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Template-mediated self-assembly of colloidal nanoparticles into secondary structures is of 

particular importance for exploring new materials with unique collective properties. However, 

the limited available templates and the poor control over the assembly of nanoparticles within 

the space defined by the templates drastically inhibit the preparation of the superstructures with 

the desired size and morphology. Here, a general method to prepare submicron hollow 

superstructures by self-assembling hydrophobic colloidal nanoparticles together with 

polymeric additives within oil-in-water emulsion droplets is reported. Upon evaporation of low 

boiling point oil, phase separation occurs to drive the assembly of nanoparticles at the 

polymer/water interface, producing a nanoparticle shell surrounding each polymeric core. Such 

core-shell structures can be converted into hollow superstructures of nanoparticles by 

stabilization with a silica coating and removal of the polymeric additives by solvent dissolution. 

Upon calcination, the silica layer can be further etched to release free-standing hollow shells of 

nanoparticles. With its general applicability to the assembly of various nanoparticles, this 

method represents a new platform for the fabrication of diverse hollow superstructures toward 

broad applications that can take advantage of the collective properties of the nanoparticles and 

the hollow morphology of the assemblies.   
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1. Introduction 

Controlled assembly of nanoparticles into secondary structures opens new avenues to 

manufacture functional materials with tailored physical and chemical properties, which are 

highly desirable in many important applications ranging from catalysis to biological labeling 

and imaging, and drug encapsulation and delivery.[1] Ligand-stabilized colloidal nanoparticles, 

predominantly prepared through thermolytic routes by reacting inorganic precursors in organic 

solvents at high temperatures, are ideal building blocks for assembly due to their narrow size 

distributions, well-protected surfaces, uniform shapes, and tunable properties.[2] Moreover, the 

resulting nanoparticles typically possess a well-defined monolayer of capping ligands, which 

can be tuned to modulate their interactions with each other or with the surroundings.[3] The self-

assembly of colloidal nanoparticles into three-dimensional superstructures is of particular 

importance toward the fabrication of new devices with unique collective properties.[4] 

Nanoparticles assembly based on an emulsion-evaporation method has been investigated as a 

way to synthesize three-dimensional superstructures.[5] However, the assembled superstructures 

tend to pack closely and adopt spherical shapes to minimize the surface energy, and the desired 

crystal domains and crystal shapes are difficult to achieve during the nanoparticle assembly.[6]  

Self-assembled hollow superstructures are a distinct type of capsules with a shell of densely 

packed colloidal particles, featuring large surface areas, abundant active sites, large cavities, 

and low density.[7] They can be produced by assembling colloidal nanoparticles on a sacrificial 

hard template such as silica, polystyrene, and carbon spheres and subsequently removing the 

template by calcination, etching, or decomposition. Although classic, hard templating is 

typically not suitable for large-scale production due to the requirement of pre-synthesized 

templates, which are usually expensive to make.[8] The soft templating methods circumvent the 

problem by employing liquid droplets as templates and assembling nanoparticles at liquid-

liquid interfaces,[9] which, however, mainly produce relatively large hollow particles as limited 
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by the droplet size. It remains a challenge to be extended to submicron hollow structures, which 

are technologically important for many biomedical applications.[10] In principle, uniform 

nanoparticles with diameters ranging from 2 to 50 nm are ideal candidates to assemble at the 

liquid-liquid interface to form hollow superstructures. However, at this length scale, the 

reduction in Helmholtz free energy diminishes, and detachment of particles from the liquid-

liquid interface occurs due to thermal fluctuations.[10a]  Furthermore, the success of this method 

is also challenged by the difficulty in stabilizing the resulting hollow superstructures, although 

complex surface modification procedures have been explored to introduce reactive organic 

molecules to lock the nanoparticles in position.[7, 11] On the other hand, template-free methods 

eliminate the need for templates and assemble nanoparticles into hollow superstructures 

through electrostatic interactions and dispersion and other forces like hydrogen bonding.[8b, 12] 

For example, water-dispersible gold nanoparticles were assembled into spherical capsids with 

monolayer shells through hydrogen bonding between neighboring nanoparticles.[13] Although 

straightforward, the assembly is typically limited to nanoparticles containing specific ligands, 

preventing its broad applicability. 

