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1. Experimental section

1.1. Chemicals

Glycerol monomethacrylate (GMA; 99.8%) was donated by GEO Specialty Chemicals (Hythe, UK) and
used without further purification. 4-Cyano-4 (phenylcarbonothioylthio)pentanoic acid (CPCP), 2-cyano-
2-propyl benzodithioate (CPB), 2,2’-azobis(isobutylnitrile) (AIBN) 4,4'-azobis(4-cyanovaleric acid)
(ACVA), zinc nitrate hexahydrate, hexamethylenetetramine (HMTA), rhodamine B (RhB), sodium
citrate tribasic dihydrate, sodium borohydride and gold(lll) chloride trihydrate (HABIEO) were all
purchased from Sigma-Aldrich (UK) and used as received. Deionized water was obtained from an

Elgastat Option 3A water purification unit.

1.2. Synthesis of poly(glycerol monomethacrylate )70 [G7o] homopolymer

To a round-bottomed flask containing CPCP RAFT agent (0.96 g, 3.43 mmol), GMA monomer (38.44
g, 0.24 mol) and anhydrous ethanol (59.40 g, 1.28 mol) was added to afford a target degree o
polymerization (DP) of 70. ACVA initiator (0.19 g, 0.69 mmol, CTA/ACVA molar ratio = 5.0) was
then added to this pink solution, which was sparged witfioN20 min before immersing the sealed
flask into an oil bath set at 70 °C. After 2.5 h, the polymerization was quenched by immerdiaskthe

in an ice bath and exposing its contents to air. The polymerization solution was then precipitated into &
ten-fold excess of dichloromethane and washed three times with this solvent before being placed unde
high vacuum for three days at 40 €. NMR analysis indicated a mean DP of 70. Taking into account
the target DP of 70 and the conversion of 85 %, this suggests a CTA efficiency of 85 %. DMF GPC
analysis (vs. a series of near-monodisperse poly(methyl methacrylate calibration standards) indicate
Mn and M./My, values of 17,000 g mdland 1.10, respectively.

1.3. Synthesis of poly(glycerol monomethacrylate)7o-stabilized gold nanoparticles (G7o-AuNPS)

The synthesis of gold nanopatrticles has previously been reported elﬁwmeﬂee present study, 480

mL deionized water was charged into a 1000 mL beaker and then 5.0 mL of 16 gyalaf(l1])
chloride trihydrate was added and stirred for 5 minutes. Thereafter, an aqueous solution of sodiumn
citrate (10 mL, 38.8 mM) was added and stirred for another 5 min before rapid additioacpfesus

solution of sodium borohydride (5.0 mL, 0.075 % w/w), containing sodium citrate tribasic dehydrate
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WILEY-VCH
(57 mg, 38.8 mM). @ homopolymer (100 mg) was dissolved in 10 mL deionized water and added to
the gold sol. Excess#shomopolymer and sodium citrate were removed by centrifugation, followed by
dialysis against deionized water for 7 days, using dialysis tubing with a molecular weight cut-off of 50
kD.

For the 14 nm gold nanoparticles, 500 mL deionized water was mixed with 30.0 mL 1 % w/w sodium
citrate solution in a 1000 mL beaker and boiled for 5 min, followed by the rapid addition of ®0DamL

10 g dm® aqueous solution of gold(lll) chloride trihydrate. The reaction was allowed to proceed for 15
min. 100 mg Go homopolymer dissolved in 10 mL water was then added and the resulishg G
modified gold nanoparticles were purified by multiple centrifugation-redispersion cycles, with

successive supernatants being replaced with deionized water.

1.4. Synthesis of G7o-Au/ZnO nanocomposite crystal

Aqueous Go-AuNP dispersions (0.50 g dfy 2.0 — 30.0 mL) were added to a two-necked flask
containing 96.0- 68.0 ml of an agueous solution of zinc nitrate hexahydrate (0.446 g, 1.50 mmol) to
give a total volume of 98.0 mL. This flask was connected to a condenser and transferred to a preheate
oil bath set at 90 °C and the reaction mixture was magnetically stirred to achieve thermal equilibrium
(typically 30 min). ZnO formation was commenced on slow addition of 2.0 mL of an aqueous solution
of HMTA (0.210 g, 1.50 mmol). The reaction was quenched after 90 minutes by cooling in an ice-water
bath. The precipitate was isolated by centrifugation and washed several times using waemady e
followed by drying under vacuum at 40 °C. For surface-confingdAG NP occlusion, @-AuNPs

were added to the same reaction solution after 30 min, rather than at the beginning of the reaction.

