ionic strength etc.) 130 

and properties of the block copolymers (such as composition, block sequence, molecular weights, 131 

volume fractions etc.).14,29,30 Along with block copolymer, various amphiphilic polypeptides are 132 

also utilized for the synthesis of mesoporous materials through biomineralization process.31-34 133 

Nonetheless, aggregation of nanoparticles is a common phenomenon observed in these 134 

processes.35 Generally, non-Pluronic and polypeptide based amphiphilic AB diblock or symmetric 135 

ABA triblock copolymers were found mostly suited for synthesizing 2-D or 3-D structured 136 

mesoporous materials. Synthesis of zero dimensional nanomaterial is still challenging utilizing 137 

such block copolymers. Therefore, HSNs with large through-holes with several morphologies that 138 

have been synthesized using these templates were not uniform, even when the particle size was 139 

observed larger than 100 nm. 140 

Advances in interfacial chemistry have enabled HSNs synthesis by more effectively controlling 141 

the nucleation and growth of silica on templates. Recent studies have shown that ABC triblock 142 

copolymers are able to form micelles with a core-shell-corona structure due to their self-143 

assembling properties. This capacity makes them excellent templates for synthesizing several 144 

uniform and monodispersed hollow porous nanomaterials including HSNs.11,35-38 For example, 145 
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micelles of poly(styrene-b-2-vinyl pyridine-b-ethylene oxide) (PS-P2VP-PEO) were successfully 146 

utilized for the synthesis of HSNs where tetramethyl orthosilicate was used as a silica 147 

precursor.11,35,36 Nonetheless, no large pore was observed in the shell of HSNs during this synthesis 148 

process.  149 

It is well investigated that each chemical involved in the synthesis of HSNs can play a significant 150 

role in their morphology and behavior. It is expected that changing the precursor to 151 

tetraethylorthosilicate (TEOS) instead of tetramethylorthosilicate (TMOS) for the synthesis of 152 

HSNs using core-shell-corona structured micelles of PS-P2VP-PEO triblock copolymer utilized 153 

as soft template will facilitate the production of large through-holes or pore openings in the shell 154 

of HSNs. Generally, TMOS and TEOS are the most widely used precursors for the synthesis of 155 

silica using the sol-gel process.39 During the hydrolysis of these precursors, TEOS generates more 156 

hydrophobic by-products such as ethanol (logP= -0.18) compared to methanol (logP= -0.69), 157 

which is the by-product of hydrolyzed TMOS. In contrast the hydrolysis and condensation rate of 158 

TMOS is faster than that of TEOS.40 Thus, it is expected that during the hydrolysis process the 159 

ethanol will be able to interact with the hydrophobic PS block more efficiently. Accumulation of 160 

ethanol as droplets will be further promoted by hydrogen bonding interaction with the P2VP block. 161 

Consequently, deposition of silica will be prevented and as a result, large through-holes or pores 162 

in the shell of HSNs will be observed after calcination.  163 

Considering the hypothetical mechanisms, this study was conducted to synthesize HSNs with 164 

large through holes or pore openings in shells termed as bowl-structured hollow porous silica 165 

nanospheres (BHSNs) using the core-shell interfacial chemistries of the micelles.  This study 166 

presents a detailed synthesis process concerning BHSNs. Specifically, we determined the effects 167 

of changing the precursor to TEOS instead of TMOS on particle morphology while the triblock 168 
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copolymer micelles of PS-P2VP-PEO with a core-shell-corona structure serve as a soft template. 169 

This study also presents plausible mechanisms for the synthesis of BHSNs and investigates the 170 

characteristics of synthesized BHSNs to establish their potential for future applications. 171 

    172 

EXPERIMENTAL SECTION 173 

Materials and reagents 174 

PS-P2VP-PEO triblock copolymer with block sizes PS(20k)–P2VP(15k)–PEO(27k) was 175 

purchased from Polymer Source Inc., Canada. The number in parentheses represents the average 176 

molar mass (Mn) of the block chains, e.g., 20k denotes 20,000 g mol-1.  The poly-dispersity index 177 

(PDI), or ratio of weight average molecular weight (Mw) and number average molecular weight 178 

(Mn) of the tri-block copolymer, was 1.11. The chemical structure of the block copolymer is 179 

presented in Supporting Information (Scheme S1). Tetraethylorthosilicate (TEOS, >98%), 180 

dimethylformamide (DMF, 99.8%) and hydrochloric acid (37%, analytical grade) were purchased 181 

from Sigma-Aldrich, Australia. All chemicals were used without further purification. 182 

 183 

Preparation of polymeric soft template  184 

Micelles of PS-P2VP-PEO triblock copolymer were prepared according to the method described 185 

earlier.41 For the typical preparation of micelles, 2 wt.% of the copolymer was dissolved in 5 ml 186 

DMF containing 10 wt.% water. The mixture was stirred with a magnetic stirrer until the 187 

copolymer was completely dissolved.  Subsequent formation of micelles was achieved by 188 

eliminating DMF from the solution by dialysis against regularly replaced Milli-Q (MQ) water. 189 

Completion of dialysis was confirmed by measuring the surface tension of the MQ water. Finally, 190 

the micelles were transferred to a 250 ml standard flask and diluted with MQ water to make the 191 
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concentration to 1 g L-1. The micelle structure’s formation was confirmed by images obtained 192 

using a FEI Quanta 450 FEG field emission scanning electron microscope (FESEM) with an 193 

accelerating voltage of 10 kV.  194 

 195 

Synthesis of polymer@silica nanocomposite 196 

After preparing the micelles the functional groups were activated by adjusting the pH value of 197 

the micelle suspension to 4 with 0.1 M HCl. After adding the desired amount of silica precursor 198 

