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Single-micelle-templated hollow silica nanospheres with inner diameter tunable from 16 to 44 nm were 

synthesized using Pluronic F108 surfactant and suitable micelle swelling agent through control of initial 

synthesis temperature   
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Hollow silica nanospheres (HSNs) were synthesized by using swollen micelles of Pluronic F108 (EO132PO50EO132) block 

copolymer surfactant as soft templates at low silica-precursor/surfactant ratios. An unprecedented tunability of the pore 

size was achieved in this single-micelle-templating synthesis through the initial synthesis temperature control in 

F108/toluene system, for which the pore diameter gradually increased from 16 to 44 nm upon decreasing the synthesis 

temperature from 25 to 14 °C. An additional pore size adjustment coupled with the change in the size of entrances to the 

nanospheres can be achieved by  selecting the hydrothermal treatment temperature, as shown for the synthesis at 25 °C. 

The inner diameter of the hollow nanospheres can also be modified by changing the silica alkoxide precursor used or its 

ratio to the surfactant. Moreover, the formation of hollow nanospheres, their inner void size and its temperature 

adjustability depend on the swelling agent used. In the cases of xylene and ethylbenzene swelling agents, the pore size 

adjustment was complicated by the morphology change from loose aggregates of hollow spheres to consolidated particles 

with multiple mesopores as the temperature was lowered. On the other hand, these swelling agents afforded 

nanospheres of particularly large diameter (22-26 nm) at 25 °C. Less potent swelling agents (1,3,5-triisopropylbenzene and 

cyclohexane) afforded largely disordered consolidated structures instead of single-micelle-templated nanospheres. The 

work demonstrated the potential of Pluronic F108 combined with an appropriate swelling agent to template silica 

nanospheres with hollow interiors of size and accessibility adjustable in a wide range through simple temperature control. 

Introduction 

Over the last two decades, hollow silica nanospheres (HSNs) 

have attracted a lot of attention due to their unique 

properties, such as high specific surface area, large inner void 

volume, as well as uniform size and inner void diameter.1-6 

These fascinating nanostructures have vast potential 

applications as catalysts or catalyst supports,5, 7-11 drug 

carriers,12-17 imaging agents,18 as well as adsorbents and 

separation materials.19-23 HSNs are often synthesized using 

templates that endow the hollow spheres with appropriate 

(inner) size and are referred to as hard or soft. Hard templates 

are solid particles, such as polymer latexes (for instance 

polystyrene or poly(methyl methacrylate) spheres),1, 24, 25 

metal or metal oxide nanoparticles,26 and poly(N-

isopropylacrylamide) aggregates.27 Silica species are 

hydrolyzed and condense around the hard templates, which 

are subsequently removed by calcination, acid etching or 

solvent extraction. The dimensions of hard templates are fixed 

and their utility depends on the ability to: (i) prepare them in 

appropriate sizes, (ii) form the shell on their surfaces and (iii) 

prevent the aggregation involving the covalent cross-linking. 

Soft templates that often form through self-assembly of 

relatively small molecules provide a higher level of flexibility 

and may be more cost-efficient. They include micelles,
2, 15, 20, 28

 

vesicles
29, 30

 and microemulsions,
31, 32

 which can be removed 

from the nanosphere interiors through calcination or solvent 

extraction. Micelles are well-known as templates for uniform 

voids in the frameworks of ordered mesoporous materials 

(OMMs)
33, 34

 and their less well defined counterparts.
35, 36

 

However, under appropriate conditions, commercially 

available triblock copolymer surfactants, such as Pluronic F127 

(EO106PO70EO106) and F108 (EO132PO50EO132) (which have been 

used to template OMMs
34, 37

) interact with silica species to 

form individual or aggregated HSNs, which are also referred to 

as single-micelle-templated hollow nanospheres.
2, 20, 38, 39

 

