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ABSTRACT:  Within the field of crystal growth it is recognized that secondary species can sometimes be 

occluded within a growing crystal according to the crystallization conditions and pairing of the additive 

and host crystal.  This article takes inspiration from this phenomenon to create multifunctional inorganic 

nanocomposites with unique structures – inorganic single crystals containing embedded inorganic 

nanoparticles.  Using magnetite (Fe3O4)/ ZnO as a suitable test system, ZnO crystals are precipitated from 

aqueous solution at 90 oC and atmospheric pressure in the presence of Fe3O4 nanoparticles functionalized 

with anionic diblock copolymers.  Analysis of product nanocomposite crystals using atomic absorption 

spectroscopy shows that the Fe3O4 nanoparticles are embedded within the ZnO single crystal hosts at 

levels of approximately 10 wt%, while TEM analysis shows that there is no apparent discontinuity between 

the nanoparticles and host crystal matrix.  Importantly, we then demonstrate that this occlusion approach 

can also be employed under hydrothermal conditions at 160 oC, without a loss in occlusion efficiency. This 

offers an important advance on our previous occlusion studies, which were all conducted at room 

temperature, and vastly increases the range of target materials that can be generated using our synthesis 

approach.  Finally, measurement of the magnetic properties of these nanocomposites shows that they 

retain the attractive features of the wide band-gap semiconductor ZnO, while benefiting from added 

magnetism.   
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INTRODUCTION 

Effective routes for fabricating inorganic nanocomposites promise the ability to engineer the 

compositions, structures and properties of materials at the nanoscale and mesoscale, creating multi-

functionality and potentially even novel properties.1 A range of approaches have been used to construct 

nanocomposites, including traditional methods such as mechanical mixing and annealing, which gives 

relatively poor control over the nanostructure, or vapor phase deposition processes which are commonly 

used to generate lamellar-type structures.2, 3 Spinodal decomposition can generate nanoparticles within a 

crystalline matrix, but it is difficult to precisely control the size, distribution and shapes of such occlusions.4 

More complex geometries can be formed via top-down processing or templating,5 and chemical solution 

processing can be used to create materials such as thin films incorporating metal NPs.6, 7 Nanocomposites 

can also be formed via the assembly of pre-formed nanoparticles, where random networks of 

nanoparticles have been created as gels or aerogels,8-10 and ordered structures can be generated as 

nanoparticle superlattices.11, 12 These structures promise interesting properties including tunable 

conductivity13 and enhanced energy transfer.14  

 

This article describes an alternative strategy for synthesizing inorganic nanocomposites with unique 

structures; embedding inorganic nanoparticles within inorganic single crystals. The occlusion of 

nanoparticles within single crystals rather than amorphous or polycrystalline matrices has the potential to 

generate a new class of materials, where the elimination of grain boundaries can enhance properties such 

as conductivity,15 optical16 or mechanical properties.17  Indeed, superior properties were observed even 

on embedding quantum dots within the individual domains of polycrystalline organo-perovskites.18 

Further, by encapsulating the nanoparticles within a single crystal host, they are also entirely isolated/ 

protected from the environment. A number of methods have been used to occlude inorganic nanoparticles 

within single crystals, including the coprecipitation of NaCl with quantum dots functionalised with short 

chain thiols,19, 20 or MOFs with nanoparticles functionalized with a non-ionic hydrophilic polymer, poly(N-

vinylpyrrolidone) (PVP).21 Alternatively, calcite (CaCO3) has been precipitated in the presence of gels 

impregnated with nanoparticles.22, 23 All of these approaches tend to give relatively low levels of occlusion.   

 

Inspired by the composite structures of single crystal biominerals, in which proteins are embedded within 

the crystal lattice,24, 25 we have developed an alternative approach in which particles functionalized with 

copolymer chains are used as simple growth additives. Using the common biomineral calcite as a host 

crystal, early work demonstrated that organic particles functionalized with surface chains can be occluded 



3 

 

within calcite single crystals at levels as high as 30 vol%.17, 26, 27  We then extended this strategy to occlude 

block copolymer-functionalized inorganic nanoparticles within calcite.28, 29  

 

