
This is a repository copy of Spatially-Controlled Occlusion of Polymer-Stabilized Gold 
Nanoparticles within ZnO.

White Rose Research Online URL for this paper:
http://eprints.whiterose.ac.uk/141904/

Version: Accepted Version

Article:

Ning, Y, Fielding, LA, Nutter, J et al. (3 more authors) (2019) Spatially-Controlled Occlusion
of Polymer-Stabilized Gold Nanoparticles within ZnO. Angewandte Chemie International 
Edition, 131 (13). pp. 4346-4351. ISSN 1433-7851 

https://doi.org/10.1002/ange.201814492

© 2019 WILEY VCH Verlag GmbH & Co. KGaA, Weinheim. This is the peer reviewed ‐

version of the following article: Ning, Y, Fielding, LA, Nutter, J et al. (3 more authors) 
(2019) Spatially-Controlled Occlusion of Polymer-Stabilized Gold Nanoparticles within 
ZnO. Angewandte Chemie International Edition. ISSN 1433-7851, which has been 
published in final form at https://doi.org/10.1002/ange.201814492. This article may be 
used for non-commercial purposes in accordance with Wiley Terms and Conditions for Use
of Self-Archived Versions.

eprints@whiterose.ac.uk
https://eprints.whiterose.ac.uk/

Reuse 

Items deposited in White Rose Research Online are protected by copyright, with all rights reserved unless 
indicated otherwise. They may be downloaded and/or printed for private study, or other acts as permitted by 
national copyright laws. The publisher or other rights holders may allow further reproduction and re-use of 
the full text version. This is indicated by the licence information on the White Rose Research Online record 
for the item. 

Takedown 

If you consider content in White Rose Research Online to be in breach of UK law, please notify us by 
emailing eprints@whiterose.ac.uk including the URL of the record and the reason for the withdrawal request. 

mailto:eprints@whiterose.ac.uk
https://eprints.whiterose.ac.uk/


    

1 
 

Spatially-Controlled Occlusion of Polymer-Stabilized Gold Nanoparticles 

within ZnO 

Yin Ning,*[a] Lee A. Fielding,[b] John Nutter,[c] Alexander N. Kulak,[d] Fiona C. Meldrum,[d] and Steven 

P. Armes*[a] 

(a) Department of Chemistry, University of Sheffield, Brook Hill, Sheffield, South Yorkshire S3 

7HF, UK.  

(b) The School of Materials, University of Manchester, Oxford Road, Manchester, M13 9PL, UK. 

(c) Henry Royce Institute, Department of Materials Science and Engineering, University of Sheffield, 

Mappin Street, Sheffield, S1 3JD, UK. 

(d) School of Chemistry, University of Leeds, Woodhouse Lane, Leeds, LS2 9JT, UK. 

 

Abstract: In principle, incorporating nanoparticles into growing crystals offers an attractive and highly 

convenient route for the production of a wide range of novel nanocomposites. Herein we describe an 

efficient aqueous route that enables the spatially-controlled occlusion of gold nanoparticles (AuNPs) 

within ZnO crystals at up to 20 % by mass. Depending on the precise synthesis protocol, these AuNPs 

can be (i) solely located within a central region, (ii) uniformly distributed throughout the ZnO host 

crystal or (iii) confined to a surface layer. Remarkably, such efficient occlusion is mediated by a non-

ionic water-soluble polymer, poly(glycerol monomethacrylate)70 (G70), which is chemically grafted to 

the AuNPs; pendent cis-diol side-groups on this steric stabilizer bind Zn2+ cations, which promotes 

nanoparticle interaction with the growing ZnO crystals. Finally, uniform occlusion of G70-AuNPs within 

this inorganic host leads to faster UV-induced photodegradation of a model dye. 

Biominerals provide many wonderful examples of the incorporation of water-soluble 

biomacromolecules within various inorganic crystals, such as bones, teeth and seashells.[1] However, 

incorporating nanoparticles into inorganic crystals is much more challenging.[2] This is because 

crystallization normally favors impurity expulsion, rather than occlusion.[3] Nevertheless, various 

inorganic nanoparticles (e.g. Pt, Au, Fe3O4, quantum dots, etc) have been encapsulated into zeolites,[4] 

metalʹorganic frameworks (MOFs),[5] and ionic crystals,[6] albeit typically at relatively low loadings. In 

related work, inorganic nanoparticles can also be incorporated into CaCO3 (calcite)[7] or Cu2O[8] 

respectively using a gel-trapping or confinement-based strategy. 
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There is a growing number of literature reports describing the occlusion of various anionic 

nanoparticles with appropriate surface functionality (such as carboxylate,[9] sulfonate[10] or sulfate 

groups[11]) within single crystals (e.g. calcite or ZnO). Such wholly synthetic systems provide a new 

approach for the preparation of new nanocomposite crystals, while enabling the convenient 

introduction of color,[7a, 7b] magnetism,[7b] fluorescence[6] or enhanced mechanical properties (e.g. 

hardness).[9b] However, good control over the spatial distribution of guest nanoparticles within 

growing host inorganic crystals has not yet been achieved. 