While the latter can form under different conditions,
2, 3, 15, 20

 

they tend to be achievable at low ratios of the silica precursor 

to the block-copolymer surfactant.
37-40

 While the details of the 

single-micelle-templating process may vary, it is considered 

that a silica precursor (for instance, tetraethyl orthosilicate, 

TEOS) or its hydrolysis products interact with poly(ethylene 

oxide) (PEO) blocks in the micelle corona and cross-link therein 

forming a spherical shell.
18, 41

 Additionally, parts of the PEO 

chains on the periphery of the micelles remain without cover 

of the silica species and provide a steric stabilization for the 
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nanoparticles,
18, 41

 preventing or limiting the cross-linking 

between them and thus hindering the formation of 

consolidated structures, such as ordered mesoporous 

materials,  which would otherwise form.
42

 

 The nanosphere size and inner void (pore) size control is an 

important opportunity in single-micelle-templated HSNs, but 

its practical implementations have been limited. The use of 

poly(ethylene oxide)-poly(2-vinyl pyridine)-polystyrene (PEO-

PVP-PS) surfactants with different sizes of the hydrophobic PS 

blocks allowed for tuning of the inner size of the hollow 

spheres from ~10 to ~18 nm.
43

 The addition of increasing 

proportions of polystyrene homopolymer to the micellar 

system based on a PEO-PVP-PS template led to an increase in 

the pore diameter of hollow silica spheres from 21 to 27 nm 

(based on TEM), demonstrating a usefulness of a polymeric 

swelling agent, but the product was heterogeneous in some 

cases.
3
 The use of different relative amounts of a small-

molecule swelling agent in Pluronic F127-based synthesis of 

organosilicas, which led to a pore diameter increase from ~10 

to ~13 nm, also was shown,
20

 although its extension to silicas 

would be beneficial. Another approach was based on the 

adjustment of the hydrothermal treatment temperature in the 

synthesis and may generate a limited range of pore 

diameters.
39

 Moreover, the inner void size can be decreased 

by increasing the calcination temperature.
38

 The work on 

single-micelle-templated organosilica nanospheres suggests 

that the use of different swelling agents may also allow for the 

adjustment of the inner sphere diameter.
38

 The tuning of the 

size of entrances to the nanospheres is another important 

ability and it was achieved recently by using different 

temperatures of the hydrothermal treatment.
39

 

 Though HSNs with well-defined structures and uniform 

particle sizes have been reported as discussed above, the 

development of a methodology for the fabrication of HSNs 

with easily tunable size of inner spherical voids would be 

highly desirable. Moreover, the understanding of the factors 

that influence the formation of hollow nanospheres is still at 

its early stage. Herein,
44

 it is demonstrated that in the 

presence of micelle swelling agents, one can use the initial 

synthesis temperature adjustment strategy, demonstrated 

earlier for ordered mesoporous materials,
45, 46

 to generate 

hollow silica nanospheres with widely tunable sizes. However, 

the adjustment may be complicated by a transition from 

individual or aggregated hollow nanoparticles to consolidated 

materials as temperature decreases. Moreover, the effect of 

the use of different swelling agents was studied and as a 

result, the synthesis of hollow nanospheres with very large 

interiors at room temperature was developed. The effect of 

hydrothermal treatment temperature was also studied.  In this 

work,
44

 Pluronic F108 (EO132PO50EO132) with a larger 

hydrophilic blocks was selected as a surfactant. 

 

 

Experimental 

Synthesis 

Pluronic F108 (EO132PO50EO132) was provided by BASF as a 

research sample. Ethylbenzene, toluene (extra dry), and m-

xylene were obtained from Fisher Scientific. 1,3,5-

triisopropylbenzene (TIPB) was acquired from Alfa Aesar. 