Here, we report a novel and general method for preparing submicron hollow superstructures by 

manipulating the nanoparticle assemblies produced by evaporating emulsion droplets. While 

the emulsion evaporation method was initially developed for producing spherical 

superstructures,[3b, 14] it was recently shown that phase separation might occur within the 

droplets to generate core-shell or Janus structures.[15] In this work, we take advantage of the 

phase separation and demonstrate a general approach for creating hollow superstructures of 

colloidal nanoparticles by co-assembling them with polymer additives within emulsion droplets. 

As illustrated in Scheme 1, hydrophobic ligand-capped nanoparticles and hydrophobic 

polymers are first co-assembled into polymer/nanoparticle core-shell structures by the emulsion 

evaporation method.  Upon the evaporation of the low boiling point solvent, phase separation 
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occurs to drive the assembly of nanoparticles at the polymer/water interface of the droplets, 

forming a layer of nanoparticles around each polymer core. The nanoparticle shells can be 

stabilized by a silica coating and then converted into hollow superstructures by removing the 

polymer core through solvent etching. This general method can be extended to nanoparticles of 

various materials to prepare submicron hollow superstructures with fine tunability of sizes and 

components.   
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2. Result and Discussion  

 

Scheme 1. Schematic illustration of the preparation procedure for nanoparticle shell (NP shell).  

We chose γ-Fe2O3 nanoparticles as the model system for this study because of their well-

controllable sizes, good stability, and superparamagnetic properties. Uniform γ-Fe2O3 

nanoparticles with sizes ranging from 5 to 20 nm were prepared by a thermolytic method using 

oleic acid (OA) as the capping ligand.[16] In a typical process, 12.7-nm γ-Fe2O3 nanoparticles 

(5 mg) (shown in Figure 1a) together with a polymeric additive of poly(1-decene) (3 mg) were 

dispersed in cyclohexane, which was then emulsified in SDS aqueous solution to produce an 

O/W emulsion system. Upon the evaporation of the low boiling point cyclohexane at about 

65 °C, the γ-Fe2O3 nanoparticles were excluded from the polymer phase due to their 

immiscibility and assembled on the interface of poly(1-decene)/water to form the nanoparticle 

shells (as shown in Scheme 1). The as-synthesized polymer/nanoparticle core-shell structures 

are relatively stable and can be stored in the aqueous solution for several days without obvious 

changes, but they will collapse upon deposition and drying on a solid substrate. To protect the 

assembled structures, they were coated with a thin layer of silica by modifying the well-known 

Stöber method.[17] As shown in Figure 1b, a γ-Fe2O3 nanoparticle layer at the interface can be 

seen with the silica layer coated on the exterior of each nanoparticle shell. 
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Figure 1. (a) TEM image of 12.7-nm γ–Fe2O3 nanoparticles. Inset is the size distribution of the 

12.7-nm γ–Fe2O3 nanoparticles. (b) TEM image of silica-coated nanoparticle shells assembled 

using 3 mg poly(1-decene) and 5 mg of 12.7-nm γ–Fe2O3 nanoparticles. Inset is a high-

magnification TEM image with a scale bar of 100 nm. (c) TGA curves of original γ-Fe2O3 

nanoparticles, polymer@NP shells, and NP shells obtained after ethanol washing.  

At the end of the silica coating process, the polymer cores could be dissolved by the solvent 

ethanol and diffuse through the porous silica shell to produce hollow superstructures. 

Thermogravimetric analysis (TGA) of the initial γ-Fe2O3 nanoparticles and their corresponding 

core-shell structures before and after ethanol washing revealed different weight loss profiles 

(Figure 1c). The evaporation of low boiling point solvent or trapped moisture in nanoparticles 

led to less than 5 wt% loss in the temperature range from 20 to 200 ℃ for both the initial 

nanoparticles and ethanol-washed nanoparticle shells. The weight loss in the same temperature 

range reached 22 wt% for the polymer@NP shells even after the sample was kept at 80 ℃ for 

6 hours. The additional weight loss in the temperature range of 200-600 ℃ was mainly 

attributed to the evaporation and decomposition of organic substances, such as oleic acid, SDS, 

and poly(1-decene). The value of weight loss was about 18 wt% in the ethanol-washed 

nanoparticle shells, while in the core-shell sample, this value rose to 45 wt% due to the presence 

of the poly(1-decene). The obvious difference in weight loss before and after ethanol washing 

confirmed the removal of the polymer during ethanol washing.  
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Figure 2. (a-c) TEM images of silica-coated nanoparticle shells assembled from poly(1-decene) 