(TEOS) to maintain a molar ratio of TEOS to P2VP around 30:1, the micelle suspension was 199 

slowly stirred for 2 days at room temperature. To ensure slow hydrolysis, TEOS was added drop-200 

wise at 0.1 ml min-1. The suspension of the template micelle and the precursor was stored for 4 201 

more days at room temperature without stirring to allow the silica network to be formed by the 202 

sol-gel reaction. The resulting polymer@silica (PS-P2VP-PEO/silica) nanocomposite particles 203 

were separated from the solvent by centrifugation at 14,000 rpm (19,720x g) and then washed 3 204 

times with MQ water. Finally, the polymer@silica composite was dried at 50 °C for 12 hours.  205 

 206 

Formation of porous hollow silica nanospheres  207 

Porous hollow silica nanospheres were obtained by removing the polymeric template from the 208 

polymer@silica nanocomposite by calcination in a muffle furnace. The temperature of the furnace 209 

was ramped to 550 °C at the rate of 1 °C min-1 and retained at 550 °C for 4 h in air. The temperature 210 

required for the decomposition of polymer was pre-determined by thermo-gravimetric analysis 211 

(TGA). TGA was carried out using a Q600 SDT thermo-gravimetric analyzer (TA Instrument, 212 

United States). Approximately 2.5 mg of the polymer@silica nanocomposite sample was heated 213 

from 50 to 600 °C in a 40 µl platinum crucible (PN: 960149.901, United States). The heating rate 214 
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was 10 °C min-1 under an atmosphere of continuous high purity nitrogen gas flowing at 120 ml 215 

min-1. The decomposition temperature required for the block copolymer was also ensured by TGA 216 

analysis as described above. 217 

 218 

Characterization  219 

Micro-morphology analysis. The external surface morphology and elemental composition of 220 

synthesized BHSNs and polymer@silica nanocomposite were evaluated using a field emission 221 

scanning electron microscope (FESEM, Zeiss Supra 55VP, Carl Zeiss AG) fitted with an energy 222 

dispersive X-ray spectroscopy (EDAX) facility. For SEM analysis, all the dried powder samples 223 

were placed on a sample holder followed by coating with Au-Pd (8.5 nm) using a Leica EM 224 

ACE600 high vacuum coater for high-resolution imaging. The SEM images were generated with 225 

an accelerating voltage of 4.5 kV, and multiple image magnifications of various areas of the sample 226 

were obtained. The hollow structure of the BHSNs was investigated by using a transmission 227 

electron microscope (TEM, Tecnai T20, FEI Tecnai (LaB6)). Before TEM analysis the BHSNs 228 

powder sample was dispersed in ethanol followed by drying one drop of BHSNs-containing 229 

suspension placed on a copper grid (Ted Pella Inc., CA, USA). The TEM images were carried out 230 

at an accelerating voltage of 120 kV. Whereas the high resolution TEM images were taken by 231 

using a JEM-2100F (JEOL, USA) transmission electron microscope at an accelerating voltage of 232 

200 kV. The shell thickness and void space of HSNs were evaluated by image analysis using 233 

ImageJ software (NIH, free download). 234 

Fourier transform infrared spectroscopy. The functional groups present in the polymer@silica 235 

nanocomposite before and after calcination, as well as in the polymeric powder samples, were 236 

assessed by attenuated total reflectance Fourier transform infrared (FTIR) spectrometer (ATR-237 



 12

FTIR, IR Afinity-1, Shimadzu, Japan). FTIR analysis was performed in the 4000 to 400 cm-1 range 238 

with a signal resolution of 4 cm-1. Each sample was scanned 32 times to obtain a good signal to 239 

noise ratio. 240 

X-ray diffraction pattern analysis. The X-ray diffraction (XRD) pattern of BHSNs was 241 

evaluated by a Bruker D8 Discovery X-ray diffractometer equipped with Cu-Kα radiation (λ = 242 

0.154 nm) generated at 40 kV and 40 mA. The scanning rate was 1° (2θ) min−1 within the scanning 243 

range from 1 to 10 and 10 to 80 (2θ) with a step size of 0.04°.  244 

Hydrodynamic diameter and zeta potential measurement. A Zetasizer Nano ZS90 (Malvern 245 

Instruments Ltd., UK) operating with a He-Ne laser at a wavelength of 633 nm was used in this 246 

study to determine both the zeta potential and hydrodynamic diameter of sample materials. The 247 

measurement of zeta potential was achieved by a combination of Laser Doppler Velocimetry and 248 

phase analysis light scattering (PALS) with Malvern’s patented M3-PALS technique. A blank 249 

consisting of ultrapure water (Milli-Q), Millipore, USA) was run systematically before the samples 250 

to calibrate the instrument. Zeta potential was measured within the pH range of 4-11. The particles’ 251 

nanosized diameter was determined by dynamic light scattering (DLS) mode.  252 

 253 

RESULTS AND DISCUSSION 254 

Characterization of polymeric micelle. For synthesis of BHSNs, the micelles of PS–P2VP–PEO 255 

were prepared initially as described in the experimental section. Figure 1 shows that spherical 256 

micelles of PS–P2VP–PEO were successfully formed with a uniform size range. The average 257 

diameter of the micelles was 40 ± 3.78 nm (at pH > 5) measured from SEM images using ImageJ 258 

software (NIH). In contrast, the average diameter of micelles had a measurement of 64 ± 2.3 nm 259 

using the DLS system at low pH (~4), indicating a monodispersed size distribution (Figure 2). The 260 
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difference in average diameter was observed in these two methods due to pH responsive behavior 261 

of the functional P2VP block. This block mainly consists of aromatic amines such as pyridine. The 262 