1.5. Photocatalytic degradation of RhB using UV irradiation

Gr7o-Au/ZnO nanocomposites (10 mg) were dispersed in deionized water (18.0 mL) with the aid of an
ultrasonic bath for 10 minutes. 2.0 mL of a 1.0 x*1M RhB stock solution was added and
continuously stirred in the dark for 30 min before irradiation using a UV lamp (6 W, peak emission =
254 nm). Aliquots were extracted at various times and centrifuged prior to recording the visible
absorption spectrum of the supernatant solution. The photodegradation of the RhB dye was monitoret
via gradual reduction in its absorption maximum at 553 nm. Photocatalysis experiment was conductec

at pH 7 under room temperature (20 °C) and repeated in triplicate.
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2. Characterization

2.1. *H NMR spectroscopy

H NMR spectra were recorded using a Bruker Avance 400 spectrometer operating at 400 MHz using
CD30D as the solvent.

2.2. Gel permeation chromatography (GPC)

The DMF GPC instrument comprised two Polymer Laboratories PL gel 5 mm Mixed C columns, one
PL polar gel 5 mm guard column connected in series to a Varian 390-LC multi-detector suite\gefracti
index detector only), a Varian 290-LC pump injection module and was operated at 60 °C. The GPC
eluent was HPLC grade DMF containing 10 mM LiBr and was filtered prior to use. The flow rate used
was 1.0 mL mirt and DMSO was used as a flow-rate marker. Calibration was conducted using a series
of ten near-monodisperse poly(methyl methacrylate) standards 625 x 18— 6.18 x 16 g mol?, K

= 2.094 x 16, . = 0.642).

2.3. Dynamic light scattering (DL S)

DLS measurements were conducted using a Malvern Zetasizer NanoZS instrument by detekting b
scattered light at an angle of 173°. The concentration of aqueous dispersions of various gold

nanoparticles with or without 15 mM zinc ions were fixed at 0.05 g.dm

2.4. Transmission electron microscopy (TEM)

TEM specimens of gold nanopatrticles oic@Bu/ZnO nanocomposites were prepared by adsorbing the

samples onto carbon film coated palladium-copper grids, which were treated with a plasma glow
discharge for about 30 seconds to create a hydrophilic surface prior to addition of the aqueous sampl
dispersion (5 pL). Excess solvent was removed via blotting and the grid was carefully dried under
vacuum. To examine internal structures, the-&1/ZnO nanocomposites were embedded in Araldite

resin mixture and cured at 60 °C for 48-72 h. Ultrathin sections, approximately 85 nm in thickness,
were cut using a Leica UC 6 ultramicrotomy equipped with a Diatome diamond knife onto 200 mesh

copper grids. TEM images were performed using either a FEI Tecnai G2 Spirit instrument (120 kV) or a
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high resolution TEM instrument (either Philips FEG-CM200 or JEOL JEM-F200) operating at an
accelerating voltage of 200 kV. Elemental mapping images were obtained using the JEOL JEM-F20Q

instrument, which was equipped with dual SDD for EDS analysis.

2.5. Scanning electron microscopy (SEM)

The nanocomposite morphologies were investigated using scanning electron microscopy (either a FE
Nova NanoSEM 450 or FEI Inspect F). The specimens were prepared by droppiAg/Zh0O
agueous dispersion onto a cleaned glass slide and dried at room temperature. All the samples we

iridium-coated before imaging.

2.6. X-ray photoelectron spectroscopy (XPS)

XPS samples were prepared by adding a drop of nanocomposite aqueous dispersion onto clean indiu
foil and left overnight at room temperature. The powder samples were directly pressed on a clear
indium foil. The instrument used to collect the XPS data was a Kratos Axis Ultra DLD equipped with a
monochromatic Al X-ray radiation at 6.0 mA and 15 kV at a typical base pressuré ©br0 The step

size was 0.5 eV for the survey spectra (pass energy = 160 eV) and 0.05 eV for the high resolutior
spectra (pass energy = 20 eV). The raw data was corrected by a transmission funccaridte of

the instrument, determined using software from the National Physical Laboratory. The adjusted data

was then quantified using the theoretically derived Scofield relative sensitivity factors.