(3 mg) and varying amounts of 12.7-nm γ–Fe2O3 nanoparticles: (a) 10 mg, (b) 2.5 mg, and (c) 

1 mg. Insets are high-magnification TEM images with scale bars of 100 nm. (d) TEM image of 

silica-coated nanoparticle shells assembled from 5 mg of γ–Fe2O3 nanoparticles and 30 mg of 

poly(1-decene). (e-g) Size distribution of the emulsion droplets and corresponding nanoparticle 

shells assembled from 3 mg poly(1-decene) and different amount of nanoparticles: black (1 mg), 

red (2.5 mg), green (5 mg), and blue (10 mg), analyzed by dynamic light scattering (DLS): (e) 

emulsion droplets before solvent evaporation; (f) nanoparticle shells after solvent evaporation 

in a water bath (65 ℃) for 4 h; (g) silica-coated nanoparticle shells.  

To study the critical factors that influence the formation of hollow superstructures, we 

systematically varied the assembly parameters, including the ratio of the nanoparticles to 

polymer, the size of the γ-Fe2O3 nanoparticles, as well as the type of hydrophobic polymers. 

For nanoparticles with defined sizes, the diameter of the assembled nanoparticle shells can be 

tuned by controlling the mass ratio of γ-Fe2O3 nanoparticles to poly(1-decene). Figures 2a-c 

showed the TEM images of a series of silica-coated nanoparticle shells prepared by varying the 
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quantity of γ-Fe2O3 nanoparticles (12.7 nm) from 1 to 10 mg while using the same amount of 

poly(1-decene) (3 mg). Figure 2d exhibited another sample prepared with a further reduced 

nanoparticle/polymer ratio. Since it became difficult to collect products when the amount of 

nanoparticles is less than 1 mg, the sample was prepared by mixing 5 mg of γ-Fe2O3 

nanoparticles and 30 mg of poly(1-decene). The sizes of the structures assembled using the 

same amount of poly(1-decene) were characterized by the DLS method. Figure 2e showed that 

the average sizes and distributions of the initial emulsion droplets were almost the same under 

different nanoparticle/polymer ratios. The mean diameters of the initial emulsion droplets were 

around 1.2 µm. The average size of the emulsions shrunk to several hundred nanometers after 

evaporation of cyclohexane, with exact sizes determined by the remaining amounts of γ-Fe2O3 

nanoparticles and poly(1-decene). The nanoparticle shell size increased as the γ-Fe2O3 

nanoparticle content decreased from 10 to 1 mg, allowing a tuning range of 120 to 420 nm 

(Figure 2f). Silica coating slightly increased the average size of the corresponding shells, as 

suggested by the DLS measurements (Figure 2g). When the relative amount of polymer to 

nanoparticles was too small, the polymer cannot be evenly distributed among the emulsion 

droplets during emulsification, leading to a large variation in the thickness of the resulting 

nanoparticle shells (Figure 2a). On the other hand, the thickness of the silica layer decreased 

from 40 to less than 10 nm as the number of γ-Fe2O3 nanoparticles increased while adding the 

same amount of tetraethyl orthosilicate (TEOS). Therefore, it is reasonable to conclude that 

more nanoparticle shells were produced before coating and that more γ-Fe2O3 nanoparticles led 

to smaller shells. Although the actual nanoparticle and polymer concentrations were different 

from the other four samples, the one in Figure 2d had the largest shell size among all, with 

average diameters above 600 nm, further confirming the determining role of 

nanoparticle/polymer ratio. It is also worth noting that the nanoparticles tend to assemble in a 

short-range-ordered close-packing structure in the shells. 
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Figure 3. TEM images of (a) 21-nm and (b) 5.9-nm γ-Fe2O3 nanoparticles and the 

corresponding silica-coated nanoparticle shells assembled with poly(1-decene) (3 mg) and 

nanoparticles with different amounts: (c) 10 mg of 21-nm nanoparticles, (d) 2.5 mg of 5.9-nm 

nanoparticles. Insets in (a) and (b) are the size distribution of 21-nm and 5.9-nm nanoparticles. 