N atom of pyridine is readily protonated at lower pH (< 5) due to the presence of lone pair electrons 263 

(see Supporting Information, Scheme S1). The electrostatic repulsive forces generated among the 264 

PVP blocks result in considerable expansion of micelles’ diameter.41 In contrast, the deprotonated 265 

P2VP block is reported as being hydrophobic; hence, it collapsed on the PS block at high pH (> 266 

5). In an earlier study, a similar trend was observed as the average diameter of the micelles was 267 

found to be 67 nm in the DLS system when produced with a triblock copolymer PS(20.1k)–268 

P2VP(14.2k)–PEO(26.0k), while the average diameter was 42 nm as determined by TEM image 269 

analysis.11 The sizes as well as expanded diameters of micelles also varied depending on the block 270 

sizes of the copolymer.36,42 The effect of pH on micelle size distribution is well described 271 

elsewhere.41 272 

 273 

Figure 1. The morphological structure of micelles synthesized using the PS–PVP–PEO block co-274 

polymer as PS(20.0k)–P2VP(15.0k)–PEO(27.0k).  275 



 14

 276 

Figure 2. Histogram obtained from the DLS system showing the micelles’ diameter and 277 

corresponding intensity percentage of the PS–PVP–PEO block co-polymeric micelles at pH 4. 278 

Confirmation of polymer@silica composite structure. To confirm polymer@silica composite 279 

structures, and to understand the interactions of silica deposition with the block copolymer, 280 

changes in the bonding structures of pristine PS-P2VP-PEO block copolymer as well as 281 

polymer@silica composite before and after calcination were evaluated by FTIR analysis (Figure 282 

3). The structure of the block copolymer (PS-P2VP-PEO) is mainly dominated by alkyl and alkoxy 283 

groups. For this reason the block copolymer exhibited very strong bands at 2850 cm−1 and 1097 284 

cm−1 corresponding to C–H stretching vibrations of alkyl (methyl and/or methylene) groups and –285 

C–O–C– stretching vibrations of ethoxy groups of polymer backbone, respectively (Figure 3a).42-286 

44 The energy bands observed at 1582 cm−1 and 1456 cm−1 were attributed to >C=C< stretching 287 

energies present in the aromatic ring of corresponding phenyl and pyridyl groups that were present 288 

in the PS block and P2VP block, respectively, in the polymer backbone.11,42 The band vibrations 289 

corresponding with wavenumbers at 1344 cm−1 and 1265 cm−1 were due to C–H bending of alkyl 290 
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groups of the polymeric chain, whereas band vibrations observed at wavelength number 692 cm−1 291 

and 758 cm−1 were due to C-H bending of aromatic rings.  292 

The FTIR spectrum of the polymer@silica composite has represented complex band vibrations 293 

of block copolymer and silica. (Figure 3b). Significant changes were observed in band vibrations 294 

of block copolymer present in polymer@silica composite compared to pristine PS-P2VP-PEO 295 

block co-polymer. These changes were caused by deposition of silica over the PS core as well as 296 

chemical bonding between silica and the P2PV block. It has previously been shown that 297 

polystyrene exhibits characteristic bands around 3001 cm-1 for C–H stretching of aromatic rings, 298 

2850 cm-1 corresponds to C–H symmetric stretching of alkyl polymeric chains, and band vibration 299 

at 1452 cm-1 indicates >C=C< stretching of aromatic rings. In addition, the characteristic peaks at 300 

1200-1400 cm-1 and 650-780 cm-1 were denoted as C-H bending in the aliphatic chain and in the 301 

aromatic ring, respectively.45,46 Conversely, shifting of the characteristic band vibrational peak of 302 

>C=C< stretching was related to aromatic phenyl rings of PS to a higher wavenumber (1500-1600 303 

cm-1).47 This peak shifting was mostly observed when PS was grafted with P2VP to form a block 304 

copolymer.  305 

The PS block of the triblock copolymer used in this study is hydrophobic in nature, thus, core of 306 

the micelles are formed on dialysis via attractive forces among PS blocks (hydrophobic and π-π 307 

interaction) which is required to minimize energetically unfavorable solvophobic interactions.48 In 308 

this condition, band vibrational signal of phenyl group present in PS blocks becomes weak. 309 

Whereas polymer@silica composite was formed due to deposition of silica over the core, i.e. PS 310 

block, the silica layer may prevent the reception weak band vibrational signal of the PS block. 311 

Consequently, all the characteristic peaks of the PS block disappeared in the FTIR spectrum of the 312 

polymer@silica composite. Similarly, the band vibrational signal of oleic acid disappeared due to 313 
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silica deposition forming nanocrystal structure.49 It is therefore apparent that the band vibration 314 

observed at 1525 cm-1 is likely to be due to >C=C< stretching of the P2VP block’s pyridine rings. 315 

The peak appearing at wavenumber 1647 cm-1 is representative of the N-H group and indicates the 316 

hydrogen bonding interaction between silica and pyridine rings. However, the broad band with 317 

peak maxima at 1525 cm-1 and 1647 cm-1 occurred may due to overlapping of >C=C< stretching 318 

of pyridine rings and C–H bending of alkyl groups as well as OH/-NH vibrations49 respectively 319 