2.7. Other measurements

FT-IR spectra were recorded on KBr pellets using a Nicolet 7199 FT-IR spectrometer.
Thermogravimetric analysis (TGA) was conducted using a Perkin-Elmer Pyris 1 TGA instrument under
air atmosphere from 20 °C to 900 °C at a heating rate of 15 °C. fiire elemental analysis was
conducted using a Perkin Elmer 2400 Series Il CHNS/O Elemental Analyser. Powder X-ray diffraction
(XRD) measurements were made using a Bruker D2 Phaser Desktop X-ray diffractometerdequippe
with Ni-filtered Cu Ka radiation (A = 1.542 A) operating at an accelerating voltage and emission current

of 30 kv and 10 mA, respectively. The Au content ofo-&u/ZnO nanocomposite particles was

determined by a Hewlett-Packard 4500 inductively-coupled plasma mass spectrometry (ICP-MS,
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Hewlett-Packard, Yokogawa Corporation, Japan). UV-visible spectra were recorded at 20 °C for the
nanocomposite aqueous dispersion using a Perkin-Elmer Lambda 25 instrument operating between 2(
and 800 nm. Specific surface areas were determined via BET surface area analysié; @sngn
adsorbate at 77 K. The densities of the-&u and Go-Au/ZnO nanocomposites were determined by
helium pycnometry at 20 °C (Micrometrics AccuPyc 1330 helium pycnometer). The number-average
mean diameter of the Au nanoparticles was determined by analyzing TEM images (more than 20C

AuNPSs) using ImageJ software.
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3. Calculation of surface density of Gzo homopolymer chains on AuNPs

Based on thermogravimetric analysis data, the weight percentage dio@opolymer (\j can be

obtained and the weight percentage of the Au cores is readily calculated by difference (see below).

Assuming the mass of#Au is m, then the mass of/&3s given by m x W/ and the mass of Au is m

(100 - W).

Hence the number ofGpolymer chains =mM—W” N4, whereM,, is the molecular weight of &
P

. m(100—W,
The number of Au nanopartlcles%—gp)
—TTpT

3

Total surface area of Au nanoparticles=——= x 4mrr?

m(100-Wp)
2ror3
3P

. . Wp PNy 40
Thus the surface density ofé&homopolymer chains éloo_w) X v (100_40) X

2.4mmx19.3 g cm3x6.02x10%3mol ™1
3%x11491 g mol~1

= 0.54 chains nrh
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4. Occlusion mechanism

It is well-known that hexagonal ZnO crystals possess polar (0001) antl) (0@des, with the former

being rich in zinc atoms while the latter is rich in oxygen atpmEhe relative growth velocity, V, of

each plane follows the ordefodb1> Vi1oio; > Vioooi). This explains why elongated rod-like ZnO crystals

are formed, as shown in Figure la. In this study, HMTA is used to generate hydroxide anions via a
hydrolysis reaction that produces formaldehyde and ammonia (see reaction scheme shovﬂ below).

The four main reactions involved in the formation of ZnO crystals are as follows:

(CH)sNs + 6H:0 <> 4NHz + BHCHO (1)

NHs3 + H2O <> NH4" + OH (2)
Zn?* + 40H & Zn02*> + 2H:0 (3)
ZnO* + 2H0 < ZnO + 20H" (4)

In the early stages of ZnO crystallization, anionic Zn@nits (the ZnO growth unit under weakly
acidic conditions) are preferentially absorbed onto cationic (0001) ﬁemeanwhile, HMTA
hydrolyzes and forms the cationic (fully protonated) {fgNs-4H" complex in aqueous solutiﬁ\,

which interacts with the (00 face via coulombic interacti Moreover, this cationic complex also
interacts with the Zng3 precursor speciﬁ.This leads to the formation of ZnO crystals on the {00
surface. Thus, a twinned structure with a common basal plane and 180° reversed polarity is graduall

formed via preferential growth in two opposing directiErs.
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5. Synthesis and Char acterization of G7o-AuNPSs.