The interfacial assembly of nanoparticles here, which is similar to Pickering emulsions,[10a, 18] 

is driven by a decrease of total free energy (ΔE). The three contributions to the interfacial energy 

include the particle-oil interface energy (γP/O), the particle-water interface energy (γP/W), and 

the oil-water interface energy (γO/W). The energy difference (ΔE) due to the assembly of a single 

particle at the oil-water interface can be given by 
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, 

where r is the effective radius of the nanoparticle.[10a]  Based on published values for γO/W of 52 

mN/m,[19] and on estimates for γP/O of 40 mN/m (nanoparticles cannot be dispersed in poly(1-

decene) at all) and for γP/W of 15 mN/m (after SDS adsorption, the particles can be well 

dispersed in the water phase),[9] ΔE is about -3500 kBT for 12.7-nm nanoparticles in a typical 

poly(1-decene)/water emulsion. The energy gain is much larger than thermal energy (a few 

kBT), which leads to effective confinement of nanoparticles at the interface. In a typical 

emulsion system, the total energy difference after assembly is determined by the square of the 

particle radius r because γP/O, γP/W, and γO/W are constant. Therefore, the self-assembly of 

smaller nanoparticles is expected to be less stable than larger ones. To study the dependence of 

the assembled shells on nanoparticle size, we chose γ-Fe2O3 nanoparticles with three different 

sizes: 21.0, 12.7, and 5.9 nm.  Because the maximum cross-section area of nanoparticle per 

mass unit is inversely proportional to the particle size, we used 10, 5, and 2.5 mg of γ-Fe2O3 

nanoparticles for the 21.0-nm, 12.7-nm, and 5.9-nm nanoparticles, respectively, to ensure the 

same degree of nanoparticle coverage. Figure 1a, b and Figure 3 presented TEM images of the 

γ-Fe2O3 nanoparticles and corresponding silica-coated nanoparticle shells. Larger nanoparticles 

(21.0 and 12.7 nm) can be tightly fixed at the interface in a near-monolayer structure (Figure 

3c and Figure 1b). The average size of the shells assembled from 21.0-nm nanoparticles was 

smaller than those assembled from 12.7-nm nanoparticles, indicating that the larger particles 

have a stronger stabilization effect for the assembly as predicted by the equation. However, as 

the small nanoparticles have a relatively small energy decrease upon self-assembly, the 5.9-nm 

γ-Fe2O3 nanoparticles formed relatively thick shells at the interface to stabilize the polymer 

droplets in the system (Figure 3d). The effect of the mass ratio of the nanoparticle to polymer 

for 5.9-nm and 21.0-nm γ-Fe2O3 nanoparticles was also studied and showed the same result as 

the 12.7-nm sample. In Figure 3d and Figure S1a, b, different amounts (2.5 5.0, and 1.0, mg) 
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of γ-Fe2O3 nanoparticles (5.9 nm) were mixed with a fixed amount of poly(1-decene) (3 mg) 

and assembled into nanoparticle shells. Small γ-Fe2O3 nanoparticles were assembled into 

multilayer shells, and the size of the nanoparticle shells increased as the number of γ-Fe2O3 

nanoparticles decreased. For large γ-Fe2O3 nanoparticles (21 nm) (shown in Figure 3c and 

Figure S1c, d), they were assembled into small near-monolayer shells with similar dependence 

of shell size on the nanoparticle amount.  

In addition to the nanoparticle size, the wettability of the particle surface is also related to the 

free energy and subsequently affects the nanoparticle assembly on the interface. In the above 

equation, the values of γO/W and γP/O can be tuned by using different oil phases (hydrophobic 

polymers). Obviously, larger γO/W and γP/O values should produce a more stable interfacial 

assembly. 1-octadecene (ODE), hydrogenated poly(1-decene), and polystyrene (Mw=192000) 

were chosen to study the assembly behavior, and the TEM results were shown in Figure S2. 1-

octadecene and hydrogenated poly(1-decene), with lower γO/W and γP/O values than poly(1-

decene), cannot promote the effective assembly of nanoparticles at the interface, while 

polystyrene with a large molecular weight can easily serve as a rigid template to form a well-

defined nanoparticle shell. Although polystyrene (Mw=192000) has a high molecular weight, 

it could still diffuse out after the silica-coated nanoparticle shells were stored in ethanol for 1 

week, leading to hollow superstructures (Figure S3). 
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Figure 4. (a) TEM images of silica-coated nanoparticle shells. (b) TEM images of nanoparticle 

shells after calcination at 800 ℃ for 2 hours and silica removal. Insets are high-magnification 

TEM images with scale bars of 100 nm. (c) X-ray diffraction patterns and (d) magnetization 

hysteretic loops of the three nanoparticle shells after different calcination temperatures. The 

JCPDS card No. for pure γ-Fe2O3 used in (c) is 39-146. 