The current study demonstrates that this assembly-based method can also be employed to generate multi-

functional inorganic nanocomposites. Using ZnO/ magnetite (Fe3O4) as a suitable model system, we show 

that magnetite nanoparticles functionalized with a poly(methacrylic acid)-poly(potassium 3-sulfopropyl 

methacrylate) (PMAA-PKSPMA) diblock copolymer (Figure 1a) are occluded within the ZnO wurtzite lattice 

at levels of 10 wt% under typical aqueous reaction conditions at 90 oC. We also make an important advance 

in our assembly-based synthesis strategy by demonstrating for the first time that it can also be employed 

under hydrothermal conditions; near identical occlusion levels were achieved when the ZnO/ magnetite 

nanocomposites were synthesized under hydrothermal conditions at 160 oC. These experiments 

demonstrate that this copolymer-directed occlusion strategy provides a novel and effective means for 

synthesizing inorganic nanocomposites, where access to hydrothermal conditions opens the door to the 

synthesis of a wide range of functional materials. 

 

RESULTS 

ZnO was selected for study as it can be formed as micron-scale crystals under moderate reaction 

conditions (aqueous solution, < 100 oC), which enables us to clearly demonstrate that the  associated 

nanoparticles are occluded within the crystals rather than adsorbed to their surfaces, and because this 

semiconductor attracts significant attention as a potential cheap, transparent, conducting oxide with a 

band gap in the near UV.30-32 By then incorporating magnetite (Fe3O4) nanoparticles within ZnO we 

combine two materials with contrasting functionalities, where ZnO/ Fe3O4 nanocomposites have attracted 

interest due to possible applications in areas including optoelectronic and spintronic devices,33-36 

photocatalysis,37-39 cancer immunotherapy,40 water detoxification,41 and microwave absorption.42 

 

The double-hydrophilic diblock copolymer PMAA-PKSPMA (Figure 1a) was selected as a suitable stabilizer 

for the magnetite nanoparticles (MNPs) and was synthesized using reversible addition-fragmentation 

chain transfer (RAFT) polymerization.43 The PMAA block was prepared first in ethanol at 70 °C using ACVA 

initiator and a trithiocarbonate-based RAFT agent (see Experimental). After purification via dialysis, the 

near-monodisperse PMAA23 precursor was chain-extended using KSPMA in aqueous solution, with 

essentially full conversion being achieved within 18 h at 70 °C. The carboxylate-functionalized PMAA block 

was expected to bind strongly to the magnetite, and the sulfonate-functionalized chains to form a corona 
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around the MNPs. The PKSPMA block then acts as an electrosteric stabilizer, ensuring the colloidal stability 

of the MNPs in the crystal growth solution, and enables their strong binding to the growing ZnO crystals 

and thus their occlusion within the ZnO lattice. That binding of the block copolymer to the magnetite 

particles occurs via the PMAA block was demonstrated by the relatively weak pH-dependence of the zeta 

potential of the copolymer-stabilized particles, which is consistent with the strongly acidic PKSPMA block 

acting as the stabilizer block. Naked magnetite sols, by comparison, exhibited positive zeta potentials from 

pH 2 to 7, negative zeta potentials from pH 7 to 12 and an isoelectric point at pH z 7 (see Figure S1). 

 

Block copolymer-functionalized magnetite nanoparticles (PS-MNPs) were then generated on precipitation 

of magnetite (Fe3O4) in the presence of the PMAA-PKSPMA copolymer using established methods (Figure 

1a). That the nanoparticles were magnetite was confirmed by powder-XRD (p-XRD) (Figure S2), while 

transmission electron microscopy (TEM) analysis showed that they had mean diameters of 4 – 10 nm 

(Figure 1b). High resolution TEM (Figure 1c) and electron diffraction (Figure 1d) also confirmed that the 

nanocrystals were magnetite.  In making this analysis it is noted that these diffraction-based techniques 

cannot distinguish between magnetite and maghemite.44  However, the black color of the nanoparticles 

and their Raman spectra suggest that the particles are principally magnetite.  Thermogravimetric analysis 

(TGA) was used to investigate their compositions, and showed that the PS-MNPs underwent a 6.8 wt% loss 

up to 200 oC, which is attributed to dehydration, and a further 36.7 wt% loss up to 550 oC, which is 

attributed to copolymer  pyrolysis (Figure S3). This shows that the PS-MNPs comprise 37 wt% copolymer 

PMAA-PKSPM, 56 wt% Fe3O4 and 7 wt % water, and demonstrates the presence of a substantial copolymer 

shell around the inorganic nanoparticles. 