 

Scheme 1. Schematic representation of spatially-controlled occlusion of poly(glycerol 

monomethacrylate)70-stabilized gold nanoparticles (G70-AuNPs) within ZnO crystals. A twinned 

hexagonal rod-like ZnO crystal is obtained in the absence of any G70-AuNPs (x = 0). In the presence of 

G70-AuNPs, shorter twinned hexagonal ZnO rods are obtained. For x = 0.01 and 0.05, the G70-AuNPs 

are preferentially located within the central region of the rods. In contrast, uniform spatial occlusion 

is achieved for x = 0.10. Finally, if the G70-AuNP addition is delayed for 30 min when using x = 0.025, 

then only surface-confined occlusion is observed. 
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Herein we report efficient, spatially-controlled occlusion of non-ionic poly(glycerol 

monomethacrylate)70-stabilized gold nanoparticles (G70-AuNPs; see supporting information for further 

synthesis and characterization details, Figures S1~S4) within ZnO crystals generated in aqueous 

solution (Scheme 1). It is emphasized that this occlusion strategy differentiates our work from the 

many literature examples of Au/ZnO nanocomposites in which AuNPs are merely adsorbed at the 

surface of ZnO crystals.[12] Serendipitously, we found that G70-AuNPs were efficiently incorporated 

within ZnO crystals generated by heating an aqueous solution containing Zn(NO3)2·6H2O and 

hexamethylenetetramine at 90 °C for 1.5 h. In the absence of any G70-AuNPs, twinned ZnO rods were 

obtained (Figure 1a). In the presence of 0.01 g dm-3 G70-AuNPs (Au core diameter = 4.8 nm), 

nanoparticle occlusion was mainly confined to the central region of the ZnO rods, as indicated by the 

bracket shown in Figure 1b. [In addition, larger G70-AuNPs (Au core diameter = 14 nm) were also 

prepared to aid nanoparticle imaging within the central region of the ZnO rods via SEM, see Figure 

S5]. Using a higher concentration of 4.8 nm G70-AuNPs (0.05 g dm-3) led to a larger central zone (Figure 

1c, see brackets) and, when utilized at 0.075 g dm-3, essentially all the G70-AuNPs are more or less 

uniformly distributed throughout the ZnO crystals (Figure S6). At 0.10 g dm-3, the G70-AuNPs are 

uniformly distributed throughout the whole ZnO crystal (Figure 1d). The selected-area electron 

diffraction (SAED) pattern obtained for the ZnO control (see inset in Figure 1a) confirmed its single 

crystal nature. The same SAED pattern plus an additional ring of diffraction spots corresponding to 

AuNPs was observed for the G70-Au(uniform)/ZnO nanocomposite crystals (see right inset in Figure 

1d). Powder XRD studies confirmed that the ZnO particles always exhibited the wurtzite structure, 

whether they were prepared in the presence or absence of G70-AuNPs (Figure S7). 
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Figure 1. SEM images (left column) and TEM images (right column) obtained for ZnO crystals prepared 

in the presence of various concentrations (x) of G70-AuNPs. (a), x = 0 g dm-3 G70-AuNPs (pure ZnO 

control); (b) x = 0.01 g dm-3; (c), x = 0.05 g dm-3; (d), x = 0.10 g dm-3; The insets in (a) and (d) in the TEM 

images represent selected-area electron diffraction (SAED) patterns recorded for each corresponding 

sample. The inset shown in (b) is a higher magnification TEM image of the indicated region. The left 

inset in (d) is a higher magnification SEM image showing ZnO rods surface-decorated with gold 

nanoparticles (see white dots). The right inset in (d) shows the corresponding SAED pattern, indicating 

the single crystal nature of these ZnO particles and also a ring of diffraction spots assigned to the Au 

(111) planes. The brackets shown in (b) and (c) indicate the spatial location of the AuNPs within the 

central region of the ZnO rods. 
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High-resolution TEM images recorded for ultramicrotomed G70-Au/ZnO nanocomposite crystals 

embedded in epoxy resin confirmed that the G70-AuNPs were incorporated within the host matrix, 

rather than merely being deposited on its surface (Figure 2). By imaging the cross-section parallel to 

the c axis of the ZnO crystals (Figures 2a~2d), G70-AuNPs (which appear darker than the host crystal 

owing to their higher electron density) are clearly preferentially located within the central core of the 

ZnO rods when used at a relatively low concentration of 0.05 g dm-3 (denoted as G70-Au(central)/ZnO, 