(Figure 3b inset). The formation of an N-H bond was also confirmed from the band vibrational 320 

peak observed at 2324 cm-1 (Figure 3b inset). In their study, Huang et al.50 observed a similar peak 321 

for N-H band vibration of structural amine present in octadecylamine. Furthermore, the symmetric 322 

C-H stretching band position at 2850 cm-1 shifted to a higher wavenumber (2910 cm-1). The 323 

shifting of band position is also indicative of asymmetric stretching of C-H in the polymeric chain 324 

of P2VP.  325 

Moreover, the shifting of band position provides information on electron transfer to pyridine 326 

rings, which ensures their electron resonance when a lone pair electron of N atoms was involved 327 

in hydrogen bonding interaction with silanol (Si-OH) or other moieties, such as ethanol 328 

(hydrolyzed by-products of TEOS). The newly developed band vibrations at 3832 cm-1 and 3740 329 

cm-1 indicated O-H stretching of Si-OH. However, the band position of the most intensified block 330 

copolymeric peak shifted from 1097 cm-1 to 1078 cm-1 in the FTIR spectrum of the polymer@silica 331 

composite. This can be attributed to band vibration for both Si-O-Si and –C–O–C– stretching 332 

around this wavenumber, which was confirmed from the FTIR spectrum of the calcined 333 

polymer@silica composite sample. In the calcined polymer@silica composite sample, the peak 334 

intensity was drastically reduced with further shifting in peak position from 1078 cm-1 to 1074 cm-335 

1. This indicated Si-O-Si stretching whereas the reduced peak intensity also highlighted –C–O–C– 336 
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stretching at 1074 cm-1 in the polymer@silica composite. The intensified band vibration at 1074 337 

cm-1 was attributed to the ethoxy group’s strong spectrum signal. It can therefore be assumed that 338 

the PEO block was free from silica deposition.   339 

Moreover, the FTIR spectrum of the calcined polymer@silica composite sample revealed that 340 

along with –C–O–C– stretching band vibration all of the polymeric bands completely disappeared 341 

in the calcined polymer@silica composite structure. This left the characteristic vibration bands of 342 

pure SiO2 (Figure 3c), indicating the complete removal of polymer from the polymer@silica 343 

composite. In the calcined sample a strong vibration band at 1074 cm−1 corresponded to Si–O–Si 344 

symmetrical stretching (γsym) whereas the shoulder growth at 1184 cm−1 indicated Si–O–Si 345 

asymmetrical stretching (γasym).51 Other characteristic band vibrations were observed at 782 cm-1 346 

and at 954 cm-1 possibly due to symmetric Si-O stretching vibration of Si-O-Si and Si-O stretching 347 

vibration bond of Si-OH, respectively.52 The band vibration at 3832 cm-1 and 3740 cm-1 of O-H 348 

stretching also disappeared in the calcined sample, suggesting that the P2VP block interacted with 349 

the Si-OH group of the deposited silica. 350 
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  351 

Figure 3. FTIR-ATR spectra of a. PS-PVP-PEO block copolymer, b. Polymer@silica 352 

nanocomposite and c. Polymer@silica nanocomposite after calcination. 353 

Thermal analysis. TGA analysis of the triblock copolymer as well as polymer@silica composite 354 

before and after calcination was carried out to investigate their thermal behavior and to quantify 355 

the amount (wt.%) of block copolymer template present in the composite (Figure 4). Figure 4a 356 

illustrates that 100% weight loss was observed for the block copolymeric sample, whereas the 357 

corresponding DTG curve demonstrates that the decomposition of the block polymer took place 358 

over the temperature range of 300 to 500 °C with the maximum mass loss rate occurring at 408 °C 359 

(Figure 4i). In contrast, 43% weight loss was calculated from the TGA curve due to decomposition 360 

of the block copolymer for the polymer@silica composite sample (Figure 4b). The DTG curve of 361 

the polymer@silica sample indicated the decomposition of polymeric materials from the 362 
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nanocomposite structure also occurred within the 300-500 °C temperature range. However, the 363 

temperature of the maximum mass loss rate shifted to 432 °C (Figure 4ii).  In the polymer@silica 364 

sample, the peak maximum in the DTG shifted to a higher temperature compared to the polymer, 365 

probably due to dehydroxylation through which the P2VP block interacted with silica networks. 366 

This outcome also indicated that during core-shell arrangement in polymer@silica composite, 367 

silica was deposited on the polymeric core establishing a hydrogen bonding interaction with the 368 

P2VP block, which generated structural Si-OH. The FTIR spectrum of the polymer@silica 369 

composite also exhibited the specific band vibrations of –OH group (Figure 3b). Conversely, only 370 

0.2% weight loss was found for the calcined polymer@silica composite sample and no 371 

corresponding specific peak was observed in the corresponding DTG curve (Figure 4iii). From 372 

this observation, it is reasonable to assume that total weight loss (around 43%) observed in 373 

polymer@silica composite was due to the block copolymer.  374 

 375 
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 376 

Figure 4. TGA curves of a. PS-P2VP-PEO block copolymer (red line), b. polymer@silica 377 

composite before calcination (black line), c. polymer@silica composite after calcination (blue line) 378 

and DTG curves of i. PS-P2VP-PEO block copolymer (dotted red line), ii. polymer@silica 379 

composite before calcination (dotted black line), iii. polymer@silica composite after calcination 380 