Tetraethyl orthosilicate (TEOS), tetramethyl orthosilicate  

(TMOS) and cyclohexane were purchased from Acros. All of 

these chemicals were used directly without further 

purification. In a typical synthesis of hollow silica nanospheres, 

1.00 g of Pluronic F108 was added to 60 mL of 2 M HCl 

solution, which was followed by magnetic stirring until the 

copolymer surfactant dispersed at a selected temperature (12-

25 °C). Next, a selected volume of a swelling agent (for 

instance, 3 mL of toluene or 3.46 mL of m-xylene or 3.44 mL of 

ethylbenzene) was added and the stirring continued in a 

covered container. After 30 min, silica precursor TEOS (or 

TMOS) was added. The reaction mixture continued to stir at 

350 rpm for 1 day. Then the reaction mixture was treated 

hydrothermally at 100 °C for 1 day in a closed polypropylene 

bottle. The resulting as-synthesized sample was filtered, 

washed with deionized water and dried at ~ 60 °C in a vacuum 

oven. Finally, the sample was calcined at 550 °C under air for 5 

h (heating ramp 2 °C/min). The samples are denoted HSNx, 

where HSN stands for hollow silica nanosphere, and x is the 

sample number. The synthesis conditions of HSNs are 

summarized in Supporting Table S1. It should be noted that 

some samples from this series may actually not exhibit hollow 

sphere morphology, even though the conditions were selected 

to be favorable for the hollow sphere formation. 

Characterization 

Small-angle X-ray scattering (SAXS) patterns were recorded on 

a Bruker Nanostar U instrument equipped with a rotating 

anode Cu Kα radiation source operated at 50 kV, 24 mA and 

with Vantec 2000 2-dimensional detector. Samples were 

placed in the hole of an aluminium sample holder and secured 

on both sides using a Kapton tape. Nitrogen adsorption 

measurements were performed at -196 °C on a Micromeritics 

ASAP 2020 volumetric adsorption analyzer. Before the 

analysis, the silica samples were outgassed under vacuum at 

200 °C for 2 h in the port of the adsorption analyzer. 

Transmission electron microscopy (TEM) images were acquired 

on a FEI Tecnai Spirit microscope operated at 120 kV. TEM 

images for HSNs prepared using ethylbenzene as a swelling 

agent were obtained on a Hitachi H-800 microscope operated 

at 100 kV. Before the imaging, the samples were dispersed in 

ethanol using sonication and deposited on a carbon-coated 

copper grid after which the solvent was evaporated under air. 

The BET specific surface area
47

 (SBET) was calculated from the 

nitrogen adsorption isotherm in a relative pressure range from 

0.04 to 0.20. Total pore volume (Vt) was determined from the 

amount adsorbed at a relative pressure of 0.99.
47

 Pore size 

distributions (PSDs) were determined from adsorption 

branches of the isotherms using the Barrett-Joyner-Halenda 

(BJH) method with KJS correction
48

 for cylindrical mesopores 

and the statistical film thickness curve for a macroporous silica 

gel LiChrospher Si-1000.
49

 This method is known to 

underestimate the diameter of spherical mesopores of 
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ordered mesoporous silicas by 2-4 nm in the considered pore 

size range.
50

 

Results and discussion 

Effect of initial synthesis temperature 

In most of the experiments, the molar ratio of TEOS to Pluronic 

F108 was low (99:1)
38

 to facilitate the formation of single-

micelle-templated nanoparticles instead of consolidated 

structures. When toluene was used as a swelling agent, hollow 

nanospheres (sample HSN01; see TEM in Figure 1) with a very 

large inner diameter (~44 nm based on gas adsorption; see 

Figure 2, Supporting Figure S1 and Table S2) formed at the 

initial synthesis temperature of 14 °C with subsequent 

hydrothermal treatment at 100 °C. However, the nanospheres 

were not uniform in size, as seen from TEM and the pore size 

distribution (Supporting Figure S1). 

 

Figure 1. Transmission electron microscopy images of hollow silica nanospheres 
synthesized at different temperatures: (a) 14 °C (HSN01), (b) 22 

o
C (NSN04), (c) 

25°C for as-synthesized sample (HSN06), and (d) calcined HSN06. Taken in part 
from Ref.