 

Having generated suitable copolymer-functionalized nanoparticles, we then investigated their occlusion 

within ZnO crystals, where ZnO was precipitated from aqueous solution at 90 oC in the presence of 

hexamethyltetramine (HMTA) using established protocols.45  Initial control experiments were performed 

over a range of solution compositions in the absence of the copolymer-stabilized MNPs (PS-MNPs), and 

crystalline ZnO with the wurtzite structure was generated in all cases, as confirmed by powder XRD (Figure 

S2). Morphological examination of the crystals using scanning electron microscopy (SEM) showed that the 

sizes and degrees of aggregation of the rods varied according to the concentration of HMTA and Zn2+46 in 

the reaction solution (Figure 2). The rods had lengths of 3.36 m (SD 0.55) and aspect ratios of 6-8 at [Zn2+] 

= [HMTA] = 0.5 mM (Figure 2a), and lengths of 3.43 m (SD 0.62) and aspect ratios of 7-10 at [Zn2+] = 

[HMTA] = 1 mM (Figure 2b). They were principally non-aggregated under both sets of conditions and the 



5 

 

rods formed at reagent concentrations of 1 mM were particularly uniform in size. Further increase in the 

[Zn2+] = [HMTA] to 1.5mM led to the formation of flower-like bundles of individual rods of 1.6 m (SD 0.35) 

in length (Figure 2c), where a low magnification image is shown in Figure S4. 

 

Addition of the PS-MNPs to the ZnO precipitation caused significant changes in the sizes and shapes of the 

ZnO crystals (Figure 3), while p-XRD confirmed that they were still wurtzite. A change from rod-like to 

barrel-shaped occurred on addition of 0.168 mg mL-1 PS-MNPs to reactions of composition [Zn2+] = [HMTA] 

= 0.5 mM, such that the crystals were  0.53 m (SD 0.086) in length and 0.31 m (SD 0.046) in diameter 

and exhibited highly roughened surfaces (Figure 3a). Doubling the concentration of PS-MNPs to 0.336 mg 

mL-1 resulted in the formation of small hexagonal crystals with a broad range of diameters (0.4 – 1 m) 

(Figure 3b), while a further increase to 0.504 mg mL-1 PS-MNPs generated a film of ZnO crystallites (Figure 

S5). The reaction conditions were therefore further varied to obtain well-defined ZnO particles in the 

presence of the PS-MNPs.  Holding the concentration of PS-MNPs constant at 0.168 mg mL-1 while 

increasing [Zn2+] = [HMTA] to 1 mM gives 1.015 m (SD 0.2)  0.357 (SD 0.049) m rods with significantly 

smoother surfaces than those generated at [Zn2+] = [HMTA] = 0.5 mM (Figure 3c), while further increase 

to [Zn2+] = [HMTA] = 1.5 mM generated marginally larger rods of sizes 2  0.5 m (Figure S6). Precipitation 

of ZnO in the presence of the highest concentration of PS-MNPs (0.504 mg mL-1) at [Zn2+] = [HMTA] = 1.0 

mM and 1.5 mM failed to yield any improvement in particle uniformity, and flake-like particles of ZnO were 

produced (Figure 3d and Figure S7).  This pattern of morphological changes mirrors that seen on 

coprecipitation of ZnO with carboxylated latex particles,45, 47 where blocking of growth along the c-axis by 

the particle additives causes a reduction in aspect ratio and ultimate formation of flake-like particles.  

 

The ZnO/PS-MNP nanocomposite crystals were then subjected to detailed characterization to determine 

the efficiency of occlusion, and the location of the occluded PS-MNPs within the ZnO crystal matrix. Atomic 

absorption (AA) analysis was used to quantify the amounts of MNPs occluded, where this was conducted 

after cleaning the surfaces of the ZnO/PS-MNP particles to remove any adsorbed nanoparticles; the values 

determined therefore correspond to NPs occluded within the ZnO crystals only. While AA analysis after 

sonicating the ZnO/PS-MNP crystals in water yielded a value of 16 ± 2 wt % polymer-coated nanoparticles 

in the nanocomposites, AA of crystals that had been sonicated in 10 % sodium hypochlorite for 30 min 

yielded a value of 10 wt% PS-MNPs. This indicates the surface adsorption of PS-MNPs, where these are 

removed via oxidative decomposition of the copolymer by the hypochlorite.  This procedure is standard 

practice to remove surface-bound and intracrystalline organic molecules from biominerals.48 The 
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nanocomposite crystals were also characterized using Raman microscopy, where the resultant spectrum 

is shown in Figure S8a, together with spectra for the PS-MNPs, pure ZnO and the copolymer.  The ZnO/PS-