Poly(glycerol monomethacrylate) (see Figure Sla) was synthesized via reversible addition-
fragmentation chain transfer (RAFT) polymerization in ethanol using 4-cyano-4-
(phenylcarbonothioylthio)pentanoic acid (CPCP) and 4,4’-azobis(4-cyanovaleric acid) as RAFT chain
transfer agent and initiator, respectively. This water-solubleh@mopolymer contains dithiobenzoate

and carboxylic acid end-groups and possesses a narrow molecular weight distribwtod {00 g

mol?!, Mw/M, = 1.10), as confirmed by gel permeation chromatography (GPC, see Figure S1b). An
aqueous dispersion of AUNPs was prepared as described elsﬂvﬁe@eﬂ.\uNPs were prepared via
chemisorption conducted in agueous solution; the dithiobenzoate terminal group on tmaiGs is

known to bind strongly to gold surfagesAs shown in Figures S1c and S1d, the as-synthesized G
AuNPs had a mean TEM diameter of 4.8 + 0.9 nm. It is well-known that the surface plasmon band of
AuUNPs of a given size is sensitive to their surface modificiidndeed, the surface plasmon band was
red-shifted by 4 nm after surface-grafting they Ghains (see inset in Figure Sle). This chemical
modification led to a subtle change in color from pink to purple for the AUNP dispersion (see Figure S2).
According to dynamic light scattering (DLS, see Figure S3) studies, the mean hydnadigreaneters

of the citrate-stabilized AuUNPs andd&AuNPs were 6.4 £ 1.6 nm and 11.5 = 2.8 nm, respectively. This
difference indicates a#stabilizer layer thickness of ~ 2.5 nm, which is consistent with recent small-
angle X-ray scattering studiﬂs.Thermogravimetric analyses (TGA, see Figure S4) indicated that the
Gro stabilizer comprised approximately 40% by mass of the AONPs. This composition was
corroborated by carbon microanalyses, which indicategb @@htent of ~ 41%.

The original citrate-stabilized AUNPs aggregate immediately in the presence of zinc ions (see Figures
S2 and S3). This salt-induced coagulation is corroborated by the disappearance of the surface plasmc
absorbance (see Figure Sle) and the observation of ~ 700 nm aggregates by DLS (se&)Figure S
contrast, the surface plasmon band observed f¢AGNPs remains unchanged in the presence of zinc

ions (Figure Sle). More specifically,7&AuNPs retain their colloidal stability in the presence of 15
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mM Zn(NGs)2, which is an essential prerequisite for their subsequent efficient occlusion within ZnO

crystals.

6. Scheme

(a) (0001)

" Lateral (1010)

Equal growth rate

Growth rate of (0001) face is much at each face

fast than (1010) lateral faces

(b)

Centrally-confined Core-shell
structure

. Rod-like crystal
occlusion

Centrally-confined . Core-shell
. Cubic crystal
occlusion structure

Scheme S1. (a) Schematic cartoons illustrating the two different growth rates for the eight faces of a
rod-like crystal and the identical growth rates for the six faces of a cubic crystal; (b) core-shell
structures cannot be obtained for rod-like crystals but centrally-confined occlusion can be achieved; (c)
if secondary nucleation is avoided, then a core-shell structure is likely but centrally-confined occlusion
is not possible for a cubic host crystal.
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7. Figures
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Figure S1. Characterization of poly(glycerol monomethacrylaté®o) and Go-stabilized AuNPs. (a)
Chemical structure of the #@polymer;(b) GPC data obtained for#susing a series of poly(methyl
methacrylate) calibration standards; (c) representative TEM image obtaineg-#ulEs; (d) particle

size distribution determined for76sAuNPs from TEM image analysis; (e) Visible absorption spectra
recorded for as-synthesized citrate-AuNPs e+AuNPs in either water or an aqueous solution of 15
mM Zn(NGs)2. The inset shows that the surface plasmon band f@A@\Ps is red-shifted by 4 nm
compared to citrate-AuNPs. Notably, there is no further change in the presence of 15 mM zinc ions,

indicating good colloidal stability for the#sAuNPs under these conditions.
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o T

o

Figure S2. Optical photograph of aqueous dispersions of (a) citrate-stabilized AuNPs (gold
nanoparticles prepared using sodium citrate); (b) citrate-stabilized AuNPs in the presence of 15 mM
zinc ions; () Go-AuNPs; (d) Go-AuNPs in the presence of 15 mM zinc ions. Note: the color of citrate-
stabilized AuNPs aqueous solution immediately changed from pink to grey once upon the addition of
zinc ions derive from zinc nitrate hexahydrate. This is due to the aggregation of the gold nanopatrticle
caused by the presence of zinc ions. The aggregation was confirmed by DLS measureeieigis (se