Fixing the nanoparticles inside the superstructures by calcination produces robust and water-

dispersible nanoparticle shells, which are stable even after removing the protecting layers. A 

silica coating was introduced to the nanoparticle shells to maintain the assembled structure 

(Figure 4a) and allow the neighboring nanoparticles to build atomic interconnection during 

calcination. Final etching of silica after calcination introduces high-density hydroxyl groups so 
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that the nanoparticle shells become negatively charged and can disperse well in water. To 

partially fuse the nanoparticles in the shell while maintaining the morphology and properties, 

we tested different calcination temperatures from 300 ℃ to 800 ℃. As shown in Figure S4a-c, 

without calcination or after low-temperature calcination (below 500 ℃), the nanoparticle shells 

were disassembled into single nanoparticles or irregular aggregations after the removal of silica. 

Calcination at 500 ℃ induced some fusion between nanoparticles to form stable shells, but only 

with a low yield. Temperatures above 600 ℃ were suitable for linking neighboring γ-Fe2O3 

nanoparticles (shown in Figure S4d-f). Figure 4b showed intact hollow superstructures of γ-

Fe2O3 nanoparticles after calcination at 800 ℃ and silica removal. Without protection, γ-Fe2O3 

nanoparticles would aggregate and be transformed to the antiferromagnetic hematite α-Fe2O3 

phase above a certain temperature,[20] typically around 400 ℃ (Figure S5). In contrast, the 

silica-coated γ-Fe2O3 hollow superstructures exhibited enhanced thermal stability, with samples 

calcined at different temperatures consisting primarily of the maghemite γ-Fe2O3 (JCPDS Card 

No. 39-1346) with almost identical peak broadening, as shown in the XRD analysis in Figure 

4c. In this case, all the samples were etched by a sodium hydroxide solution to eliminate the 

influence of silica before characterization. The primary nanocrystals did not grow significantly 

during the self-assembly and calcination. The slight increase in grain size of the calcined 

samples suggested a possible interparticle fusion, which contributed to the formation of stable 

hollow superstructures. The corresponding room-temperature magnetization curves in Figure 

4d revealed the superparamagnetic behavior of all three samples. We noted that after calcination 

at 800 ℃, a small peak corresponding to the hematite phase appeared on the XRD pattern, and 

the saturation magnetization value decreased from 63 to 37 emu/g, suggesting a partial 

transformation from maghemite to hematite phase. However, the as-synthesized hollow 

superstructures still exhibited superparamagnetic properties even after treatment at 800 ℃. 

Thus, they can be magnetically separated from the colloidal dispersion. These results implied 

that the SiO2 shells not only stabilized the nanoparticle shells during calcination but also 
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inhibited the phase transition of γ-Fe2O3 to α-Fe2O3 and maintained the superparamagnetic 

property of the nanocrystals. 

 

Figure 5. TEM images of different nanoparticles (a, b, c and d) and corresponding silica-coated 

nanoparticle shells (e, f, g and h): (a, e) ZrO2, (b, f) NiO, (c, g) CdSe@CdZnS (QDs), (d, h) 

NaYF4:Yb,Er. Insets are digital photos of the aqueous dispersions of (g) CdSe@CdZnS 

nanoparticle shells excited by an ultraviolet lamp, (h) NaYF4:Yb,Er nanoparticle shells excited 

by a 980-nm laser. 

Nanoparticle assembly at the polymer/water interface is a general and flexible approach for 

producing stable hollow superstructures from nanoparticles of various compositions. To test 

the versatility of the assembly process, various hydrophobic nanoparticles, including 

trioctylphosphine oxide-capped ZrO2,
[21] oleylamine-capped NiO,[22] oleic acid-capped 

CdSe@CdZnS[23] and oleic acid-capped NaYF4:Yb,Er[24] were assembled at the poly(1-

decene)/water interface. As shown in Figure 5, they were all assembled into hollow 

superstructures, indicating the versatility of the assembly strategy. Similar to the γ-Fe2O3 

nanoparticles, the small ZrO2 nanoparticles (~4 nm) and the QDs (~6 nm) prefer to form multi-

layered hollow superstructures at the poly(1-decene)/water interface (Figure 5 e, f). Conversely, 
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the larger NiO (~ 8 nm) and NaYF4 (~30×50 nm) nanoparticles tend to form well-defined shells 

(Figure 5 g, h). It is worth noting that after the assembly, the QDs and NaYF4:Yb,Er 

nanoparticles still exhibited good photoluminescence properties (shown in insets of Figure 5 g, 

h).     