44
 

The above inner void diameter was very large as for single-

micelle-templated nanoparticles. It was larger than the pore 

diameter of silica nanospheres templated by Pluronic 

F127/toluene pair (36 nm in the case of a comparable 

hydrothermal treatment)
39

 and larger than that attained with 

Pluronic F108/xylene pair in the presence of an inorganic salt 

(KCl).
38

 While Pluronic F108 (EO132PO50EO132) has a larger 

molecular weight than Pluronic F127 (EO106PO70EO106), the 

hydrophobic block size of the former is appreciably smaller (50 

vs. 70 repeating units on average). In both cases, the fully 

extended hydrophobic block length (on average about 20 and 

28 nm, respectively) was not enough to span over the entire 

pore diameter, which suggests that the inner parts of the cores 

of swollen micelles were filled with a swelling agent and 

devoid of PPO blocks. This in turn suggests that the template 

for the formation of the hollow nanospheres can be 

considered either as a swollen micelle or a stabilized 

microemulsion droplet. At first, it may appear that the 

stabilized microemulsion nature may be a source of the 

polydispersity of the considered hollow spheres. However, 

microemulsion templates may be quite uniform in size.
31, 51

 

Moreover, as can be seen below, quite large nanospheres can 

be obtained with a much more narrow pore size distribution. 

 
Figure 2. (a) Nitrogen adsorption isotherms and (b) pore size distributions (data 
for samples prepared at 14, 18 and 20 °C are also shown in Supporting Figure S1) 
for calcined hollow silica nanospheres synthesized with Pluronic F108/toluene 
pair at different temperatures.44 

 While a decrease in initial synthesis temperature to 12 °C 

rendered mostly consolidated structures instead of hollow 

nanosphere products, an increase in temperature did not 

disrupt the nanosphere morphology. As the temperature was 

increased to 18 °C, the pore diameter of the sample (HSN02) 

became more uniform, but decreased, while being still as large 

as ~37 nm (Figure 2 and Supporting Figure S1). At 20 °C, the 

pore size decreased to ~30 nm. Around room temperature (22 

and 23 °C), the pore diameter became even more uniform and 

was 23-28 nm and TEM confirmed the well-defined hollow 

nanosphere morphology (Figure 1(b)). The formation of hollow 

nanospheres with fairly large mesopore interiors was also 

possible at 25 °C (see Figure 1(c, d)). The pore diameter 

calculated from the N2 adsorption isotherm was ~16 nm. The 

BET specific surface area was 761 m
2
 g

-1
 and the total pore 

volume was 1.65 cm
3
 g

-1
 (Supporting Table S2). It is also 

noteworthy that when the synthesis was carried out at room 

temperature (~25 °C) without the temperature control, the 

pore diameter of the resulting sample (HSN07) was 

comparable to that of the sample (HSN06) prepared at 25 °C 

with accurate temperature control (Figure 2). 

 As seen in Figure 2, the considered samples (except for the 

sample prepared at 14 °C) exhibited adsorption isotherms with 

two more or less separated hysteresis loops at relative 

pressures between 0.5 and 0.85-0.95 as well as between ~0.9 

and 1, suggesting that these samples have two types of 

mesopores: quite uniform voids inside the particles and less 

well defined pores attributable to interparticle voids arising 
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from a loose packing of the nanospheres (Figure 1). In the case 

of the sample prepared at 14 °C, the large sphere size might 

have resulted in large interparticle void size, and consequently, 

in the limited capillary condensation very close to the 

saturation vapor pressure. The capillary evaporation from the 

uniform mesopores was delayed to the lower limit of 

adsorption-desorption hysteresis (P/Po = 0.4-0.5), indicating 

that the gaps in the walls that provide the access to the sphere 

interiors were of diameter below 5 nm.
52

 Only the samples 

prepared at ~25 °C exhibited capillary evaporations from their 

uniform mesopores commencing above the lower limit of 

hysteresis, indicating the presence of gaps above 5 nm in 

diameter52 in the shells of some nanospheres. It should be 

noted that the above size estimates are based on several 

assumptions. The shape of the gaps is assumed to be 

approximately circular, while it is actually likely to be irregular 

based on TEM observation of single-micelle-templated 

nanospheres.39 It is also assumed that the adsorption-

desorption behavior of the pores (gaps) in the shell of the 

nanoparticles is similar to the behavior of long cylindrical 

mesopores, even though the thickness of the wall and thus the 

“length” of the pore in the shell is comparable to its diameter. 

