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Au@ZnO hybrid nanostructures: correlation
between morphology and optical responsef

Ezequiel R. Encina, Manuel A. Pérez and Eduardo A. Coronado®

Au@ZnO hybrid nanostructures (HNs) have been synthesized in aqueous media by implementing a simple
chemical methodology. These HNs consist of 40 nm mean size almost spherical Au cores, over which the
heterogeneous formation of ZnO is observed. By increasing the concentration of ZnO precursors in the
system, it is possible to change the morphology of the material formed over the Au core from branched
to shell like structures, which, in turn, significantly modifies the extinction properties of the naked Au
core nanoparticles. This effect has been rationalized by means of electrodynamics simulations based on
two different approaches: the Mie theory for coated spheres and the Discrete Dipole Approximation
(DDA). The changes measured in the extinction spectra as the amount of ZnO formed around the Au
cores increases are properly described by both methodologies, while the good correlation between
experimental and theoretical spectra suggest that the ZnO material includes a significant amount of
water. Furthermore, based on the Mie theory results, a graphical method was implemented which allows
us to predict the main morphological parameters of the Au@ZnO HNs. In addition, the combination of
optical measurements, morphological characterization and DDA modeling allowed us to estimate that
the water content of the shell surrounding the metallic core is 65%. The methodology presented in this
work provides a useful tool to characterize the structural properties of HNs and can be straightforwardly

www.rsc.org/advances generalized to other systems.

Introduction

Hybrid nanostructures (HNs) composed of noble metal and
semiconductor materials are currently materials of great
interest as this particular kind of system may exhibit novel and
unique physical chemistry properties, achieving potential
applications in diverse areas such as biological detection,
catalysis and solar energy conversion."® Regarded separately,
the optical properties of noble metal (NPs) and semiconductor
(QDs) nanoparticles are characterized by the elusive localized
surface plasmon resonances (LSPR) and excitons, respectively.
In both cases, the excitation wavelength required to produce
such excitations strongly depends on the NP nature, size, shape
and local environment.”” Consequently, synthetic methodolo-
gies capable to produce NPs and QDs with narrows size and
shape distributions are necessary in order to rationally employ
the optical properties of nanosized matter in a given device.'***
Nonetheless, when considering the optical properties of HNs, it
may be different from that observed for NPs and QDs separately
as a consequence of the interaction between the respective HNs
building blocks. Moreover, the interaction between the
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constitutive parts of a given HN can be tuned by controlling the
three-dimensional arrangement, size and shape of the HN
building blocks. Energy transfer processes may take place if
QDs and NPs are located adjacent within a given HN and Forster
resonance energy transfer as well as nanometal surface energy
transfer mechanisms had been employed to characterize these
processes.”*™® For instance, Viste et al. showed the possibility of
tuning under control the emission efficiency of HNs for a large
range of Au NP sizes and demonstrated that the modification
factor of emission of the hybrid nanosources compared to the
bare QDs strongly depends on the Au NP size.”® In addition,
interfacial charge transfer processes, which are relevant in
photocatalytic reactions and light energy conversion, may also
occur if QDs and NPs are close enough.* > In this regard, it has
been demonstrated that the photo-generated electron transfer
and the resulting catalytic activity of ZnO-Au composites can be
controlled by the size of the mediating Au NP.**

Several chemical strategies have been developed and
implemented to prepare HNs, resulting in a wide variety of
different structures with distinct morphology and structural
parameters, which, in turn, allow the study of optical
phenomena that might result from the interaction between NPs
and QDs. Indeed, general growth strategies has been reported
for the synthesis of water dispersible Au@X (X = ZnS, AgS, Cus,
PDbS, CdS, CdSe, CdTe) core shell HNs, which achieves precise
control of the morphologies of the structures.”*** Au-TiO,
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nanocomposites has also been successfully synthesized by
several authors.”” In particular, Au@ZnO HNs with various
morphologies have been prepared by different methods.
Composites composed by large ZnO domains (several hundreds
of nm) decorated with Au NPs likely comprise the kind of
Au-ZnO HN most described in literature.?® Nonetheless, Haldar
et al. have implemented a simple method to prepare water
soluble and stable Au@ZnO core shell NHs in the size range
below 10 nm.* More recently, the synthesis of Au@ZnO HNs
with a novel hexagonal pyramid-like structure has also been
reported.’® However, to the best of our knowledge, reports
concerning the preparation of Au@ZnO core shell HNs are rare.