3. Conclusion 

In summary, we report a general strategy for the fabrication of submicron hollow 

superstructures by controlling the phase separation of nanoparticles from polymer additives 

confined within emulsion droplets. The size and shell thickness of the hollow superstructures 

can be conveniently tuned by controlling the nanoparticle/polymer ratio in the oil droplets, the 

size of the nanoparticles, and the type of polymer additives. The resulting hollow 

superstructures can be further stabilized by overcoating a layer of silica followed by high-

temperature calcination, producing water-dispersible free-standing nanoparticle shells after 

chemical etching of the silica. This assembly approach is expected to provide the research 

community with a highly versatile, configurable, and reproducible process to prepare 

submicron hollow superstructures of various nanoparticle building blocks, offering new 

opportunities to explore applications that can take advantage of the collective properties of the 

nanoparticles and the hollow morphology of the superstructures.  

 

4. Experimental Section  

Synthesis of γ-Fe2O3 nanoparticles: Superparamagnetic γ-Fe2O3 nanoparticles were synthesized 

using a thermolysis process.[25] Fe(CO)5 (0.2 mL, 1.52 mmol) was added to a mixture containing 

10 mL of octyl ether and 1.28 g of oleic acid at 100 ℃.  The solution was then heated to 290 ℃ 

under the argon atmosphere and maintained at this temperature for 1 hour.  After cooling down 

to 200 ℃, the solution was bubbled with air for 2 hours.  After cooling down to room 

temperature, ethanol was added to the solution to precipitate γ-Fe2O3 nanoparticles, which were 
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then separated by centrifugation.  Finally, the resulting black powder was redispersed in 

cyclohexane.  

Synthesis of CdSe@CdZnS nanoparticles (QDs): CdSe@CdZnS nanoparticles were prepared 

by a reproducible method reported by the Dubertret group.[23] First, four reagents were prepared 

exactly based on the reference: (1) cadmium myristate, (2) Cd(oleate)2 0.5 M in oleic acid, (3) 

Zn(oleate)2 0.5 M in oleic acid, and (4) TOPS 0.5 M solution in trioctylphosphine (TOP). Later, 

1-octadecene (16 mL), cadmium myristate (170 mg), and selenium (12 mg) were mixed in a 

flask and kept at room temperature under vacuum for 1 hour. After that, the solution was heated 

up to 240 ℃ under the argon atmosphere and aged for 10 minutes, followed by the injection of 

1 mL of oleic acid and waiting a further 2 minutes. After cooling the solution down to room 

temperature, the CdSe nanoparticles were precipitated by adding excess ethanol and then 

harvested by centrifugation. The resulting powder was redispersed in 10 mL of chloroform as 

a CdSe stock solution.  CdZnS shell coating: trioctylamine (8 mL), CdSe stock solution (2 mL), 

Zn(oleate)2 stock solution (400 μL) and Cd(oleate)2 stock solution (200 μL) were mixed in a 

flask. Then, the mixture was degassed under vacuum for 1 hour and heated to 300 ℃ under the 

argon atmosphere. A mixture of 4.4 mL of trioctylamine and 0.6 mL of TOPS was slowly added 

to the hot solution using a syringe pump at the rate of 10 mL h-1. The final solution was kept at 

300 ℃ for 2 hours. The core/shell CdSe@CdZnS nanoparticles were precipitated by ethanol 

and finally dispersed in cyclohexane.  

Synthesis of ZrO2 nanoparticles: ZrO2 nanoparticles were prepared by a non-hydrolytic 

solution-based reaction. [21] trioctylphosphine oxide (TOPO) (10 g) was heated at 150 ℃ for 30 

minutes under vacuum. After cooling the solution temperature to 60 ℃ under the N2 

atmosphere, zirconium (IV) isopropoxide propanol complex (1.56 g) and ZrCl4 (1.16 g) were 

added into the solution. The resulting mixture was then heated to 340 ℃ and further heated for 

2 hours at 340 ℃ to ensure a complete reaction. After cooling the system down to 80 ℃, 20 

http://apps.isiknowledge.com/full_record.do?product=WOS&search_mode=GeneralSearch&qid=6&SID=4B3mhF2iJNim11e8fNI&page=1&doc=2&cacheurlFromRightClick=no
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mL of acetone was added to yield a white precipitate, which was isolated by centrifugation and 

subsequently washed with a cyclohexane/acetone mixture to remove extra surfactant. The 

resulting powder was redispersed in cyclohexane.  