(dotted blue line).  381 

Elemental analysis. The elemental analysis of the polymer@silica composite before and after 382 

calcination strongly supports the results obtained by TGA analysis considering the three major 383 

elements, i.e. C, O and Si (Figure 5). It was found that the polymer@silica composite contained 384 

around 50% C which was drastically reduced to less than 1% by calcination (Table 1). Hence, 385 

calcination of the polymeric template completely removed it from the composite structure. 386 

Whereas the atomic (%) ratio of O to Si is much greater than 2:1 in the polymer@silica composite, 387 

it was almost 2:1 after calcination. 388 
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 389 

Figure 5. SEM images and EDAX spectrum of polymer@silica composite before calcination (a) 390 

and after calcination (b) 391 

Generally, the atomic ratio of O and Si in SiO2 is 2:1; hence, one can predict from this elemental 392 

analysis that due to calcination of the polymer@silica composite the polymeric template was 393 
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completely removed it from the composite structure. After calcination SiO2 is the only material 394 

that is present in the composite structure. The ratio of O to Si in the polymer@silica was much 395 

greater than 2:1 due to the presence of O containing PEO block in the composite structure. 396 

Furthermore, from SEM images, it was observed that before calcination, the polymer@silica 397 

composite remained in a highly aggregated state that changed to a dispersed or loosely aggregated 398 

following calcination of the composite (Figure 5). This phenomenon supports the assumption of 399 

FTIR analysis that during polymer@silica formation the PEO block was free from silica deposition 400 

and mainly acted as a barrier between the silica nanospheres. Therefore, homogeneously 401 

distributed and uniform silica nanospheres were formed. The uniform size-distribution of silica 402 

nanospheres was further confirmed by TEM analysis as well as an assessment of particle size 403 

distribution of synthesized silica nanospheres using the DLS system.  404 

 405 

Table 1: Elemental composition of polymer@silica nanocomposite before and after calcination 406 

determined by EDAX analysis 407 

Material status C O Si 
  Weight 

% 
Atomic 

% 
Weight 

% 
Atomic 

% 
Weight 

% 
Atomic 

% 

Polymer@silica 
(Before 
calcination) 

51 62 32 29 17 9 

Polymer@silica  
(After 
calcination)  

1 1 55 68 44 31 

 408 

Micro-morphology of synthesized silica nanospheres. Complete decomposition of the 409 

polymeric template by calcination was further confirmed by TEM (Figure 6a). Figure 6a shows 410 

that all the hollow-structured silica nanospheres were spherical with a uniform size, contained 411 
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large void spaces and had homogeneous size distribution. Based on the image analysis the average 412 

particle size was estimated as 41.87 ± 3.28 nm, the average void space was 21.71 ± 1.22 nm, and 413 

the average shell thickness was 10.17 ± 1.68 nm. Earlier studies indicated that the size of the void 414 

spaces was correlated with the chain length of the PS block, while an increasing trend in size of 415 

void spaces was observed with increasing molecular weight of the PS block.36,44 Gohy et al.41 416 

measured the size of the PS core of the PS(20.1k)–P2VP(14.2k)–PEO(26k) micelle as 20 nm.  We 417 

also observed the micelles’ diameter as 20 nm (83.6%) when the image was analyzed using 418 

FESEM (see Supporting Information, Figure S1). Therefore it is reasonable to conclude that the 419 

void space of the synthesized HSNs is mainly structured with the PS block. In addition, shrinkage 420 

of the core also occurred during silica condensation, and consequently an expanded core diameter 421 

may be often observed by micro-morphology and DLS analysis. Shrinkage of hollow silica 422 

particles during calcination is also a common phenomenon while they are synthesized using a 423 

polymeric soft template. Rough outer surfaces were also observed indicating the presence of 424 

mesopores in the shell wall. Along with mesopores, the presence of large single pore on shell was 425 

confirmed from Figure 6b.  Furthermore, TEM image analysis indicated the average diameter of 426 

the large pore on shell as 15.95 nm (see Supporting Information Figure S2). The SEM image of 427 

BHSNs also confirmed that the synthesized silica nanospheres were spherical in shape and 428 

homogeneously distributed (Figure 6b6c). Furthermore, the SEM images also depicted single large 429 

pore openings in the silica nanospheres, indicating the successful synthesis of bowl-structured 430 

hollow silica nanospheres (BHSNs) (Figure 6b6c). However, only a small fraction of the BHSNs 431 

possess such characteristic under electron microscopy due to morphological orientation of the 432 

particles.53 The single large opening or hole was observed only in SEM image when the 433 

nanospheres deposited with keeping the large single pore or hole towards electron beam. In other 434 
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positions, it was not possible to detect via SEM. Similar limitation was also observed for TEM 435 

analysis and only the pore openings could be observed when the pore openings are faced 436 

horizontally. From the available literature, similar phenomenon was observed for different 437 

nanoparticles containing large through holes on shell.54-56 The mesoporous shell can also be proved 438 

by the nitrogen adsorption‐desorption isotherm (see Supporting Information Figure S3a), which 439 

exhibits typical type‐IV hysteresis loop. Additionally, the Barrett–Joyner–Halenda (BJH) pore size 440 

distribution plot (see Supporting Information Figure S3b) indicates the presence of various size 441 

mesopores. 442 

 443 

 444 
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  445 

 446 

   447 

Figure 6. TEM images showing uniform size distribution of silica nanospheres with large void 448 

