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Tin oxide nanoparticles can be assembled into micron-sized

hollow capsule structures through a simple mixing procedure

based on charge-mediated polymer aggregate templating.

Nanoparticle (NP) assembly represents a popular route towards

the synthesis of advanced materials.1,2 NPs can be prepared out of

most compositions and in uniform sizes and shapes, and can

exhibit useful size-dependent optical, electronic, and catalytic

properties.3 By treating NPs as building blocks for ‘‘supra-

nanoparticulate’’ structures, e.g., superlattices, microspheres, and

nanowires,2 one may be able to exploit these nanoscale properties

for applications. We recently reported the assembly of silica NPs

into micron-sized capsules using cationic polymer like polyallyla-

mine hydrochloride (PAH) and multivalent anion like ethylene-

diaminetetraacetate (EDTA).4,5 This NP assembly route occurs at

room temperature, in water, and at mild pH values, allowing for

the encapsulation of sensitive compounds without damage.6 These

nanoparticle-assembled capsules (NACs) should find uses in

medicine, foods, and cosmetics, among others, as an alternative

to vesicles and other hollow shell materials.

The silica NPs are not optically, electronically, or catalytically

active, and neither are the silica microcapsules. Here, we describe

the synthesis of semiconductor microcapsules using tin oxide

(SnO2) NPs, PAH, and phosphate anions, and show that the

microcapsules exhibit the size-dependent optical properties of the

SnO2 NP building blocks. SnO2 is a metal oxide semiconductor

used in sensors, solar cells, photocatalysis, and displays.7 A SnO2-

based material in a spherical shell construct could provide

interesting functions to these applications as an optically active

encapsulation device.

The general formation mechanism of NACs is a two-step

process, as previously described.4 Briefly, a cationic polymer

solution (PAH) and a multivalent salt solution (phosphate) are

combined, leading to a suspension of polymer aggegates in this

first step (Scheme 1). The anion acts to crosslink ionically multiple

PAH chains to form the aggregates. In the second step, the

polymer aggregate suspension is combined with a NP sol; the

negatively charged NPs (SnO2 NPs) form a multi-layer-thick shell

that is held together by the oppositely charged polymer. This

formation route can be described as polymer aggregate templating.

The interior of the NACs is filled by the polymer aggregate, but it

can also be filled with just water, i.e., no polymer in the core. The

formation of the latter water-filled microcapsules is under

investigation.

In the synthesis of SnO2 NACs, 120 ml of a Na2HPO4 aqueous

solution (0.01 M) is added to 20 ml of PAH water solution

(2 mg/ml, molecular weight y 70 kDa) such that the charge ratio

R = 6. R is defined as the ratio of total negative charge from

phosphate to the total positive charge from PAH. The PAH–

phosphate suspension (pH = 8.4) was mixed for 10 sec and left to

age for 30 min. Then, 120 ml of SnO2 NPs (1.6 wt% in water,

Nyacol Nanotechnologies, Inc.) were added and mixed for 30 sec.

The NPs measured 10–15 nm in hydrodynamic diameter

(measured through dynamic light scattering, Brookhaven,

ZetaPALS with BI-9000AT digital autocorrelator) and 5–10 nm

in diameter through transmission electron microscopy (JEM 2010

with FasTEM system operating at 200 kV; Electronic

Supplementary Information, Fig. S1). The zeta potential of these

NPs (suspended in 0.01 M NaCl solution, pH y 8.7) was

measured to be 222 mV (Brookhaven, ZetaPALS model),

indicating the particle surface was negatively charged. The SnO2

NPs were negatively charged because the pH values of the polymer

aggregate suspension (y 8.1) and the final NACs suspension

(y 8.4) were higher than the pH of point-of-zero charge of SnO2

(pzc y 4–6).8 The as-formed microcapsules, or NACs, were

centrifuged and washed of excess NPs using water.

The SnO2 NACs were characterized through TEM and

scanning electron microscopy (FEI XL-30 Environmental SEM)
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Scheme 1 Schematic of formation of SnO2 microcapsules (‘‘NACs’’)

from SnO2 NPs, PAH, and phosphate anions.
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(Fig. 1a–d). They ranged in diameter size, from 500 nm to 3 mm,

retaining their spherical shape after drying at room temperature

and during microscopy. The shell structure was apparent in dark-

field TEM (Fig. 1c). The shell thicknesses were approximately the

same for the different sized NACs, at about 100 nm. There

appeared to be a distribution in shell thicknesses, but this was not

quantified. SnO2 NPs are crystalline, and at higher magnifications,

they could be identified as individual particles within the shell

(Fig. 1d). The SnO2 NPs are cassiterite (or tetragonal) crystal

phase, according to powder X-ray diffraction (XRD) data

(Electronic Supplementary Information, Fig. S2), with grain sizes

of 3–4 nm. The smaller grain size values relative to NP size suggest

the NPs are not perfect crystals, e.g., twinning. XRD analysis

further indicates that the microcapsules retained the crystal

structure and grain size of the constituent SnO2 NPs.