Synthesis of NaYF4:Yb,Er nanoparticles: Upconversion fluorescent NaYF4:18%Yb, 2%Er 

nanoparticles were synthesized according to a reference.[24] YCl3·6H2O (242.7 mg), 

YbCl3·6H2O (70.0 mg), and ErCl3·6H2O (7.6 mg) were dissolved in 2 mL of methanol first and 

then mixed with oleic acid (6 mL) and 1-octadecene (15 mL) in a 100 mL three-neck flask. The 

solution was degassed at 150 ℃ under Argon for 30 min and then cooled down to room 

temperature. 10 mL of a methanol solution containing NaOH (0.1 g) and NH4F (0.1481 g) were 

added and stirred for 30 minutes. After that, the solution was slowly heated to 110 °C and kept 

at 110 ℃ for 30 minutes to remove methanol and a small amount of water. During this period, 

one neck of the flask was left open under the flow of Argon. Then, the solution was quickly 

heated to 320 ℃ and aged for 1 hour under argon protection. After the solution was cooled 

down, acetone was added to precipitate the nanoparticles. The final NaYF4:Yb,Er nanoparticles 

were redispersed in cyclohexane after washing with cyclohexane/acetone two times. 

Synthesis of NiO nanoparticles: The NiO nanoparticles were synthesized by the hot injection 

method, according to a previous report.[22] Typically, triphenylphosphine (5 g) was heated at 

120 ℃ for 30 minutes under vacuum, and then the temperature was increased to 230 ℃ under 

the argon atmosphere. After that, a mixture of nickel (acetylacetonate)2 (0.5 g) and oleylamine 

(2 mL) was quickly injected, and the solution was aged for 20 minutes. After cooling down to 

160 ℃, the solution was bubbled with air for 1 hour. Ethanol was added to the solution to 

precipitate NiO nanoparticles, which were then retrieved by centrifugation. The final black 

powder was redispersed in cyclohexane after washing two times. 
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Assembly of nanoparticles at polymer/water interface: The nanoparticle shells were assembled 

in emulsion oil droplets by evaporating the low-boiling-point solvent (the oil phase). In a typical 

experiment, 1 mL of a cyclohexane solution of nanoparticles (5 mg) was completely mixed 

with poly(1-decene) (3 mg) by sonication in an ultrasonic cleaner for 10 min and then added 

into an aqueous solution of SDS (56 mg SDS completely dissolved in 10 mL of H2O by 

sonication for 3 min) in 20 mL glass vial, followed by sonication for 4 min. The mixture was 

then heated to 65 ℃ in a water bath for 4 hours. After that, the reaction solution was cooled 

down to room temperature. The final products were washed with water one time and redispersed 

in 3 mL of water.  

Silica coating/calcination/silica removal for nanoparticle shells: The nanoparticle shells were 

coated with a layer of SiO2 by using a modified Stöber process. Typically, the above aqueous 

solution of nanoparticle shells (3 mL) was first mixed with ethanol (20 mL) and ammonium 

hydroxide (1 mL, 28%) an aqueous solution. Then tetraethyl orthosilicate (TEOS) (30 µL) was 

injected into the solution and reacted for 20 min under vigorous stirring. The core/shell 

superstructures were collected by centrifugation and washed with ethanol three times. After 

drying under vacuum overnight, the precipitate was heated to 600 °C for 2 hours in air using a 

heating rate of 5 ℃ min-1 to remove organic agents. Then the calcined particles were dispersed 

in NaOH aqueous solution (1 M) for 3~4 hours under stirring to remove the silica shell. The 

final nanoparticle shells were collected by centrifugation and washed with distilled water 

several times.  

Supporting Information  

Supporting Information is available from the Wiley Online Library or from the author. 
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A general strategy is developed for the fabrication of submicron hollow superstructures by 

controlling the phase separation of nanoparticles from polymer additives confined within an 

oil-in-water emulsion droplet. The resulting hollow superstructures can be further stabilized by 

calcination, producing water-dispersible free-standing hollow superstructures. 
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