S3). It is emphasized that there is no discernible colour change between (c) and (d), indicating excellen

colloidal stability for the G-AuNPs even in the presence of zinc ions.
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10000

R ! e rrrr R | !
10 100 1000
Diameter (nm)

Figure S3. Mean hydrodynamic number-average diameter obtained for (a) citrate-stabilized AuNPs in
aqueous solution, (b) citrate-stabilized AuNPs in aqueous solution containing 15 mM 3Zn((¢D

G70-AuNPs in aqueous solution and (d)eAuNPs in aqueous solution containing 15 mM ZngO
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100

] = 97.3 % wiw
90 4
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Figure $4. Thermogravimetric analysis (TGA) ofze&shomopolymer (red) and .AuUNPs (blue). As
expected, @ homopolymer is pyrolysed completely above 550 °C. Given the presence of 2.7 % w/w
water in the Go-AuNPs, the Go content of Go-AuNPs can be calculated to be 40.0 % w/w.

S14



WILEY-VCH

Figure S5. Occlusion of 14 nm &@-AuNPs within ZnO crystals. (a) TEM image recorded for 14 nm
G7o-AuNPs. (b) SEM image recorded fordAu/ZnO nanocomposite crystals prepared using these 14
nm Go-AuNPs. The gold nanoparticles localized in the central region of the rod-like ZnO crystals can

be clearly identified, as indicated by the red arrows.
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Figure S6. TEM image recorded for ultramicrotomed cross-section @fAB/ZnO nanocomposites
prepared in the presence of 0.075 g*fBa-AuNPs.
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Figure S7. Powder X-ray diffractograms recorded for three examples;@RAG/ZnO crystals prepared
using the stated £#AuNP concentrations, plus theAuNPs alone and a ZnO control.
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Figure S8. (a) High resolution TEM images of cross-section paralleled to the c-axis. (b) The
corresponding magnified area indicated in (a).
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Figure S9. (a) High resolution TEM images of cross-section paralleled to the c-axis. (b) The
corresponding magnified area indicated in (a).
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Figure S10. (a) XPS spectra recorded forg&Au/ZnO nanocomposites prepared at the three stated G
AuNP concentrations. The Au4d signal intensity systematically increased when using highaN8
concentrations, as indicated by the black dotted lines. High resoldtimy photoelectron spectra
recorded for various f-Au/ZnO nanocomposite crystals and appropriate reference materials: (b) Au4f;
(c) Zn2p.

The signal intensity of two binding energy (BE) peaks corresponding to the electronic states of
Au4f5/2 (87.30 eV) and Au 4f7/2 (83.60 eV) was systematically enhanced at higher AUNP contents.
Importantly, each signal was shifted to a lower BE for the-AB/ZnO nanocomposite crystals,
whereas the two Zn2p signals were shifted to higher BE. These observations suggest significant charg

transfer between the two components, indicating an intimate interaction between the AuNPs and the

ZnO host cryst
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Figure Sl11. Occlusion of Gg-AuNPs (prepared using a poly(glycerol monomethacry@a(€as)
stabilizer containing no carboxylic acid end-groups) within ZnO crystals. (a) Chemical structure of the
Gas polymeric stabilizer; (b) TEM image of the as-synthesizedAs/ZnO nanocomposite crystal; (c)
cross-sectional TEM image obtained foss®u/ZNO nanocomposite crystals after ultramicrotomy
perpendicular to the c axis. Clearly;s\uNPs are uniformly distributed throughout the whole ZnO
crystal. For these experimentsssGvas prepared via reversible addition-fragmentation chain transfer
(RAFT) polymerization in ethanol using 2-cyan@i®pyl benzodithioate (CPB) and 2,2’-
azobis(isobutylnitrile) (AIBN) as the RAFT chain transfer agent and initiator, respectively. This
synthetic protocol produces 445 stabilizer chains with no terminal carboxylic acid unit, which
demonstrates that such end-groups are not required for efficient occlusiag-AfNg’s within ZrO