On the other hand, the employment of theoretical
approaches to describe the optical properties of HNs is of great
importance to achieve a better understanding of the observed
phenomena. For instance, an analytical model based on an
approximate Mie's theory has been employed to study the
optical features of Au@Cu,O core shell HNs prepared by
controlling epitaxial growth of Cu,O on as-prepared Au NPs in
aqueous solution.** Wang and co-workers applied the Mie
theory for coated spheres to interpret the complexity of extinc-
tion spectral line shapes and geometry-dependent optical
tunability of the Au@Cu,O HNs.** More recently, these authors
employed the Mie theory for coated spheres along with effective
medium theory to achieve a quantitative understanding of the
geometry-dependent optical tenability of Au@Cu,O HNs with
porous Cu,O shells.* The same theoretical approach has been
employed to reveal the growth mechanism in Ag@ZnO core
shell HNs.** The Mie theory and the four-flux method has been
applied to study theoretically the influence of an oxide (SiO,,
ZrO,, or TiO,) shell on a metal core (Ag, Au, or Cu) NP.** Shaviv
et al. studied the light absorption properties of CdS-Au and
CdSe-Au NHs by comparing experimental results with electro-
dynamics simulations obtained by applying the DDA method.*®
In this case, a qualitative agreement between DDA simulations
and experimental data for CdS-Au HNs has been found and it
has been stated that DDA simulations provide insights on the
gold tip shape and its interface with the semiconductor mate-
rial. For the CdSe-Au case, a shortcoming of the electrody-
namics model was found, as it does not predict properly the
optical features, which was ascribed to strong interaction of the
metal and semiconductor excitations, that spectrally overlap in
the CdSe case. However, as far as we know, the employment of
electrodynamics simulations to obtain further insight on the
optical properties of Au@ZnO HNs has not been reported so far.

In this work, a simple chemical method has been imple-
mented in order to obtain Au@ZnO HNs. The synthesized HNs
consist in 40 nm mean size almost spherical Au NPs cores, over
which the heterogeneous formation of ZnO is observed. It was
found that the morphology of the semiconductor material
deposited over the core particles depends on the experimental
conditions. In turn, these morphological changes induce
significant modifications on the extinction spectra, which have
been rationalized by means of two different electrodynamics
approaches: the Mie theory for coated spheres and the DDA
method. In both cases an effective medium theory was used to
describe the dielectric constant of the shell. The good
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correlation between experimental and theoretical spectra indi-
cates that the ZnO material that surrounds the Au core NP
includes a significant amount of water. By implementing a
graphical method to analyze the extinction spectra obtained by
means of the exact extended Mie theory, it was possible to
perform an accurate estimation of the main morphological
parameters of the synthesized HNs. In addition, the DDA
method was employed to address particularly the effect of the
shape of the shell on the optical response of the HNs. By
considering the shape of the surrounding material in a more
realistic way within the DDA method, it was possible to estimate
its water content, a parameter that could be rather hard to
obtain by others approach.

Methodologies

Experimental methods

Materials. Sodium citrate (Naz;CeHs0,, Mallinckrodt), chlor-
oauric acid (HAuCl,, Carlo Erba), zinc nitrate (Zn(NO;), 6H,0,
Anedra) and potassium hydroxide (KOH, Cicarelli) were used as
received without further purification. Aqueous solutions were
prepared with ultrapure water (18.2 mQ resistivity).

Synthesis of Au NPs. Nearly spherical Au NPs of mean size
40 nm were obtained according to the Turkevich method.
Aliquots of 0.1 M sodium citrate aqueous solution (0.25 mL) and
of 0.01 M acid chloroauric aqueous solution (2.5 mL) were
added to 97.25 mL of boiling water under vigorous stirring.
After 2-3 minutes of reaction an intense red wine color was
observed indicating the formation of Au NPs. The system was
kept at boiling temperature during 5 minutes to complete
reaction and then it was cooled at room temperature. Au NPs
were purified by performing centrifugation of 13 mL of the
aqueous suspension of Au NPs during 10 minutes at 5000 rpm.
The resulting precipitate was redispersed in 12 mL of 3.33 mM
KOH aqueous solution. The alkaline dispersion of Au NPs was
then separated in four aliquots (A, B, C, D) of 3 mL each one.