This is certainly an approximation, because pores of low 

length/width ratio are known to exhibit a capillary 

condensation and evaporation at somewhat higher pressures 

than their longer counterparts of the same width.53 Another 

assumption is that the desorption behavior from the 

nanosphere interior is similar to that from mesopores within 

an ordered mesoporous material with multiple mesopores 

separated by walls. The validity of these assumptions is 

uncertain. Still, the capillary evaporation pressure is expected 

to reflect the sizes of the openings in the shell, which are 

difficult to quantify even if they are observable by TEM.   

 When toluene was used as a micelle swelling agent in the 

14-25 °C range of initial synthesis temperatures, the single-

micelle-templated mesopores were of diameter 16-44 nm, 

which increased as the initial synthesis temperature 

decreased, as discussed above. These results show for the first 

time that the inner diameter of single-micelle-templated 

nanospheres (prepared in the presence of a swelling agent) 

can be tuned systematically and in a wide range through the 

initial synthesis temperature control. Earlier studies showed 

that lower temperature in the sub-ambient range allows one 

to achieve larger pore sizes in the swelling-agent-assisted 

syntheses of Pluronic-templated ordered silicas with 

spherical39, 45, 54 and cylindrical46 mesopores, but these were 

consolidated structures templated by multiple micelles rather 

that single-micelle-templated nanoparticles. In fact, the above 

temperature dependence of the pore size was somewhat 

different from the dependence observed for FDU-12 

templated by Pluronic F108/toluene pair used herein.42 A 

sharp pore size increase was observed for FDU-12 in 23-28 °C 

range as the temperature decreased, followed by a range in 

which the pore size was largely temperature-independent. 

Herein, the pore size increase was particularly large in 22-25 °C 

range, which is similar, but further gradual pore size increase 

was seen as temperature was lowered to 14 °C. Moreover, as 

is shown hereafter, other Pluronic F108/swelling-agent pairs 

may exhibit the temperature dependence of the pore size that 

is obscured by a transition from single-micelle-templated 

nanoparticles to consolidated structures as the initial synthesis 

temperature is decreased.  

 
Figure 3. SAXS patterns of hollow silica nanospheres prepared at different initial 
temperatures using Pluronic F108/toluene pair as the template with the 
hydrothermal treatment at 100 °C.44 

 Figure 1(c) shows that as-synthesized sample prepared at 

25 °C (HSN06) was apparently composed of chains of hollow 

spherical nanoparticles, but after calcination, this morphology 

was disrupted and broken down into individual hollow silica 

nanospheres, short chains of beads, or aggregates (Figure 1(d) 

and Supporting Figure S2). Similar, but less profound, 

morphological changes were also seen after extraction. These 

observations suggest that some structures of single-micelle-

templated nanoparticles may be so fragile that it may be 

difficult to preserve them during the surfactant removal.  

 The temperature increase resulted in a systematic shift of 

the position of peaks on SAXS patterns to higher angles (Figure 

3), as expected on the basis of the pore size changes and the 

corresponding diameter changes for the sphere products. The 

patterns featured multiple broad peaks and resembled the 

ones reported earlier for (aggregated) hollow nanospheres.38, 

39, 55 56 Based on earlier studies of scattering of micelles,56 it 

appears that the considered SAXS patterns are primarily 

determined by the form factor for hollow spheres with 

strongly scattering shell. The pattern for the sample prepared 

at 14 °C was less well resolved, which may be related to a 

higher size dispersity of the nanospheres present in this 

sample. 

Effect of the swelling agent 

A variety of organic compounds are known to successfully 

serve as micelle swelling agents, including benzene and its 

alkyl-substituted derivatives,33, 34, 37, 46 linear hydrocarbons,57, 58 

cyclic hydrocarbons,46, 59 and long-chain amines.60 Even though 

these compounds are known primarily from their pore 

enlarging action, they may in some cases serve a more 

profound role of additives that allow for the formation of the 

micelle-templated structure.61 As seen in Figure 4, in the 

absence of a swelling agent at 25 °C, a silica sample was 
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obtained that exhibited no clear capillary condensation step on 

its gas adsorption isotherm. This behavior suggests the lack of 

micelle-templated mesopores, even if single surfactant 

molecules may be embedded in the silica framework and may 

template (micro)porosity.
61

  