crystals.
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Figure S12. Transmission modET-IR spectra recorded for#; an ad-mixture of & plus ZnO, an ad-
mixture of Go plus Zn(NQ). (prepared by freeze-drying a binary aqueous solution overnight), and
Zn(NQs)2 alone. Clearly, the 3 plus Zn(NQ)2 spectrum is a combination of theg@&nd Zn(NQ):
reference spectra, except that the twelime bending dc-on vibrations merge into a single band, as
indicated by the dotted blue box. This strongly suggests chelation betw&eimand the cis-diol
groups on the & stabilizer chains, for which there is good literature precedent (see ref. 17 in the main
manuscript). Notably, for the #@plus ZnO control, the dc.oHin-plane bending vibrations remain as two
distinct bands, confirming that no interaction occurs on simple physical mixing of these two

components.
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Figure S13. Relative rates of UV-induced photocatalytic decomposition observed for a rhodamine B
(RhB) dye in the presence of&Au(surface)/ZnO and 0.10 g dhGzo-Au(uniform)/ZnO. The amount

of 0.10 g dr? Gre-Au(uniform)/ZnO crystals used in these experiments was reduced to produce
approximately the same total surface area as that for #R&uG(surface)/ZnO crystals, but this had

almost no discernible effect on the rate of dye decomposition.

It is well-known that Au/ZnO nanostructures can exhibit superior photocatalytic performance compared
to ZnO alon Given that such dye decomposition involves heterogeneous catalysis, the total available
surface area could potentially affect photocatalytic performance. However, a controlmexperi
conducted at constant surface area revealed little or no change in the rate obdygodémn Figure

S13). Meanwhile, 0.05 g difiGro-Au(central)/ZnO also exhibits a higher catalytic efficiency compared

to Gro-Au(surface)/ZnO (8.0% vs. 20% dye remains after 4 h). As showabte S1, 0.05 g dri¥ Gro-
Au(central)/ZnO has approximately twice the Au content compared-¢A@surface)/ZnO, but the

Au4d/Zn2p surface atomic ratio for the former is around half that of the latter. This observation
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indicates that the photocatalytic performance mainly depends on the bulk Au content, rather than the
surface Au content. In other words, the incorporated AuNPs contribute significantly to the rate of
photocatalysis. This suggests that a higher extent of AUNP occlusion within ZnO provides a larger

number of electron ‘sinks’, which facilitate charge carrier separation and extend the lifetime of the

electron-hole pair?,a l'thus producing a more effective photocatalyst.
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Table S1. Summary of Au4d/Zn2p atomic ratio (%), solid-state density, BET specific surface area,
extent of occlusion of G7o-AuNPs within ZnO crystals, and pseudo-first-order rate constant for

the UV photodegradation of a model dye (rhodamine B).

Audd/zn2 Density BET Extent of occlusion (% w/w) Rate
u n '

Sample p atomic (g cni surface ICP-MS Helium coni[z%nt

ratio (%) )2 area pycnometry  (k h?)
(m*g?)
Au GrAu  Au G70-Au

ZnO control 0 5.45 42+0.2 - - - . 0.18
OG'?:A%/dzTo 09 541 38+03 1.3 22 11 1.9 0.27
OG'?fA%foO 74 522 73202 70 116 6.4 107 063
%}:A%fzfo 390 505 8401 119 199 115 191  0.84
gﬁgﬂeﬂno 15.0 531 3.1+04 34 5.7 39 6.4 0.42

2 G7e-AuNPs have a density of 3.85 g émherefore the higher thez&Au content, the lower th
density of the nanocomposite crystals.
bpPseudo-first-order rate constant (k) is derived frdmiC/Co) = kt

For helium pycnometry, given the solid-state densities of the ZnO control (5.45)gacih the Go-

AuNPs (3.85 g cm), the Go-AuNP content of these nanocomposite crystals can be determined by
measuring their solid-state density via helium pycnometry. These density data are in fairly good
agreement with the ICP-MS results.
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