spaces (a), HRTEM images showing large single pore on shell (b) and SEM images showing large 449 

pore openings (c). Red arrows indicate pore openings in the shell. 450 
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X-ray diffraction pattern of BHSNs. The powder XRD patterns of the synthesized BHSNs are 451 

presented in Figure 6. The appearance of diffraction peaks 2θ between 1 to 2 degrees indicates the 452 

presence of mesopores on the surface (Figure 7a). A broad diffraction peak at 2θ angle between 2 453 

to 3.2, conversely, suggests the possibility of a large porous structure consisting of hollow 454 

spherical particles, further confirming SEM observations of large pore openings in the shell. The 455 

d-spacing value indicated the average pore size was around 9 nm. However, the XRD pattern at 456 

higher 2θ angle highlighted a single broad peak centered at approximately 23°, which is 457 

characteristic of the diffraction of amorphous silica (Figure 7b). This peak is possibly indicative 458 

of a mesostructure of synthesized silica.51 No other peak was observed throughout the 2θ angle 459 

(from 1 to 80 degrees) indicating that the synthesized material is pure silica free from impurities. 460 

 461 
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 462 

Figure 7. XRD patterns of synthesized BHSNs obtained by using the PS-P2VP-PEO block 463 

copolymer a. lower angle and b. at higher angle 464 

Zeta potential and surface chemistry. To investigate the surface chemistry of BHSNs, zeta 465 

potential values were measured over a wide range of pH (4-11). During this process, the initially 466 

suspended pH of BHSNs was adjusted at different pH levels followed by equilibration at room 467 

temperature for 12 h. After equilibration the final pH was measured and the corresponding zeta 468 

values were determined. The zeta values and the final pH are presented in Figure 8a. From Figure 469 

8a, it is apparent that the negative zeta value of BHSNs increased when the pH of the aqueous 470 

suspension increased. From XRD analysis it is clear that the structures of the synthesized BHSNs 471 

are predominantly amorphous and apparently similar to pure silica. Silica is inherently an acidic 472 

oxide; the pH of an aqueous suspension of silica is slightly acidic. When exposed to water, partial 473 

or total particle surface hydroxylation can cause the formation of silanol groups such as Si(OH)n. 474 

Such silanol groups may dissociate in pure water through the following reactions: 475 

≡ Si-OH + OH-  Si-O- + H2O (pH > 9.0)                                                                          (eq. 1)                         476 
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≡ Si-OH + H+  Si-OH2
+ (pH<2.0)                                                                                     (eq. 2) 477 

Following eq. 1, the Si-OH normally tends to act as a proton donor in aqueous solution and 478 

becomes negatively charged. With increasing pH the silica surfaces become more negatively 479 

charged. Under low pH conditions Si-OH tends to become protonated and the degree of 480 

protonation increases with decreasing pH of the aqueous suspension (eq. 2). Si-OH only remains 481 

in a fully protonated state at an extremely low pH value (< 2). Therefore, over a wide range of pH, 482 

SiO2 exhibits a negative surface charge in aqueous medium. Changes in initial pH of BHSNs after 483 

12 h also indicated their similar surface properties. The differences between initial and final pH 484 

are presented in Figure 8b. It was observed that the final pH values increased when the initial 485 

system pH was below pH ~4.5. However, the opposite results were observed in suspensions with 486 

an initial pH above 4.5. Therefore, it can be assumed that the synthesized BHSNs acted as a proton 487 

acceptor at lower pH whereas they were deprotonated at higher pH. According to Figure 8b, it can 488 

also be concluded that the degree of deprotonation of BHSNs is much larger than protonation. 489 

Deprotonation of Si-OH groups at water-silica interfaces is important for binding ions and 490 

molecules to their surfaces.57 The surface charge behavior of BHSNs demonstrates their ability to 491 

establish significant columbic or electrostatic interactions with positively charged molecules at 492 

higher pH.   493 
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 494 

 495 

Figure 8. Showing (a) zeta potential and (b) protonated-deprotonated behavior of BHSNs in 496 

aqueous media at different pH conditions. 497 

Particle size of BHSNs. In addition to surface properties, the ability of nanomaterials to disperse 498 

is also important to achieve the desired performance. Hence, the diameter of BHSNs was further 499 

investigated using the DLS system. Considering the higher zeta values of BHSNs at higher pH, 500 

the suspension pH was adjusted to 11.2. In the DLS system monodispersed particle size 501 
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distribution was observed where the z-average particle size was 44.61 nm (Figure 9). This average 502 

particle size proved to be similar to the average particle size observed through TEM image analysis 503 

(Figure 6a). This finding indicates that the synthesized BHSNs are able to completely disperse in 504 

aqueous solutions at higher pH because of their high negative surface charge where the 505 

electrostatic repulsion force is more prominent among the nanospheres. 506 

 507 

 508 

Figure 9. Histogram obtained from the DLS system showing the particle size distribution of 509 

BHSNs and corresponding number percentage.  510 

Mechanism of synthesis 511 

Under acidic (pH <5) or basic (pH>8) conditions the synthesis of silica by the sol-gel process 512 

from organo-silicates such as TEOS proceeds through hydrolysis and condensation steps. These 513 

can be described by equations 3 and 4.58,59 514 

Hydrolysis of TEOS:  515 

Si(OC2H5)4 + 4H2O → Si(OH)4 + 4C2H5OH                                                                (eq. 3) 516 

Condensation step: 517 



 31

Si(OH)4 → SiO2 + 2H2O                                                                                               (eq. 4) 518 