 

Figure 4. (a) Nitrogen adsorption isotherms, and (b) pore size distributions for 
calcined silica samples synthesized at 25 °C in the absence of swelling agent and 
in the presence of different swelling agents.44 

In the presence of a swelling agent, the outcome depended in 

a fairly systematic way on the swelling agent used. When 

moderate swelling agents, such as 1,3,5-triisopropylbenzene 

(TIPB) or cyclohexane,46, 61 were employed, the resulting 

samples displayed nitrogen adsorption isotherms with a single 

capillary condensation step (Figure 4), suggesting that their 

structures were consolidated instead of being composed of 

separate single-micelle-templated silica particles, which was 

confirmed through TEM observation (Supporting Figure S3). 

Interestingly enough, the increase in the volume of TIPB did 

not result in any appreciable increase in the pore diameter 

(Supporting Figure S4), suggesting that the use of about 3 mL 

TIPB per 1 g of Pluronic F108 surfactant can fully saturate the 

micelles of the block copolymer. However, it is not clear why 

moderately strong swelling agents would promote the 

formation of consolidated structures instead of hollow 

nanospheres. Perhaps a stronger swelling promotes a hard-

sphere behavior37 and thus limits the cross-linking and leads to 

the preservation of identifiable single-micelle-templated 

building blocks in the material, while less swollen hybrid 

silica/micelle building blocks distort and consolidate more 

readily. 

 At 25 °C, more potent swelling agents, such as toluene, m-

xylene, or ethylbenzene, generated single-micelle-templated 

nanoparticles with inner pore voids of diameter from 16 to 26 

nm (Supporting Tables S3 and S4). The influence of the initial 

synthesis temperature on the pore size of the obtained 

materials is shown in Figure 5. As discussed above, HSNs with 

the inner pore size of 16-44 nm can be synthesized using 

Pluronic F108/toluene pair. It is notable that at or near room 

temperature (25 °C), Pluronic F108/toluene pair renders 

surprisingly small mesopore cavity, when compared with 

F108/ethylbenzene pair that provided the largest pore 

diameter of 26 nm, followed by F108/m-xylene pair (Figures 4 

and 5; Supporting Tables S3 and S4).  

 

Figure 5. Inner pore diameter (from gas adsorption) as a function of the initial 
synthesis temperature for calcined silicas prepared using different swelling 
agents. The lines serve to guide the eye. Taken from Ref.44 with modification. 

For F108/ethylbenzene and F108/m-xylene templating pairs, 

the pore size increased as the temperature decreased, as in 

the case of F108/toluene pair, until the temperature of ~20 °C 

was reached, below which the pore size decreased to some 

extent. At the same time, the position of the first peak on the 

SAXS pattern continued shifting to lower angles as the 

temperature decreased, and the peaks became more narrow 

at 18 °C or lower (Figure 6 and Supporting Figure S5). In the 

case of the Pluronic F108/ethylbenzene pair, the samples 

formed highly aggregated (18 °C) or fully consolidated (14 °C) 

structures with spherical mesopores instead of loose 

aggregates of hollow nanoparticles (see TEM in Figure 7). 

Apparently, as the temperature was lowered, a tendency to 

form consolidated structures became stronger. This is 

consistent with an earlier finding that a consolidated periodic 

structure composed of hollow spherical building blocks was 

obtained at 20 °C for Pluronic F108/1,3,5-trimethylbenzene 

pair, whereas loose aggregates of single-micelle-templated 

nanoparticles were recovered at 30 °C.37 In the 

aforementioned study, an inorganic salt was present in the 

synthesis mixture, unlike in the present case. Still, our results 

indicate that the earlier finding reflects a general behavior and 

additionally suggest that the temperature at which the change 

from the consolidated structures to individual (or loosely 

aggregated) single-micelle-templated nanoparticles takes 

place depends on the kind of the swelling agent used. The fact 

that toluene behaved differently from xylene and 

ethylbenzene is not surprising, as the latter two were shown to 

have a similar performance as swelling agents in the synthesis 

of ordered mesoporous silicas and organosilicas,62, 63 while 

toluene had a somewhat different action.39, 61 It is also clear 

that the departure from the trend of increasing the pore 

diameter as the temperature decreases coincided with the 

change from a single-micelle-templated structure to a 

consolidated (or highly aggregated) structure. Still, it is not 

clear what triggered the departure from the pore size trend. 