MNP crystals exhibit the ZnO E2 modes at 330 and 437 cm-1,49 together with the principal peak for 

magnetite at 667 cm-1,50 and bands from the polymer at 637 and 798 cm-1.  It is noted that iron oxides and 

oxyhydroxides are poor light scatterers,51 such that the magnetite peak is of low intensity as compared 

with the ZnO peaks.    Magnetite also readily converts to haematite under irradiation with the Raman laser 

(Figure S8b).50, 51  The spectrum of maghemite is distinct from that of magnetite, showing clear peaks at 

350, 512 and 664 cm-1.50, 51

 

Individual nanocomposite crystals were analyzed by TEM to determine their location within the ZnO 

crystals. Crystals precipitated under reagent concentrations of [Zn2+] = [HMTA] = 0.5 mM and 0.336 mg mL-

1 PS-MNPs were selected for analysis as these hexagonal crystals are sufficiently thin for analysis (Figure 

4a). Selected area electron diffraction (SAED) of individual particles confirmed that they were single 

crystals of ZnO (Figure 4b) and that they contained magnetite.  Weak scattering spots corresponding to 

the occluded magnetite (311) were observed when the crystals were tilted off-zone using a double-tilt 

holder; this procedure reduces the intensity of diffraction from the majority ZnO phase (Figure 4c). The 

corresponding TEM images of the nanocomposite crystals then revealed the locations of the MNPs within 

the ZnO lattice (Figure 4d). While the similarity in atomic number of Fe and Zn means that they exhibit 

similar contrast in the TEM, particles 4 – 10 nm in size corresponding to the MNPs can be clearly seen 

within the ZnO. High resolution TEM (HRTEM) images were also recorded and showed that the MNPs are 

embedded within the ZnO matrix with no apparent loss in the continuity of the ZnO lattice (Figure 4e).  

 

Having demonstrated that our one-pot method can be used to achieve efficient occlusion of inorganic 

nanoparticles under moderate reaction conditions, we then extended our study to investigate whether 

this strategy remains viable under hydrothermal conditions. Not only do ZnO particles precipitated under 

hydrothermal conditions exhibit superior properties to their counterparts synthesized at lower-

temperatures,52 but hydrothermal synthesis also opens the door to a wide range of functional materials 

that cannot be formed at moderate conditions. These experiments were conducted for 12 h at 160 oC in a 

Teflon bomb, using reagent concentrations of [Zn2+] = [HMTA] = 5 mM.  Large, acicular ZnO crystals as 

bundles of rods 7 m (SD 1.4) in length were generated in control experiments in the absence of PS-MNPs 

(Figure 5a), while addition of PS-MNPs at 3.36 mg mL-1 induced the formation of 2.35 m (SD 0.54) 

particles with well-defined, double-barrelled morphologies (Figure 5b). 
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The crystals were then characterized to determine the efficiency of PS-MNP occlusion under these more 

extreme conditions. Atomic absorption demonstrated occlusion of  9 wt% PS-MNPs after hypochlorite-

treatment, where this is comparable to the  10 wt% achieved under the standard conditions.  Samples 

for TEM analysis were prepared by grinding the crystals to create a fragment thin enough for analysis 

(Figure 6a).  SAED of this sample clearly showed rings corresponding to magnetite superimposed on a ZnO 

single crystal pattern (Figure 6b) and bright field imaging revealed the presence of nanoparticle occlusions 

within the ZnO lattice (Figure 6c).  Finally, dark field imaging was performed, where the magnetite 

nanoparticle diffracting as the circled rings in Figure 6b become clearly visible (Figure 6d). 