However, the processes are deemed to occur through several steps on a suitable template such 519 

as: (1) fast hydrolysis catalyzed by highly acidic (e.g., in the presence of HCl) or basic (e.g., in the 520 

presence of NH3) aqueous solution; (2) condensation of Si(OH)4 to form silica-coated template 521 

spheres; (3) condensation of Si(OH)4 to form free silica nanoclusters; (4) capture of free silica 522 

nanoclusters onto the template; and (5) aggregation of free silica nanoclusters into unwanted and 523 

irregular aggregates of silica.60 It is essential to prevent the irregular aggregation that is driven by 524 

fast hydrolysis of TEOS in the presence of diluted HCl in aqueous solution.60 It is expected that 525 

slow hydrolysis along with condensation of silica over a template could avoid such aggregation, 526 

while ensuring the absence of a free catalyst in the solution.61  527 

So far, core-shell-corona structured micelles of ABC triblock co-polymer (PS-P2VP-PEO) have 528 

demonstrated their potential as a template for synthesis of HSNs where core-shell interfaces of the 529 

micelles played the vital role in silica growth and deposition over micelles’ core. Thus, the void 530 

spaces of synthesized BHSNs were primarily depended on the core size of the micelles. Due to the 531 

hydrophobic nature of the PS block the rigid core structure of the micelles was formed during the 532 

dialysis process; it remained unchanged throughout the sol-gel reactions required for core-shell 533 

arrangement as polymer@silica composite formation. Therefore the PS blocks were employed to 534 

construct hollow interiors of BHSNs. Earlier studies showed that the size of the void spaces was 535 

correlated with the chain length of the PS block, while an increase in the size of void spaces was 536 

observed with increasing molecular weight of the PS block, i.e. chain length of the block.36,44 In 537 

addition, shrinkage of the core occurred during condensation process. Shrinkage of hollow silica 538 

particles during calcination is also a common phenomenon while they are being synthesized using 539 

a polymeric soft template. 540 
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The pH responsive functional P2VP block of the copolymer played a significant role in the 541 

hydrolysis and condensation of TEOS in the sol-gel process. The P2VP block was ionized at low 542 

pH (< 5) and not only captured free silica nanoclusters onto the template but also acted as an acid 543 

catalyst during hydrolysis of TEOS. This was followed by controlled condensation of Si(OH)4 to 544 

form silica-coated template spheres. The role of the P2VP block in hydrolysis and 545 

polycondensation of TEOS is described in Supporting Information (Schemes S2 and S3). Inner 546 

smooth surface and rough outer surfaces of BHSNs (Figure 1a, Supporting Information Figure 547 

S5S6) indicated the condensation of Si(OH)4 on the PS block, condensation of Si(OH)4 to form 548 

template-free nanoclusters as well as the capture of free silica nanoclusters onto the template. 549 

Herein, no other catalyst was required which ensured that no free catalyst was present in the 550 

synthesis media. Subsequently it prevented the irregular aggregation of silica in the solution. 551 

Therefore the core-shell arrangement of polymer@silica was successfully formed. This result was 552 

also supported by the TEM images of BHSNs since no rigid-structured silica nanoparticles were 553 

observed (Figure 6a, 6b). As the growth and deposition of silica on the template was facilitated by 554 

the P2VP block, subsequently the TEOS: P2VP molar ratio proved critical in controlling the shell 555 

thickness of silica nanospheres. PEO is also able to interact with silanol groups (Si– OH) of silica 556 

prominently through hydrogen bonding but only in extremely acidic conditions (pH 1).62 Hence, 557 

we believe that the PEO block was free from silica deposition and growth of silica networks was 558 

exclusively formed interacting with P2VP block of the micelles. 559 

In this study, along with hollow spherical nanostructured silica spheres, a single large opening 560 

or hole was observed in the shells (Figure 6b6c). The silica nanospheres have been designated 561 

bowl-structured hollow silica nanospheres (BHSNs) due to their large openings (~15 nm) in 562 

relation to their small particle size (~45 nm). Synthesis of BHSNs using ABC tri-block 563 
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copolymeric micelles as a soft template has not yet been reported but hollow-structured 564 

mesoporous silica nanospheres have already been successfully synthesized.11,35,37,42 So far, 565 

depending on large pore openings in the shells, silica nanospheres synthesized in earlier studies 566 

had different structure. For example, in earlier studies, such material was denoted as ‘silica 567 

nanobottle’ and this may be due to the relatively large particle size compared to the pore 568 

openings.63,64 However, what caused the formation of single large pores on the shells is still 569 

unclear. In an earlier study, Zhang et al.63 assumed that the hole or large pore in the spheres was 570 

formed during calcination. This was attributed to the high pressure resulting from polymeric 571 

decomposition with this playing an active role in the formation of such pore structures in silica 572 

nanospheres.63  573 

It is important to note that the decomposition of the polymeric template could play a key role 574 

when the shell is solid and unable to form mesopores; in most cases, the shells are broken down.4 575 