Synthesis of Au@ZnO HNs. By implementing a very simple
chemical methodology HNs dispersed in aqueous media were
obtained. To each one of the 3 mL Au NPs alkaline dispersions
(aliquots A, B, C and D), 2 mL of zinc nitrate aqueous solution of
a certain concentration was added in order to obtain samples
with increasing Zn(NOs), concentration as displayed in Table 1.
Note that 2 mL of water ([Zn(NOs),] = 0 mM) were added to
aliquot A in order to have an unmodified Au NPs sample as a
control experiment. After adding the zinc nitrate solution, each
one of the 5 mL volume samples A, B, C and D were kept at 80 °C

Table 1 Zn(NOs), and KOH concentrations employed in each
different sample

Sample Volume/mL [Zn(NO3),]/mM [KOH]/mM
A 5 0.0 2.0
B 5 0.1 2.0
C 5 0.5 2.0
D 5 1.0 2.0
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during 15 minutes and, finally cooled and stored at room
temperature.

Optical and morphological characterization. UV-vis spec-
troscopy characterization was performed using a Shimazdu
UV-1700 PharmaSpec spectrophotometer with a 1 cm quartz cell
at room temperature. To determine the mean size (Z-average
diameter) and the particle size distribution, photon correlation
spectroscopy (PCS) measurements were performed with a
DelsaNano C Particle Analyzer Beckman Coulter instrument
using a 1 cm quartz cell at room temperature. Transmission
electron microscopy (TEM) images were obtained using a
JEM-JEOL 1120 EXII instrument under an accelerating voltage
of 80 kv. Samples were prepared by seeding a drop (~20 pL) of
the colloidal dispersion to be characterized onto a holey carbon/
formvar-coated copper TEM grid (100 mesh).

XRD characterization. The XRD instrument employed was a
PANalytical X-Pert Pro using a Cu Ka. radiation (1 = 1.5406 A).
The diffractograms were obtained in the range 30-70° from
powders of the particles. The respective powders were obtained
by depositing droplets containing the nanostructures over glass
slides, and evaporating the solvent in a fumehood at room
temperature.

Theoretical methods

Mie theory for coated spheres. A complete and detailed
description of this method can be found in the book written by
Bohren and Huffman.*” This theory constitutes an exact solu-
tion to the problem of absorption and scattering of light by an
object composed by concentric spheres. We have used the
BHCOAT code, which implements such a solution, to simulate
the extinction properties of Ag@ZnO core shell NHs.

DDA method. Details about this methodology can be found
elsewhere.®*** Briefly, this approximated method allows the
calculation of the optical properties of arbitrarily shaped objects
with a high degree of accuracy. In this method, the continuum
target, i.e. the nanostructure, is approximated by a cubic array of
N polarizable elements (dipoles) at positions r; with dipole
polarizabilities «;. Due to the freedom to locate dipoles at any
site of the cubic array, it is possible to model the optical prop-
erties of arbitrarily shaped objects with domains having
different compositions. The dielectric constant of each material
forming the target ¢(2) is introduced externally is input, and the
method employs the lattice dispersion relation to determine the
a; values so that an infinite array with finite lattice spacing
mimic an extended solid with dielectric constant e¢(2).*
Furthermore, the number of dipoles used to represent a given
particle can be thought as a control parameter of the code. By
increasing the dipole number, the accuracy of the calculation is
improved as well as the computational time increases. The
number of dipoles used in the calculations should be chosen in
such a way that convergence has been reached. In this work, we
have used the DDSCAT 7.3 code to simulate the optical response
of Au@ZnO NHs.** A lattice spacing (inter dipole distance) of
1.33 nm was used in all simulations whereas the total number
of dipoles to represent the target was kept in the range
726 744 £ 63.
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Results and discussion
Experimental extinction spectra of Au@ZnO HNs

Fig. 1 shows the extinction spectra of suspensions of
Au@ZnO HNs synthesized according to the procedure
described above. The extinction spectrum of the unmodified
Au NPs colloidal dispersion (black curve), which correspond
to [Zn(NO3),] = 0.0 mM, resembles the typical spectrum
expected for this system, exhibiting a peak centered at 528
nm which is attributed to the excitation of the Au NPs LSPR.
When a [Zn(NO;),] of 0.1 mM was used in the synthesis (red
curve), the LSPR peak position slightly red shifts 2 nm being
centered at 530 nm, while a moderate increase in the
extinction intensity for wavelength (1) values shorter than
380 nm is observed in comparison with the previous case
(black curve, [Zn(NO3),] = 0.0 mM).