Figures 2a~2c). In contrast, a uniform distribution of AuNPs throughout the ZnO crystal was achieved 

at 0.10 g dm-3 (denoted as G70-Au(uniform)/ZnO, Figure 2d). The spatial distribution of AuNPs was 

further examined by imaging cross-sections made perpendicular to the c axis of the G70-Au/ZnO rods 

(Figures 2e~2n). In a control experiment, ultramicrotomed ZnO crystals prepared in the absence of 

any AuNPs exhibited the expected hexagonal shape (Figure 2e).[13] When using 0.10 g dm-3 G70-AuNPs, 

G70-AuNPs were homogeneously occluded throughout the ZnO rods (Figure 2f). At this point, we 

hypothesized that ZnO crystals might also be prepared in which G70-AuNPs are solely located within a 

surface layer. This objective was achieved via delayed addition of the G70-AuNPs during ZnO formation. 

Under such conditions, ultramicrotomed cross-sections indicate that G70-AuNPs are mainly confined 

to a ~35 nm surface layer within the ZnO crystal (denoted as G70-Au(surface)/ZnO), as shown in Figures 

2g and 2h. STEM-EDS elemental mapping for Au and Zn further confirms the surface-confined 

occlusion of AuNPs within the host ZnO crystals (see Figures 2i-2l). 

Figures 2m and 2n show high-resolution TEM images obtained for the G70-Au(uniform)/ZnO sample, 

in which lattice fringes of Au and ZnO can be clearly observed. Importantly, no interfacial amorphous 

ZnO (or G70 layer) between the guest AuNP and host ZnO was observed, see Figure 2n. Further high 

magnification TEM images are shown in Figures S8-S9. Given the presence of the G70 stabilizer chains 

at the surface of the AuNPs, it is perhaps surprising that no distinct interfacial region is observed 

between the AuNPs and the ZnO matrix (Figures 2n). However, the surface density of the G70 chains 

on the AuNPs is calculated (see Supporting Information) to be approximately 0.54 chains nm-2, which 

is relatively low.[14]   

 

Hence ZnO crystal growth can penetrate within the G70 stabilizer layer, leading to intimate contact 

with the AuNP cores. This was confirmed by XPS studies, which indicate a charge transfer interaction 

between Au and ZnO (Figure S10). In this context, it is perhaps noteworthy that Asenath-Smith et al.[8b] 

also reported intimate contact between guest citrate-stabilized AuNPs and host Cu2O crystals. 

Furthermore, Kulak et al.[10] did not observe any interfacial host-guest region for block copolymer-

stabilized magnetite sols occluded within either calcite or ZnO. 
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Figure 2. TEM images of ultramicrotomed cross-sections of G70-Au/ZnO nanocomposite crystals with (a)~(d): 

parallel to the c axis and (e)~(n): perpendicular to the c axis. (a-c) 0.05  g dm-3 G70-Au(central)/ZnO, with (b) and 

(c) representing  magnified regions, as indicated in (a); (d) 0.10 g dm-3 G70-Au(uniform)/ZnO. (e) ZnO control; (f) 

0.10 g dm-3 G70-Au(uniform)/ZnO; (g~h) G70-Au(surface)/ZnO with G70-AuNPs occluded within ZnO rod-like crystals 

in the form of a ~35 nm surface layer; (i)-(l) STEM-EDS elemental mapping of Au and Zn for G70-Au(surface)/ZnO. 

(m) High resolution TEM images of uniformly-distributed AuNPs within ZnO and (n) the interface between the 

AuNPs and the ZnO host. The black dots shown in (m) indicate the AuNPs while in (n) it is clear that there is no 

amorphous ZnO or polymer layer at the interface between an individual AuNP and the ZnO lattice. 
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Figure 3. (a) FT-IR spectra recorded for three G70-Au/ZnO nanocomposite crystals and three reference 

materials (ZnO crystals alone, G70 homopolymer and the G70-AuNPs); (b) Length, width and aspect 

ratio of G70-Au/ZnO versus G70-AuNP concentration; (c) UV photocatalytic decomposition rates 

ŽďƐĞƌǀĞĚ Ăƚ ϮϬ ΣC ĂŶĚ ƉH ϳ ;ϲ W ƐŽƵƌĐĞ͕ ʄ с Ϯϱϰ ŶŵͿ ĨŽƌ Ă ŵŽĚĞů ƌŚŽĚĂŵŝŶĞ B ĚǇĞ ŝŶ the presence of 

three G70-Au/ZnO nanocomposite crystals and two control samples. 
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The extent of G70-AuNPs occlusion within ZnO increased when using higher G70-AuNP concentrations, 

as determined by inductively-coupled plasma mass spectrometry (ICP-MS, Table S1). Remarkably, ZnO 

crystals containing up to 11.9 % gold by mass (or 19.9 % G70-AuNPs by mass) can be prepared under 