It is also reasonable to conclude that if high pressure plays a key role in large pore formation then 576 

such a structure would be developed in each case while a hollow structure is obtained from the 577 

sacrificial polymeric templating approach through calcination. However, this has not been 578 

commonly observed.51,65 It is therefore possible that not only high-pressure generation during 579 

calcination but also other mechanisms are involved in single large pore formation. The main 580 

difference between this study and those reported in the literature for synthesizing HSNs is the use 581 

of an organosilicate precursor, i.e. TEOS instead of TMOS where similar types of ABC triblock 582 

copolymer were used. From morphological differences between synthesized HSNs using these 583 

precursors (see Supporting Information Figure S43-S65), it can be assumed that the chemical 584 

behavior of the precursor or their by-product played a significant role in the formation of large 585 

pore openings, which is consistent with the recent investigations conducted by Yi et al.64 In their 586 
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study, a silica nanobottle with an extended neck and having a ‘flask bottle’ shape was 587 

synthesized.64 Interestingly, the particle shape and size completely being changed with the 588 

replacement of precursor materials has been reported elsewhere.64  589 

Considering the observations of Yi et al.64, we therefore postulate that a by-product of TEOS 590 

hydrolysis, such as ethanol, played a pivotal role in the formation of bowl-structured hollow silica 591 

nanospheres. The chemical structure of ethanol includes both hydrophilic (-OH group) and 592 

hydrophobic (hydrocarbon chain) moieties. In this study, ethanol generated from hydrolysis of 593 

TEOS possesses a high affinity for the hydrophobic surface of the micelles’ PS core better than 594 

water, yet ethanol is more hydrophobic than the PEO block, i.e. corona of the micelles.66 Therefore, 595 

once ethanol is produced as a hydrolyzed by-product of TEOS, it remains at the PS-water interfaces 596 

of micelles in an aqueous suspension. Further deposition of silica over the PS block enhanced shell 597 

growth and ethanol tended to exude from PS surfaces, but aggregated together on micelles’ core 598 

due to hydrogen bonding affinity of ethanol to ethanol. During the final stage of shell formation 599 

the accumulated ethanol extended throughout the P2VP block to form droplets. The highly 600 

accumulated ethanol may also interact with P2VP by hydrogen-bonding and the accumulated 601 

ethanol droplets also facilitate gel formation of the PEO block of the micelles67 which may be 602 

responsible for particles’ aggregation, as observed in Figure 5a.  603 

In the FTIR spectrum, an intensified peak growth was observed in the polymer@silica 604 

nanocomposite compared to the block copolymer at 1078 cm-1,68 whereas the presence of -OH 605 

band vibrations indicated the possible existence of ethanol (Figure 2a). Consequently, accumulated 606 

ethanol molecules prevented the deposition of silica over the PS block and bowl-structured hollow 607 

porous silica nanospheres were observed after calcination of the polymer@silica composite. For 608 
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this reason the ethanol/water ratio is an important factor for the deposition of silica over PS.69 The 609 

postulated mechanisms for the synthesis of such a structure are illustrated in Scheme 1. 610 

  611 

 612 

Scheme 1: Postulated mechanisms of bowl-structured hollow silica nanosphere synthesis 613 

CONCLUSIONS 614 

In this study, HSNs with large through-hole or pore openings in the shell were successfully 615 

synthesized using core-shell-corona structured micelles of a self-assembled ABC tri-block 616 

copolymer (PS-P2VP-PEO) as a soft template. Due to the large pore openings in the shells, the 617 

synthesized HSNs were termed as bowl-structured hollow porous silica nanospheres (BHSNs). In 618 

this process, core-shell interfaces of the micelles played the key role in deposition and growth of 619 

silica (SiO2) shells on to micelles’ core. Herein, protonated the P2VP block not only acted as an 620 

acid catalyst during hydrolysis of the precursor, namely, TEOS but also initiated the condensation 621 
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of a hydrolyzed precursor by acting as a proton-transferring agent. P2VP also played a vital role 622 

via binding or capturing the silica nanoclusters onto the PS block and preventing their unwanted 623 

growth in the solution. The presence of catalytic moieties on the template’s surface led to the 624 

formation of silica shell growth on the micelles’ core surface.  As a result, core-shell 625 

nanocomposites structure of polymer@SiO2 was formed via a simple sol-gel method where the PS 626 

block of the triblock copolymer acted as the core. Consequently, a hollow structure was obtained 627 

by selective removal of the polymeric cores through the calcination process.  628 

The morphology, structure, and composition of the BHSNs produced were determined and 629 

characterized by TEM, SEM, FTIR spectroscopy, TGA, XRD, zeta potential analyzer and by a 630 

DLS system. TEM images revealed a spherical hollow structure with an average particle size of 631 

41.87 ± 3.28 nm, similar to average particle sizes observed in DLS analysis (44.61 nm). The 632 

average diameter of void spaces was 21.71 ± 1.22 nm and the shell thickness was 10.17 ± 1.68 633 

nm. The average pore size was determined as 15.95 nm. SEM images further confirmed their bowl-634 

structure with a large single pore, or opening, in shells. The large pores in shells were formed due 635 

to the prevention of silica growth on the core by the action of accumulated hydrolyzed by-products 636 

of TEOS, i.e. ethanol on PS core and slow hydrolysis process. In this case, accumulation of ethanol 637 

on micelles core was initiated via hydrophobic interaction caused by the hydrophobic nature of PS 638 

and interaction among the ethanol molecules. This established the hydrogen-bonding interaction 639 

among them as well as with the P2VP block that may have created gelation of PEO. XRD analysis 640 

also indicated a disordered mesoporous structure, i.e. the synthesized BHSNs were amorphous. 641 

The zeta values indicated that the synthesized BHSNs possess similar surface properties to 642 

amorphous silica and a highly negative charge at higher pH. It is expected that the BHSNs 643 
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produced may have advantages over HSNs for applications as a carrier for active molecules during 644 

loading via the simple immersion method due to their large pore openings. 645 
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