These changes are more important when the [Zn(NO;),]
employed in the experiment is 0.5 mM (green curve). In this
case, the LSPR peak increases its intensity and appears centered
at 540 nm, while the extinction intensity for A values shorter
than 380 nm is noticeably amplified and exhibit a shoulder at
350 nm. More pronounced changes are observed for the case of
HNs synthesized with [Zn(NO3),] = 1.0 mM (blue curve): the
intensity of the LSPR is increased and the peak red-shifts to
550 nm whereas the extinction intensity in the UV region is
enlarged almost four times with respect to the spectrum of the
naked Au NPs and displays a defined shoulder at 350 nm. The
description of the main phenomena suggests that the remark-
able enlargement of the extinction intensity in the UV region,
particularly for A values around 350 nm, is consistent with the
absorption features of ZnO. On the other hand, the consider-
able redshifts of the LSPR peak position can be attributed, in
principle, to two principal causes: plasmonic coupling between
Au NPs or increase of the dielectric constant of the environment
where the NPs are located. It is noteworthy that these two
phenomena may occur simultaneously.

20T T T T T T T 7
[Zn(NO,).] = 0 mM
——[2n(NO,),] = 0.1 mM

= [Zn(NO,),]=05mM ]
(NO.).] = 1.0 mM

Extinction / a.u.
=

05

0.0 ! I ! ! o e S
300 350 400 450 500 550 600 650 700 750 800
wavelength / nm

Fig. 1 Extinction spectra of Au@ZnO HNs suspensions obtained for
different concentrations of Zn(NOsz), employed in the synthesis as
indicated in the inset.
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Morphological characterization of Au@ZnO HNs

Fig. 2 shows representative TEM images of the HNs obtained for
Zn(NO3), concentrations of (a) 0.0, (b) 0.1, (¢) 0.5 and (d) 1.0 mM
(samples A, B, C and D respectively). TEM images of the sample
containing the unmodified Au NPs cores, i.e. Au NPs obtained
by means of the Turkevich method, which were then purified by
centrifugation, redispersed in basic media and heated at 80 °C
during 15 minutes, are shown in Fig. 2a. It is observed that, in
the absence of Zn**, nearly spherical Au NPs with mean size 40
nm were obtained. Note that the Au NPs size and shape distri-
butions that can be appreciated from Fig. 2a is consistent with
the extinction spectrum of the sample shown in Fig. 1 (black
curve). More detailed information on the initial particle size
distribution used for growing the HNs, was obtained by per-
forming PCS measurements of unmodified Au NPs suspen-
sions. The intensity size distribution obtained is shown in
Fig. S1,T which presents a single peak centered at 45 nm,
indicating that the hydrodynamic radius and the particle size
distribution is consistent with the morphological information
obtained by TEM. The TEM images shown in Fig. 2b-d clearly
reveal the appearance of a different material closely connected
to the Au NPs ascribed as ZnO. In the TEM image shown in
Fig. 2b, this material is visualized as protuberances or branches
that arise from the Au NPs surface. The number of branches in
each Au NP varies between 2 and 6, being 50 nm its mean
length. Qualitatively, similar HNs were obtained for [Zn(NO;),]
= 0.5 mM (Fig. 2¢). The TEM image corresponding to sample D
(Fig. 2d), obtained with [Zn(NO;),] = 1.0 mM, shows qualita-
tively similar HNs, but in this case a considerably larger amount
of ZnO attached to the Au NPs is observed in comparison with
the HNs obtained with lower [Zn(NOs),] values. Furthermore,
the Au NPs appears as immersed into a ZnO matrix that
resemble a shell which mean thickness is approximately 60 nm.
It can be noted in the respective TEM images that the amount of
ZnO that surrounds the Au cores increases proportionally to the
Zn** concentration used in each experiment. Concomitantly,
the width of the ZnO shell remains roughly at a constant value
around 60 nm. Besides, irrespective of the [Zn(NOj3),] used, the
mean size of the Au NPs is 40 nm and its size and shape
distributions are practically the same to that observed in Fig. 2a
for the naked Au NPs. This observation suggests that the Au NPs
are not modified by adding Zn>" or by increasing temperature.
Furthermore, aggregation of Au NPs, which could lead to plas-
monic coupling, and, consequently, to a red-shift of the
extinction peaks, is not appreciated in these images.