uniform occlusion conditions, e.g. when using 0.10 g dm-3 G70-AuNPs. Clearly, the G70 stabilizer chains 

play a key role in the interaction between the AuNPs and the growing host crystal. At first sight this 

seems rather counter-intuitive because the non-ionic nature of poly(glycerol monomethacrylate) 

might be expected to produce little or no interaction with the ZnO lattice.  Indeed, previous reports 

suggest that anionic surface charge density is required for efficient interaction of copolymer 

nanoparticles within calcite or ZnO crystals.[9-11]  The G70 chains used in this study contain a terminal 

carboxylic acid unit but further experiments confirm that such anionic end-groups are not actually 

required to achieve efficient occlusion within ZnO (Figure S11). So how do the G70-AuNPs interact with 

the growing ZnO? Bearing in mind a report by Cölfen and co-workers on polyacrylamide interactions 

with ZnO crystals,[15] the most likely explanation involves chelation between the Zn2+ cations and the 

cis-diol groups on the non-ionic G70 stabilizer chains.[16] Experimental evidence for this complexation 

is provided by vibrational spectroscopy (Figure 3a). In FT-IR spectra recorded for G70-AuNPs and G70 

homopolymer, the absorption bands at 1255 cm-1 and 1275 cm-1 are assigned to the in-plane bending 

vibrations of primary and secondary C-OH, respectively.[17] These two bands merge to form a single 

new band at 1264 cm-1 for G70-Au/ZnO nanocomposites, which supports the postulated chelation of 

Zn2+ cations by the G70 chains (see inset shown in Figure 3a and also Figure S12 for the control 

experiment conducted in the presence of a stoichiometric amount of Zn(NO3)2).[18]  

 

Compared to the ZnO control, the mean length and width of the G70-Au/ZnO nanocomposite crystals 

are systematically reduced when grown in the presence of higher concentrations of G70-AuNPs (Figure 

3b). More specifically, the mean length is dramatically reduced relative to the mean width, resulting 

in a much lower aspect ratio for the anisotropic ZnO crystals. This indicates that G70-AuNPs bind 

preferentially to the polar (0001) face relative to the six non-polar (10ͳത0) faces, thereby retarding the 

crystal growth rate and producing less anisotropic ZnO rods (see Supporting Information for more 

detailed discussion).[9a] PƌĞƉĂƌĂƚŝŽŶ ŽĨ ͚ĐŽƌĞ-ƐŚĞůů͛ G70-Au/ZnO crystals was also attempted but only 

G70-Au(central)/ZnO structures were obtained. This is because the ZnO precursor cannot grow 

effectively on (10ͳത0) faces after delayed addition but instead grows preferentially on the (0001) face 

(see Scheme S1). At a relatively low G70-AuNP concentration (i.e. < 0.05 g dm-3), nanoparticle occlusion 

is complete before ZnO crystallization has ceased, leading to G70-AuNPs being confined within a central 

region. At higher G70-AuNP concentrations, there are sufficient G70-AuNPs present to become 

occluded throughout the host crystal, while ZnO growth is significantly retarded. 



    

9 
 

Finally, we briefly explored the photocatalytic properties of these Au/ZnO nanocomposite crystals 

with different spatial distribution of AuNPs. Preliminary data confirm that the rate of UV 

photodegradation of a model rhodamine B dye increases monotonically with their AuNP content 

(Figure 3c). More importantly, the catalytic efficiency obtained for G70-Au(uniform)/ZnO significantly 

exceeds that of G70-Au(surface)/ZnO, which suggests that uniform occlusion of G70-AuNPs within ZnO 

promotes catalytic performance (see control experiments in Figure S13 and further discussion in the 

Supporting Information). 

 

In summary, we report an efficient, versatile and scalable route to incorporate sterically-stabilized 

gold nanoparticles within ZnO single crystals. This study provides the first example of nanoparticle 

occlusion within inorganic crystals with well-controlled spatial distribution as well as tunable extent of 

occlusion, which offers an unprecedented opportunity to elucidate synthesis-structure-property 

relationships. We show for the first time that a non-ionic polymer stabilizer can promote highly 

efficient nanoparticle occlusion into inorganic host crystals. This represents an important paradigm 

shift because almost all prior literature reports in this area utilize anionic polymers as steric stabilizers. 

We rationalize the occlusion mechanism in terms of Zn2+ complexation to the non-ionic stabilizer 

chains and demonstrate that incorporation of AuNPs into ZnO crystals enhances their photocatalytic 

performance. In principle, appropriate surface modification of various other metal nanoparticles 

should enable their efficient occlusion within ZnO (and perhaps other host crystals), thus providing 

access to a range of new functional nanocomposite materials that are likely to exhibit emergent 

properties. We intend to explore this concept in the near future.  
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