 

Finally, the magnetic properties of the ZnO/PS-MNP nanocomposite crystals were investigated using a 

vibrating sample magnetometer (SQUID-VSM) with a sensitivity > 10-8 emu over the temperature range 2 

K to 350 K.  Analysis of the copolymer-stabilized magnetite nanoparticles (PS-MNPs) and the ZnO/ PS-MNP 

nanocomposite crystals (produced under “standard conditions” at 90 oC and under hydrothermal 

conditions) showed that all samples are superparamagnetic at room temperature, exhibit saturation 

magnetizations of 3-4 emu g-1 and become ferromagnetic, with zero coercivity, below the blocking 

temperature (Figure 7). However, differing blocking temperatures were observed. The PS-MNPs and 

standard ZnO/PS-MNP samples have values of 92 ± 2 K, in good agreement with reported studies of 10 nm 

diameter Fe3O4 nanoparticles.53 In contrast, the samples prepared using the hydrothermal method had a 

blocking temperature of just 53 K. The blocking temperature is proportional to the product of the magnetic 

anisotropy, K1, and the particle volume, V.  Given that the particle size does not change, this implies a 

change in magnetic anisotropy of 40 %, which would lead to a K1 value of  2.7 x 105 erg/cc.53 This is 

consistent with an improvement in the quality of the magnetite nanoparticles on heating under 

hydrothermal conditions, as is also suggested by the observed changes in magnetization of this sample. 

 

Looking then at the magnetization curves (Figure 8), the PS-MNPs have a net magnetization of 44 emu g-1 

Fe3O4 at low temperatures and fields of 5 T, where this is calculated based on a composition of 56 wt% 

Fe3O4. This is not far from the 80 emu g-1 reported in the literature for 10 nm crystalline Fe3O4 

nanoparticles, as measured at low temperatures.53 The lower value recorded here suggests that the 

magnetite nanoparticles employed here are poorly crystalline, as is often observed for synthesis in the 

presence of polymers, and they may also exhibit an Fe2O3 surface layer which can cause magnetization 

changes.54 The ZnO/PS-MNP crystals synthesized at 90°C (which comprise 10 wt% PS-MNPs and thus 5.6 
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wt% Fe3O4) have a magnetization of 38 emu g-1 Fe3O4, which indicates little change in the magnetite 

nanoparticles on occlusion in the ZnO at 90 oC. For the nanocomposite crystals synthesized by the 

hydrothermal method, however, we obtain a significantly higher value of 62 emu g-1 Fe3O4 (where these 

comprise 9 wt% PS-MNPs and thus 5.0 wt% Fe3O4), which is very close to the values reported for high 

quality spherical particles of a similar size.53 The higher magnetization in hydrothermal samples may be 

due to an improved structure achieved via the higher synthesis temperature of 160° C. The low 

temperature coercivity HC is proportional to the ratio of the anisotropy over the saturation magnetization: HC ∝ K/MS. A 40% lower anisotropy and 50% higher magnetisation for the hydrothermal samples should 

lead to a 60-70% lower coercivity. This is consistent with the low temperature hysteresis loops (insets in 

Figure 8), which show an HC of 25 mT for copolymer/standard samples and 10 mT for samples prepared 

via the hydrothermal method. 

 

DISCUSSION 

A wide range of approaches have been used to create nanocomposites based on ZnO. Nanoparticle and 

ZnO formation can be performed simultaneously, such as in the creation of thin films of ZnO nanorods 

decorated with metal nanoparticles using vapor-deposition methods,55 or the use of solid state annealing 

of Zn and Fe2O3 to generate Fe3O4 nanoparticles embedded in a ZnO film.35 Solvothermal and hydrothermal 

routes have been employed to generate ZnO rods supporting Ag nanoparticles,56 and hollow Ag/ZnO 

microspheres respectively,57 while mixed ZnO/CuO “mesocrystal” nanocomposites were formed on 

annealing the metal precursor solutions with an amphiphilic triblock copolymer.58 Multi-step processes 

have been used to generate nanoparticles with well-defined core/shell structures, such as Fe2O3/ZnO,59 

and Fe3O4/ZnO,37 while a range of core/shell structures have been formed on partial conversion of ZnO 

microspheres. Nanoparticles can also be precipitated on the surfaces of pre-synthesized ZnO, such as Au 

on mesoporous ZnO particles.60 In all of these methods it can be challenging to achieve control over the 

size and properties of the associated nanoparticles. This problem can be overcome by the adsorption of 

pre-made nanoparticles to the ZnO,37 or alternatively, co-precipitation in the presence of pre-made 

nanoparticles. The latter route was used to occlude glycine-functionalized Fe3O4 nanoparticles in 

polycrystalline ZnO microspheres, leading to effective loading.41 

 