In general, the TEM analysis indicates that the synthe-
sized HNs display a flower-like morphology and that the
degree of coverage of the Au core NPs by ZnO increases with
the value of [Zn(NO;),] employed in the synthesis. Impor-
tantly, the TEM images also show that, in all cases, the ZnO
formation uniquely takes place on the Au NPs surface. This
observation suggests that the Au NPs behave as nucleation
centers for the heterogeneous precipitation of ZnO, and
provides evidence that the LSPR redshift can be attributed to
an increase of the local dielectric constant generated by oxide
material that surrounds the Au NPs. Therefore, the
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Fig. 2 Representative TEM images of the as-prepared Au@ZnO HNs
obtained for different concentrations of Zn(NOs), employed in the
synthesis: (a) 0.0 mM, (b) 0.1 mM, (c) 0.5 mM and (d) 1.0 mM.

morphological characteristics of the HNs revealed by the
TEM images analysis are in a quite good qualitative agree-
ment with the interpretation regarding the changes observed
in the extinction spectra.

XRD characterization

Fig. 3 shows the XRD patterns of the powders obtained from the
unmodified Au NPs and from the Au@ZnO HNs (synthesized
with [Zn(NOs),] = 1.0 mM) denoted as (a) and (b), respectively.
For comparison, the standard data for fcc metal Au (JCPDS
4-784) and hexagonal wurtzite ZnO (JCPDS 36-1451) are also
shown at the bottom as blue and red bars, respectively.

The diffraction pattern of Au NPs shows three peaks at 26 =
38.2, 44.4 and 64.6, which are assigned to the reflections of the
planes (111), (200) and (220) of Au, respectively. On the other
hand, the diffraction pattern of Au@ZnO HNs shows peaks at
20 = 31.7, 34.4, 36.3, 56.7, 62.9 and 68.0 which are assigned to
the reflections of the planes (100), (002), (101), (110), (103) and
(112) of ZnO, respectively, in addition to the peaks attributed to
reflections of the Au phase. The background signal, particularly
its increase for 26 — 30, is attributed to amorphous SiO, (JCPDS
29-0085) which constitutes the material employed to support
the sample during measurements, whereas the additional peaks
present in the Au@ZnO HNs pattern at 26 = 31.7, 34.4 might be
assigned to reflections of the planes (102) and (211) of Quartz
(JCPDS 33-1161). Therefore, these results confirm the formation
of an irregular ZnO shell on the Au cores, and further support
the interpretation of the measured changes in the optical
properties. Furthermore, the Scherrer equation (see ESIT) was
applied to estimate the crystallite size of the respective mate-
rials (instrumental broadening was considered negligible and
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Fig. 3 XRD patterns of (a) Au NPs and (b) Au@ZnO HNs. The reference
XRD pattern of Au (JCPDS 4-784) and ZnO (JCDPS 36-1451) are also
shown in the lower part of the figure as blue and red bars, respectively.
The patterns have been arbitrarily shifted in the y-axis.

was not included in the analysis). In particular for Au NPs, the
mean coherence length perpendicular to the planes (111) gives
a value of 26 nm, while for ZnO the mean coherence length
perpendicular to the planes (101) gives a value of 24 nm.

Modelling of the extinction spectra of HNs

Probably the simplest model to describe the optical response of
the synthesized HNs is graphically schematized in Fig. 4. It
consists in two concentric spheres: a Au core of diameter D
surrounded by a uniform shell of thickness S dispersed in
water.

Note that the composition of the shell is heterogeneous as it
is composed by water and ZnO. Thus, the simple proposed
model aims to capture the most relevant morphological
features observed in the TEM images. The extinction spectrum
of the proposed concentric spheres model to describe the
optical response of the synthesized HNs, can be exactly

S

Fig. 4 Graphic scheme of the model used in Mie theory for coated
spheres simulations to represent the synthesized Au@ZnO HNs.
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calculated in the frame of classical electrodynamics by using the
Mie theory for coated spheres as formulated by Aden and Kerker
(ref. 37, page 181). The dielectric constants of the Au core as well
as of the shell are essential quantities in order to perform such
simulations. The dielectric constant of the core (Au) was
obtained from literature** whereas the dielectric constant of the
shell was obtained by means of effective-medium theories. In
this case, the expression reported by Garnett (ref. 37, page 217)
has been employed to determine the dielectric constant of the

shell eqg:
€ — €&m
3
f (s + 2€m> (1)