The location of the polymer was visualized by covalently

binding to PAH the fluorescent molecule fluorescein isothiocya-

nate (FITC, y 1 FITC per chain). Suspended in water, the

resulting NACs were spherical and shell-like under optical

microscopy (Fig. 2a, Carl Zeiss, Axioplan2 model). In the same

imaged NACs, the polymer was clearly present in the shell wall

under confocal mode (Fig. 2b, laser-scanning confocal microscopy,

Carl Zeiss, LSM 510 Meta model).

There is comparatively less polymer in the interior, which

contributes to the hollow nature of the NACs. Thus, we consider

these SnO2 NACs to be water-filled microcapsules with shell walls

composed of SnO2 NPs and PAH. The volatiles content of these

microcapsules (which is PAH) is y 40 wt%, according to

thermogravimetric analysis (TGA, TA Instruments, DT 2960

model). The phosphate content was found to be y 10 wt%, based

on inductively coupled plasma optical emission spectrometry

(Perkin Elmer, OPTIMA-4300 DV model).

The amount of SnO2 NPs per microcapsule was estimated by

assuming monodisperse microcapsules of 2 mm and an average NP

size of 7 nm. The concentrations of typical as-synthesized NACs

were measured in a range of 107–108 capsule/ml through Coulter

counter measurements (Beckman Coulter, Multisizer III model).

Based on these values and TGA analysis, mass balance

calculations indicated that each microcapsule was comprised of

107–108 SnO2 NPs.

The optical properties of SnO2 NACs were measured using

diffuse reflectance UV-vis spectroscopy (Shimadzu, UV2401-PC

model; Harrick Praying Mantis diffuse reflectance attachment;

MgO reference). From the diffuse reflectance UV-vis absorption

spectra (in terms of Kubelka–Munk units F(R‘)9), SnO2 NACs

absorbed significantly only at wavelengths below 330 nm, similar

to SnO2 NPs (Fig. 2c). Bulk SnO2, on the other hand, had a higher

absorbance onset, at around 380 nm, indicative of a lower band

gap energy E0. Assuming the absorbance onset is due to a direct

optical transition, then the band gap energies for bulk SnO2, SnO2

NPs, and SnO2 NACs can be estimated (from (F(R‘) 6 hn)2 vs. hn

curves) to be 3.7 eV, 4.1 eV, and 4.0 eV, respectively.10 These

values are consistent with the literature numbers of bulk SnO2
11

and SnO2 NPs.12 Thus, SnO2 NACs exhibit the optical properties

of the SnO2 NPs.

The average particle size of SnO2 NACs could be adjusted using

polymer aggregate aging time as the synthesis parameter (Table 1).

The PAH–phosphate aggregates (R = 6) grow with aging time,

which is consistent with other polymer–multivalent anion systems

studied earlier, e.g., poly(lysine)–citrate and PAH–ethylenediami-

netetraacetate.4 We recently showed that the polymer aggregates in

general behave as charged colloidal species, consistent with the

classical DLVO theory of colloid stability.5 We also showed that

these aggregates grow through a coalescence mechanism.5

Fig. 1 (a) Brightfield TEM, (b) SEM, and (c,d) darkfield TEM images of

SnO2 NACs (prepared with PAH and phosphate anions, the white dots

are contributed from SnO2 NPs).

Fig. 2 (a) Brightfield optical and (b) confocal image of SnO2 NACs

(prepared with FITC-conjugated PAH and phosphate anions) suspended

in water. (c) UV-vis spectra of SnO2 NACs, dried SnO2 NPs, and bulk

SnO2. (d) SEM of SnO2 NACs prepared after aging PAH–phosphate

aggregates for 5 min instead of 30 min.
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The microcapsules—resulting from the addition of SnO2 NPs to

aggregate suspensions aged from 2 min to 30 min—increased in

size with aggregate aging time (Table 1). The microcapsule sizes

did not scale proportionally with polymer aggregate size, but this

discrepancy could be easily attributed to increasing polydispersity

of aggregates with aging time and the contraction of the NACs

after drying (as observed for other NAC compositions4). While it

is difficult to quantify all the effects of aggregate aging time on

NAC structure (e.g., shell thickness and SnO2 NP per capsule), it is

clear that microcapsule size can be controlled by aggregate aging

time.

NAC synthesis is a versatile example of NP assembly, as guided

by the templating action of cationic-polymer/anionic-salt aggre-

gates. The structurally well-defined microcapsules are composed of

SnO2 NPs and polymer, are stable in suspension and in the dried

form, and are simple to synthesize. These microcapsules exhibit the

nanoscale optical properties of the semiconductor NP building

blocks.
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Table 1 Size characterization of polymer aggregates and microcapsules

Aging
time (min)

Average hydrodynamic
diameter of PAH–phosphate
aggregates (nm)a

Average diameter
of SnO2 NACs (nm)b

2 517 580
5 595 620

10 678 720
15 724 800
20 755 880
25 822 1030
30 850 1110
a Based on size distribution measurements of aqueous suspensions.
b 500 dried NAC particles counted for each sample via SEM.
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