The strategy demonstrated here – in which we embed inorganic nanoparticles within a single crystal host 

via a one-pot method – is a relatively unexplored route to generating inorganic nanocomposites. This 

approach offers the advantages that we employ pre-synthesized nanoparticles, such that we can profit 



 

 

9 

from the vast knowledge that is available about controlling nanoparticle synthesis, and that we occlude 

the nanoparticles within a single crystal lattice. With the absence of grain boundaries, this can also to lead 

to an enhancement of properties such as electrical conductivity.15 The nanoparticles are also entirely 

isolated within the host crystal lattice, preventing their exposure to the environment.   

 

Considering then the incorporation of “occlusion species” within single crystals in more detail, this 

phenomenon has been recognized for hundreds of years in the ability to color certain single crystals with 

partner dye molecules.61 A further well-studied example is offered by the field of biomineralization, where 

single crystal calcite and aragonite biominerals invariably occlude biomacromolecules at levels of  0.1-1 

wt%.62  Building on these observations, recent work has shown that certain amino acids can be occluded 

within synthetic calcite crystals,63, 64 and ZnO,65 and labelled biomolecules in calcium oxalate.66 Particle 

occlusion during solution-phase crystallization, by comparison, is currently only recognized in a few crystal 

systems, including quantum dots/ NaCl or borax (with quite low levels of occlusion),19, 20 Au nanoparticles/ 

MOFs,21 and organic and inorganic nanoparticles in calcite (CaCO3).17, 26-29 It is also well-established that 

poly(styrene-acrylic acid) latex nanoparticles, prepared by miniemulsion polymerization, can be effectively 

occluded within ZnO single crystals.45, 47 Similar occlusion has also been obtained using sulfate-based 

anionic diblock copolymer nanoparticles.67 

 

Insight into the mechanism by which the particles become occluded into single crystals has only been 

obtained for the calcite system, where in situ AFM was used to image the occlusion of block copolymer 

micelles. The nanoparticles were seen to bind specifically to the step edges (negligible binding to the 

terraces is observed), which then experience little or no inhibition by the adsorbed micelles.68 Further, the 

micelles experience significant compression during occlusion, which generates local lattice strain and the 

formation of a transient cavity.  AFM has also been used to show that calcite grows around islands of 

stearic acid molecules adsorbed to planar {104} faces, thereby incorporating them into the crystal lattice.69 

That these particles can be occluded while not affecting crystal growth may simply be dependent on the 

concentration of the additive used. Indeed, aspartic acid is very efficiently occluded at low 

concentrations,63 but gives no signature of this behavior in the crystal morphology or AFM growth studies 

until higher concentrations are reached.  

 

While the growth of calcite is well-characterized, many questions remain concerning the growth of ZnO. 

The last few decades have seen huge advances in our understanding of crystal growth mechanisms, and it 
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is now recognized that many (insoluble) nanoparticles grow via non-classical mechanisms based on the 

oriented aggregation of precursor particles.70  Studies of the growth of ZnO crystals have suggested that it 

can grow both via classical and non-classical routes, depending on the experimental conditions.71, 72  

Precipitation from alcohol solutions,71, 72 or aqueous solution in the presence of organic additives73 have 

provided strong evidence of aggregation-based growth, while analysis of growth kinetics in solution has 

also provided a good fit to classical models of crystal growth.46, 74  Based on the literature it is therefore 

not possible to identify the mechanism by which ZnO grows in the two sets of experiments performed 

here. However, given that the product crystals are micron-scale, it is likely that the much of the growth 

occurs under a classical regime and that the particles are occluded via binding to step edges or even 

terraces in a similar mechanism to that operating in the calcite system. 