Eeff = Em 1 + T
1_ m
f(erZsm)

where ¢ stands for the dielectric constant of ZnO (which was
obtained from the values reported by Postava et al*), ¢p
(= 1.33) the dielectric constant of water and f the filling factor
defined as the ratio of the volume of the shell occupied by ZnO
to the total volume of the shell. The simulated extinction effi-
ciency spectra Qexx 0f Au@ZnO HNs with fixed geometrical
parameters (D = 40 nm, S = 50 nm) calculated according to the
approach described above are shown in Fig. 5a. In this set of
spectra the filling factor fis varied from 0 to 0.8. Qualitatively, it
can be clearly observed that as the f values increase from 0 to
0.8, the changes in the extinction spectra are quite similar to
those observed in the measured extinction spectra (see Fig. 1).
On the one hand, a large increase of the extinction intensity in
the UV region particularly for A values around 350 nm is
observed, where the shoulder located at around 350 nm appears
as a clearly defined peak as the value of f — 1. This increase of
the extinction in the UV region is attributed to the increasing
fraction of ZnO that compose the shell of the HNs. On the other
hand, a substantial red-shift of the Au NP LSPR from 530 to 590
nm when the fvalue increases from 0 to 0.8 is observed. This
redshift is attributed to an increase of the dielectric constant of
the environment where the Au core is located as the filling
factor f — 1. Fig. 5b shows the effect of increasing the shell
thickness on the simulated extinction spectra of Au@ZnO HNs
with fixed diameter and filling factor fvalues (D = 40 nm, f =
0.3). In this case, qualitatively similar changes to those
described in Fig. 5a are found: a large increase of the extinction
intensity in the UV region as well as a noticeable red-shift of the
Au NP LSPR. However, the magnitude of the LSPR redshift
observed in Fig. 5b, from 530 to 550 nm when the S value
increases from 0 to 80 nm, is almost a half in comparison to that
observed in Fig. 5a. In addition, note that the LSPR red-shift
from 545 to 550 nm when the S value increases from 20 to
80 nm, for a constant f = 0.3 value. This fact indicates that the
value of the dielectric constant of the environment experienced
by the Au core is more sensitive to the filling factor fvalue than
to the shell thickness.

Fig. 6 summarize the main features of the simulated spectra
shown in Fig. 5 along with the respective data for other not
shown spectra corresponding to HNs with different geometries.
Fig. 6a shows the variation of the LSPR spectral position (Ares)
with the filling factor f for several shell thickness S. For a given

This journal is © The Royal Society of Chemistry 2015
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Fig. 5 Effects of (a) filling factor f and (b) shell thickness S on the simulated extinction efficiency spectra Qe of Au@ZnO HNs according to the

Mie theory for coated spheres.

thickness, it is observed that A5 varies almost linearly with f. In
addition, for a given f value, the sensitivity of A.s upon a
thickness change is inversely proportional to the shell size. For
instance, for f = 0.5, A5 changes from 530 to 550 nM (AAres =
20 nm) when S increases from 10 to 20 nm (AS = 10 nm).
However, A..s changes from 550 to 560 nm (AA..s = 10 nm) when
S increases from 20 to 30 nm (AS = 10 nm). MOreover, A
changes from 563.5 to 565 nm (Al = 1.5 nm) when S increases
from 50 to 60 nm (AS = 10 nm). This trend strongly suggests
that the magnitude of the redshift of the LSPR is mostly
determined by the properties of the adjacent environment to
the Au core NP. Fig. 6b shows the magnitude of the parameter
R defined as the ratio between the values of the extinction effi-
ciency Qex valuated at A to the value of Q. valuated at 350 nm
vs. f, for several shell thickness S values. In these set of curves it
can be observed that the relation between R and f is largely
influenced by the shell thickness. For § = 10 nm, the values of R
increase with f, which implies that the extinction at A is higher
with respect to that at 350 nm. On the contrary, the opposite
trend is found for S = 30 nm.