The inspection of nitrogen adsorption isotherms reveals the 

decrease in the height of the capillary condensation step (and 

thus in the mesopore volume) for samples prepared at either 

14 °C (ethylbenzene) or 18 °C (m-xylene). The decrease in the 

mesopore volume may result in the pore size decrease even if 
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the repeating distances are comparable or somewhat larger, 

because the lower mesopore volume is likely to result from a 

larger pore wall thickness. 

Figure 6. (a) Nitrogen adsorption isotherms, (b) pore size distributions and (c) 
SAXS patterns for calcined silicas prepared at different initial temperatures using 
F108/ethylbenzene pair.44 

 Moreover, the repeating distances for the different 

samples discussed herein may not necessarily be directly 

comparable, as broad maxima of SAXS patterns for somewhat 

aggregated single-micelle-templated nanoparticles have a 

different meaning
55

 than the narrower peaks of consolidated 

and periodic (or weakly periodic) structures. As mentioned 

above, the SAXS patterns for the nanoparticles seem to reflect 

primarily the form factor for hollow spheres, while those of 

ordered mesoporous materials reflect the structure factor
55

 

dependent on the arrangement of the structural units in space. 

 As for the consolidation into multi-pore nanoparticles or 

the preservation of single-micelle-templated nanoparticles, 

multiple factors may contribute. At higher temperature, the 

thermal motion of nanoparticles in solution is faster, so is the 

formation of siloxane crosslinks through silanol 

condensation.37 Perhaps faster moving and cross-linking hybrid 

silica/micelle nanoparticles more easily form a limited number 

of cross-links that are not easily restructured, thus preventing 

an efficient aggregation (potentially followed by a 

consolidation). 

Effect of framework precursor 

The samples discussed above were prepared using tetraethyl 

orthosilicate (TEOS) with TEOS:Pluronic F108 molar ratio of 

99:1. When the TEOS:F108 molar ratio was increased to 145:1 

at 25 °C (HSN13) in the synthesis involving toluene, well-

defined HSNs were obtained with uniform pore diameter of 

~18 nm, which is a little larger than those obtained with 99:1 

ratio. When tetramethyl orthosilicate (TMOS) known from 

faster hydrolysis and condensation was selected as a silica 

source instead of TEOS (TMOS:Pluronic F108 = 99:1), well-

defined HSNs (sample HSN14) prepared using Pluronic 

F108/toluene pair were also successfully synthesized 

(Supporting Figure S6). The material had the BET specific 

surface area of 757 m
2
 g

-1
, and a narrow pore size distribution 

centered at as much as 21 nm (Supporting Figure S7, and Table 

S5). 

 

Figure 7. TEM images of calcined silica samples synthesized using 
F108/ethylbenzene pair at different temperatures: (a) 14, (b) 18, (c) 22 and (d) 
25 oC.44 Note that samples recovered after nitrogen adsorption measurements 
were imaged. 

Effect of the hydrothermal treatment temperature 

Besides the initial synthesis temperature, the hydrothermal 

treatment temperature also plays a role in controlling the pore 

size of the hollow nanospheres, as shown in our earlier work 

for treatments at 100-140 °C.39 Herein, a wider temperature 

range was explored. At the initial temperature of 25 °C, the 

product obtained without hydrothermal treatment passed 

through the filter. Therefore, a part of the synthesis mixture 

was dialyzed at room temperature, filtered, and lyophilized 

into a white powder. The TEM image revealed chains of 

connected hollow spheres (Supporting Figure S8(a)). After 

removal of the surfactant via calcination, the pore diameter 

was around 10 nm. Huo and co-workers41 prepared silica cross-

linked micelles without a hydrothermal treatment using 

Pluronic F127, and a particle size of ~10 nm was measured by 

cryo-TEM. After appropriate stabilization, the particles would 

not settle in the solution. So our result is not surprising in the 

light of this earlier work in which no swelling agent was used. 