 

CONCLUSIONS 

Inorganic nanocomposites comprising Fe3O4 (magnetite) nanoparticles embedded within a ZnO single 

crystal host can be generated using a simple, one-pot method in which copolymer-functionalized 

nanoparticles are employed as simple crystal growth additives in reactions performed in aqueous solution 

at 90 oC.  Importantly, we also show for the first time that effective occlusion can still be achieved under 

hydrothermal conditions at 160 oC for 12 h.  Our previous body of work focused on the formation of 

occlusions ranging from 200 nm particles to organic and inorganic nanoparticles to small molecules within 

calcite (CaCO3), where calcite was selected as a suitable model system as it is well-recognized to readily 

occlude various additives, including biomacromolecules75 and gels.76  The reported successful extension 

of our approach to a functional host crystal and more extreme hydrothermal reaction conditions therefore 

suggests that our strategy could be applied to a range of inorganic/inorganic nanocomposite single 

crystals. 
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Figure 1. (a) Scheme describing the preparation of Fe3O4 magnetic nanoparticles stabilized by PMAA23-

PKSPMA200 (MNPs), (b) TEM image of magnetite nanoparticles (c) high resolution TEM image of an 

individual nanoparticle and (d) selected area electron diffraction pattern of magnetite nanoparticles.  
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Figure 2.  SEM images of ZnO crystals precipitated from aqueous solution at 90 oC, from reagent solutions 

of concentrations [Zn2+] = [HMTA] = (a) 0.5 mM, (b) 1 mM and (c) 1.5 mM.  
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Figure 3.  SEM images of ZnO crystals precipitated in the presence of PS-MNPs from aqueous solution at 

90 oC. (a) Reagent solutions of [Zn2+] = [HMTA] = 0.5 mM, and 0.168 g mL-1 PS-MNPs, (b) [Zn2+] = [HMTA] 

= 0.5 mM, and 0.504 g mL-1 PS-MNPs, (c) [Zn2+] = [HMTA] = 1 mM, and 0.168 g mL-1 PS-MNPs and (d) 

[Zn2+] = [HMTA] = 1.5 mM, and 0.504 g mL-1 PS-MNPs. 
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Figure 4. TEM micrographs of ZnO/PS-MNP nanocomposite crystals precipitated from aqueous solution at 

90 oC.  (a) Typical image of particles showing a hexagonal cross section and double-barrelled morphology, 

(b and c), selected area diffraction patterns of a ZnO/PS-MNP nanocomposite crystal corresponding to 

single crystal wurzite (zone axis 001) (c) after tilting off-axis, rings/spots corresponding to the (311) 

reflection of magnetite can be observed. (d) TEM image of MNPs distributed throughout the ZnO crystal.  

(e) A high resolution TEM image of magnetite nanoparticles within the continuous lattice of ZnO. 
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Figure 5. (a and b) SEM images of ZnO crystals prepared using a hydrothermal method at 160 oC for 12 h 

with [Zn2+] = [HMTA] = 5 mM (a) in the absence of PS-MNPs, and (b) in the presence of 3.36 g mL-1 PS-

MNPs.   
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Figure 6.  TEM analysis of ZnO/PS-MNP nanocomposite crystal prepared using a hydrothermal method at 

160 oC for 12 h with [Zn2+] = [HMTA] = 5 mM in the presence of 3.36 g mL-1 PS-MNPs, where (a) a flake 

thin enough for analysis was prepared by grinding.  (b) Selected area electron diffraction pattern of the 

area shown be a yellow square in (a), showing a single crystal pattern corresponding to ZnO and rings 

corresponding to magnetite.  (c) Bright field TEM image of the area in the yellow box and (d) corresponding 

dark field image of the same area, in which the diffracting MNPs (the circled rings were selected) appear 

bright.  
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Figure 7. Thermomagnetic zero-field-cooled/field-cooled (ZFC/ FC) curves of (a) PS-MNPs, (b) ZnO/PS-

MNP crystals prepared under standard conditions and (c) ZnO/PS-MNP crystals prepared under 

hydrothermal conditions.  The magnetization values are given wrt to the amount of magnetite present in 

each sample.  
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Figure 8.  (a) Magnetization loops measured at 300 K and low temperature (insets) of (a) PS-MNPs, (b) 

ZnO/PS-MNP crystals prepared under standard conditions and (c) ZnO/PS-MNP crystals prepared under 

hydrothermal conditions. The magnetization values are given wrt to the amount of magnetite present in 

each sample 

 