The spectral information summarized in Fig. 6 can be used
as an accurate guide to obtain information about the
morphology of the experimentally prepared Au@ZnO HNs. Note

a) 620 T T T T T T
600 |-
580 -

@560—

A/ nm

540

520 L L L ! L L

that both quantities A..s and R are easily accessible experi-
mentally by means of extinction measurements. If considered
the sample obtained with [Zn(NO3),] = 1.0 mM, it is found that
its characteristic spectral values are A, = 549 nm and R = 0.58.
These parameters can be used along with Fig. 6 to estimate the
average shell thickness S and the filling factor ffor this sample.
It can be noted from Fig. 6a that there are a large number of
different combinations between S and f values that present
Ares = 549 nm, for instance, S = 10 nm and f= 0.5 as well as S =
50 nm and f = 0.3 (the black dot line at A = 549 nm it is plotted
to guide the eye). On the other hand, it can also be observed
from Fig. 6b that there are a large number of different combi-
nations between S and f values that present R = 0.58 (see the
black dot line at R = 0.58). However, there is a unique set of
S and fvalues that simultaneously match the A..s = 549 nm and
R = 0.58 values. In the case under consideration, these values
are S = 61 nm and f = 0.29. It is possible to perform the same
procedure for the experimentally obtained A..s and R values
corresponding to samples A, B and C, and determine its
morphological parameters S and f associated. Fig. 7 show the
extinction spectra simulated with the S and fvalues obtained for
each sample according to the procedure described above.

3.0
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Fig. 6 Variation of the simulated (a) A,es and (b) R values with filling factor f for different shell thickness S according to the Mie theory for coated

spheres.
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Fig.7 Au@ZnO HNs simulated extinction efficiency spectra with the f
and S values described in the inset. In all cases the diameter of the Au
core NP is 40 nm.

It is found that the computational results obtained exhibit a
very good qualitative as well as quantitative agreement with the
experimentally measured spectra (Fig. 1). Importantly, note that
the S and fvalues obtained for each sample are in close agree-
ment with the morphologies that can be appreciated from the
TEM images (Fig. 2). This comparison shows that the optical
response of the Au@ZnO NHs chemically synthesized can be
accurately described by means of a coated sphere model along
with effective medium theory to represent the dielectric
constant of the ZnO shell.

To obtain further insight into the optical properties of the
HNs we have also performed DDA simulations. This versatile
and powerful methodology allows simulate the optical prop-
erties of nanostructures with arbitrary composition and
geometry, at difference with the Mie theory which is restricted
to spherical shaped particles. Therefore we employed it to
address in particular the effect of the shape of the material
that surrounds the Au core NP on the optical response of the
HNs. Specifically, focus has been made in simulate the optical
properties of the HNs obtained when a [Zn(NO3),] = 1.0 mM
concentration was used in the experiments (Fig. 1, blue curve).
The schemes shown in Fig. 8 illustrates some of the nano-
structures computationally generated to calculate its extinc-
tion properties, which describe the synthesized HNs in a more
approximate way than the core shell structures, and consist in
a 40 nm diameter Au core NP located at the intersection
between a given number of ellipsoids, whose number range
from 2 to 6 (note that Fig. 8 illustrates the HNs composed by 2,
3 and 4 ellipsoids). More specifically, the 40 nm diameter Au
core was represented by 14 147 dipoles arranged in a spherical
way in all cases. The code applies the lattice dispersion rela-
tion to determine the «; values of the 14 147 dipoles so that an
infinite array mimic the dielectric constant (1) of Au bulk.*
On the other hand, the surrounding material was described by
712 597 £ 63 dipoles arranged in the volume defined between
the external surface of the ellipsoids and the Au core.
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Fig. 8 Schemes of the structures employed in the DDA method to
simulate the extinction spectra of the synthesized HNs, which consist
in a 40 nm diameter Au core NP at the intersection between (a) 2, (b) 3
and (c) 4 ellipsoids, respectively.