When another portion of the synthesis mixture was 

hydrothermally treated at 60 or 80 °C, as-synthesized samples 

isolated by filtration contained individual HSNs and chains of 

beads, but the particle size was not uniform, as seen from TEM 

(Supporting Figure S8). The adsorption isotherms of these 

samples (Figure 8) leveled off after the capillary condensation 

at a relative pressure of ~0.8, and thus were different from the 

isotherms discussed above in the context of single-micelle-

templated hollow nanospheres. However, SAXS patterns of all 

calcined samples exhibited a background at low angles that 
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was similar to that seen for single-micelle-templated 

nanoparticles (although less intense) (Supporting Figure S9).  

 

Figure 8. (a) Nitrogen adsorption isotherms and (b,c) pore size distributions for 
calcined silicas prepared at 25 °C using Pluronic F108/toluene pair with 
hydrothermal treatments at different temperatures. Taken in part from Ref.

44
 

In conjunction with TEM images discussed above, the SAXS 

data suggest that these are not consolidated materials in a 

sense considered above. Rather, these are likely to be compact 

aggregates of single-micelle-templated nanoparticles, in which 

the size of voids between the building blocks is comparable to 

the size of the hollow interiors, leading to a broad pore size 

distribution based on contributions from the two groups of 

mesopores. This would explain the observation that pore size 

distributions of these samples were much broader than those 

of the samples hydrothermally treated at higher temperatures 

(100 °C or higher). 

 It is not fully clear what triggers the apparent change from 

compact aggregates to loose aggregates (or individual 

nanospheres). Perhaps a higher hydrothermal treatment 

temperature leads to more extensive cross-linking into loose 

structures with low number of nearest neighbors per sphere, 

whereas the samples that did not undergo such a treatment 

exhibit a higher mobility of the hybrid micelles and thus can 

more readily pack into quite compact aggregates. 

 It is noteworthy that with the help of the hydrothermal 

treatment at different temperatures, the HSNs with hollow 

interiors of diameter up to 23 nm (7 nm above the pore 

diameter in the case of the treatment at 100 °C that is mostly 

discussed herein) can be obtained, which increased as the 

treatment temperature increased (Figure 8 and Supporting 

Table S6). This is consistent with our earlier results. In addition, 

when the hydrothermal treatment was carried out at 120-130 

°C, the hysteresis loops no longer extended to the lower limit 

of adsorption-desorption hysteresis (relative pressure of 0.4-

0.5), but were much more narrow. This provides an evidence 

of the increase of the size of entrances (gaps) in the shell of 

the nanospheres and is consistent with the results of our 

earlier work.
39

 Since the capillary evaporation was observed at 

a relative pressure of ~0.7 or higher, one can infer that the 

diameters of the entrances in the shells are on the order of 10 

nm. 

Conclusions 

The single-micelle-templating method allowed us to synthesize 

well-defined hollow silica nanospheres using a low 

precursor/surfactant ratio at room temperature. The inner 

spherical void diameter can be tailored in a wide range from 

16 nm to ~44 nm by adjusting the initial synthesis temperature 

in the presence of a swelling agent. Additionally, the 

hydrothermal treatment temperature can be used to tune the 

inner void size and its accessibility. The pore size may also be 

dependent on the silica precursor used and its ratio to the 

surfactant. However, as the initial synthesis temperature 

decreases, a transition from the hollow nanosphere 

morphology to a consolidated (perhaps disordered) 

morphology may be observed.  Moreover, swelling agents that 

solubilize less in Pluronics may afford consolidated structures 

instead of hollow nanospheres under conditions at which the 

“stronger” swelling agents readily generate the nanospheres. 

The discussed synthetic strategy provides a convenient avenue 

to hollow spherical silica nanoparticles with widely adjustable 

cavity size and accessibility. and pore  
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