In addition, the dimensions of the ellipsoids in each case
(see Table 2) were determined in order that the volume occu-
pied by them keeps constant and equal to 1.69 x 10° nm®.
Besides, in each case the volume of these nanostructures is
contained within a sphere of 80 nm radius. The effective
medium theory was used to obtain the dielectric constant of the
material surrounding the Au core NP, i.e. the ellipsoids, using a
Jfopa = 0.35 value. Note that this fpa (= 0.35) value should not
be directly compared with the f (= 0.29) value employed in the
Mie theory simulations because, although the ZnO volume is
essentially the same in both cases, it is referred to different total
volumes: 2.11 x 10° nm® for the case of the spherical shell in
the Mie theory simulations, whereas to 1.69 x 10® nm? for the
case of the ellipsoids in the DDA method. In other words, the
total volume is reduced when changing the morphology from a
spherical shell to the other one less regular defined by the
ellipsoids, therefore the f value increases as stated by its defi-
nition. In order to obtain comparable f values, the following
argument was employed to calculate the fppa value in relation to
the volume of the spherical shell. In DDA simulations, the total
volume occupied by the ellipsoids irrespective of its number
(1.69 x 10° nm®) is represented by 712 650 dipoles, and
considering the fpps = 0.35 value, it can be thought that 249 427
dipoles represents the ZnO material.** On the other hand, the
total volume occupied by the spherical shell (2.11 x 10° nm?) is
represented by 890 781 dipoles. Thus, the ratio 249 427/890 781
gives a value of 0.28, which is quite similar to the f(= 0.29) value
determined according to Mie theory simulations. It is important
to note that, in this case, the DDA method applied the lattice
relation dispersion to determine the polarizabilties of the
dipoles that constitute the surrounding material so that an
infinite array mimic the dielectric constant calculated using the
effective medium theory given by eqn (1).

Fig. 9 shows the simulated extinction spectra for HNs with 2,
3, 4, 5 and 6 ellipsoids, where it can be appreciated that the
main spectral features, i.e. a shoulder and a peak centered at

Table 2 Dimensions of the nanostructures employed in DDA calcu-
lations to simulate the extinction spectra of the synthesized HNs. In all
cases the diameter of the core Au NP is 40 nm

Number of ellipsoids 2 3 4 5 6
Minor axes/nm 100 100 100 100 100
Major axes/nm 135 128 119 113 107

This journal is © The Royal Society of Chemistry 2015
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Fig. 9 DDA calculated extinction spectra of Au@ZnO HNs composed
by a spherical Au core located at the intersection between different
numbers of ZnO ellipsoids as indicated in the inset.

350 and 550 nm, respectively, clearly resemble the extinction
spectrum of the HNs obtained for [Zn(NO3),] = 1.0 mM (Fig. 1,
blue curve). In addition, the DDA simulated spectra are not
affected by changing the shape of the material surrounding the
Au core NP as this set of spectra significantly overlap. Impor-
tantly, the fppa = 0.35 value employed in the simulations indi-
cates that the precipitated material around the Au core contain
a relatively high amount of water (65%), and show a very good
agreement with the f = 0.4 value reported previously for
Ag@ZnO core shell HNs synthesized by means of a similar
methodology.*® Note that within the DDA method a more real-
istic representation of the morphology of the synthesized HNs
can be performed in comparison with the Mie approach, and,
consequently, a more approximated value of the parameter fcan
be obtained.

Conclusions

In this work a very simple chemical methodology has been
implemented which allows to obtain Au@ZnO HNs in aqueous
media. The HNs obtained consist in almost spherical Au core
NPs, whose mean size is 40 nm, surrounded by an irregular ZnO
shell. According to TEM images, the ZnO material appears as
protuberances that merge from the Au NPs surface. The quan-
tity of ZnO protuberances, which mean length is around 60 nm,
vary between 2 and 6. The major effect of increasing the amount
of [Zn(NOs),] employed in the synthesis is to increase the value
of the filling factor f of ZnO within the shell, rather than
increase the shell thickness. We propose that the synthetic
methodology implemented in this work can be easily applied to
other Au NPs shape and shell material, broadening the possi-
bilities of synthesizing HNs in aqueous media. In addition, as a
consequence of the ZnO shell formation significant changes in
the extinction spectra of the Au NPs were observed. These
changes in the optical response have been rationalized by
means of electrodynamics simulations based on two different
approaches: the Mie theory for coated spheres and the discrete

This journal is © The Royal Society of Chemistry 2015
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dipole approximation. In both cases, the effective medium
theory was used to describe the dielectric constant of the ZnO
shell. The good correlation between experimental and theoret-
ical spectra indicates that the model employed properly
describes the optical response of Au@ZnO HNs. By imple-
menting a graphical method to analyze the extinction spectra
simulated with the Mie theory, it was possible to perform an
accurate prediction of the main morphological parameters of
the synthesized Au@ZnO HNs. In addition, the combination of
DDA modeling with optical measurements and morphological
information, allows estimate that the water content of the shell
surrounding the metallic core is 65%. Lastly, we believe the
methodology implemented in this work to study the optical
properties of Au@ZnO HNs provides a useful tool to obtain, in
addition, relevant structural information, which could also be
applied to study other systems composed by different plas-
monic and dielectric materials.
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