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1. Introduction

Complete Au@ZnO core-shell nhanoparticles
with enhanced plasmonic absorption enabling
significantly improved photocatalysis+

Yigiang Sun,? Yugang Sun,*° Tao Zhang,? Guozhu Chen,? Fengshou Zhang,?
Dilong Liu,® Weiping Cai,¢ Yue Li,* Xianfeng Yang® and Cuncheng Li*®

Nanostructured ZnO exhibits high chemical stability and unique optical properties, representing a promis-
ing candidate among photocatalysts in the field of environmental remediation and solar energy conver-
sion. However, ZnO only absorbs the UV light, which accounts for less than 5% of total solar irradiation,
significantly limiting its applications. In this article, we report a facile and efficient approach to overcome
the poor wettability between ZnO and Au by carefully modulating the surface charge density on Au nano-
particles (NPs), enabling rapid synthesis of Au@ZnO core-shell NPs at room temperature. The resulting
Au@ZnO core-shell NPs exhibit a significantly enhanced plasmonic absorption in the visible range due to
the Au NP cores. They also show a significantly improved photocatalytic performance in comparison with
their single-component counterparts, i.e., the Au NPs and ZnO NPs. Moreover, the high catalytic activity
of the as-synthesized Au@ZnO core—shell NPs can be maintained even after many cycles of photo-
catalytic reaction. Our results shed light on the fact that the Au@ZnO core—-shell NPs represent a promis-
ing class of candidates for applications in plasmonics, surface-enhanced spectroscopy, light harvest
devices, solar energy conversion, and degradation of organic pollutants.

desquamation, and morphological changes, but also maxi-
mizes the active interfaces between the metal core and semi-

Hybrid NPs with multiple components and a well-defined mor-
phology represent an important class of materials that not
only integrate different functions from distinct ingredients but
also incubate new synergistic properties. Among them, metal-
semiconductor hybrid NPs have attracted considerable atten-
tion because of their important applications in photocatalysis,
solar energy conversion, and optoelectronics."® Tremendous
efforts have been devoted to synthesizing semiconductor NPs
decorated with small metal nanodomains, but rational syn-
thesis of metal@semiconductor core-shell NPs still remains
challenging. The metal core-semiconductor shell architecture
not only effectively protects the metal core from corrosion,
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conductor shell through the three-dimensional contact
to facilitate interfacial charge/energy transfer processes.®'*
These advantages are beneficial for increasing the stability and
the overall performance of the hybrid NPs.>?' Moreover,
recent studies indicate that the plasmonic absorption of metal
NPs could be distinctly enhanced if they are completely
embedded into a semiconductor matrix.®*>72* As a result, the
synthesis of metal@semiconductor core-shell NPs is a promis-
ing research topic in terms of both scientific and technological
importance.** ™!

Due to its chemical stability and unique optical-, mecha-
nical-, and electronic-properties, ZnO has been intensively
investigated for applications in UV-lasers,"*** piezoelectric
generators,”*” solar cells,”* ™ and photocatalysis.”’ >
However, the wide band gap (3.37 eV) of ZnO makes pure ZnO
NPs insensitive toward visible light, which significantly limits
ZnO as an efficient photocatalyst. One promising solution is to
form hybrid NPs with materials such as organic dyes,*®*
narrow-gap semiconductor quantum dots,>"*® or plasmonic
metal NPs,”"® which can strongly absorb visible light to sensi-
tize ZnO in the visible spectral range. On the other hand, these
visible light sensitizers usually suffer degradation of the com-
position and the change of the morphology in practical appli-
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cations since they are directly exposed to reactants and sur-
rounding media. Therefore, the synthesis of Au@ZnO core-
shell NPs with the plasmonic Au core completely encapsulated
with the ZnO shell is expected to be an effective strategy for
improving the stability and performance of ZnO-based photo-
catalysts although the synthesis is challenging.*®™*"

Herein, we report a facile and efficient approach for the syn-
thesis of Au@ZnO core-shell NPs at room temperature by
using octahedral Au NPs as an example to demonstrate the
importance of the surface charge density on promoting depo-
sition of ZnO on Au NPs. The resulting Au@ZnO core-shell
NPs exhibit a significantly enhanced plasmonic absorption in
the visible range and photocatalytic performance compared
with their single-component counterparts, i.e., the Au NPs and
ZnO NPs. Such enhancements are attributed to the strong
coupling between the Au core and the ZnO shell associated
with their intimate contact, highlighting the promise of core-
shell NPs in technological applications.

2. Experimental section
2.1 Synthesis of Au@ZnO core-shell NPs

For the synthesis of Au@ZnO core-shell NPs, octahedral Au
NPs were firstly synthesized through a polyol process according
to our previous work by using HAuCl, as the gold source and
polydiallyldimethylammonium (PDDA) as a surfactant in an
ethylene glycol solution.’® Subsequently, 1.2 mL of 0.01 M
aqueous Zn(NOj;), (0.012 mmol) solution, 1.2 mL of 0.05 M
aqueous NaOH (0.06 mmol) solution, and 0.6 ml of 0.02 M
aqueous NaBH, (0.012 mmol) solution were added to 12 mL
of Au octahedra colloidal solution in a plastic tube under
ambient conditions. The final concentrations of Zn(NO;),,
NaOH, NaBH,, and PDDA in the reaction solution were 0.8,
4.0, 0.8, and 20 mM, respectively. And then, the solution con-
taining the Au octahedra and ZnO precursor was reacted at
room temperature for 20 min. The color of the solution
changed from red to blue, as displayed in Fig. 1 and S1.f Note
that the dispersion of the mixed Au NPs and ZnO NPs appears
red which is similar to that of pure Au NP colloidal solution
since ZnO NPs do not exhibit any visible absorption. The as-
synthesized Au@ZnO core-shell NPs were then collected via
centrifugation at 14 500 rpm and the supernatant was dis-
carded. The precipitated NPs were then washed with water and
re-dispersed in water with the assistance of ultrasonication.
The centrifugation and washing cycles were repeated two more
times to remove the freestanding NaBH,, NaOH, and PDDA. In
the dispersion of washed Au@ZnO NPs, only a trace amount of
PDDA adsorbed on the surface of the NPs exists. The dis-
persion of clean Au@ZnO core-shell NPs was then used for
further characterization and photocatalysis study. After cen-
trifugation, the blue products precipitated at the bottom of the
tubes and the supernatant solution became clear and color-
less, indicating that no residual products such as Au@ZnO,
ZnO, or Au NPs existed in the solution. ZnO NPs were also syn-
thesized at room temperature under static conditions follow-
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Fig. 1 Photographs of (a) Au octahedra and (b) the Au@ZnO core-shell
NP colloidal solution; (c) TEM and (d) HAADF-STEM images of Au@ZnO
core—shell NPs; (e) EDS line profile analysis of Au (red), Zn (green), and
O (blue) elements on a single Au@ZnO core-shell NP; (f) elemental
mapping of a single Au@ZnO core—shell NP; (g) HRTEM image recorded
at the boundary of the Au core and ZnO shell. Scale bars for (c)—(e), (f),
and (g) are 100 nm, 20 nm, and 5 nm, respectively.

ing the procedure described above in the absence of
octahedral Au NPs. Further experiments were conducted in
order to determine the influence of reaction reagents on the
synthesis of Au@ZnO core-shell NPs.

2.2 Characterization

The products were characterized by transmission electron
microscopy (TEM, JEM-1400), high-angle annular dark-field
scanning TEM (HAADF-STEM), energy dispersive X-ray
spectroscopy (EDS), and high-resolution TEM (HRTEM,
JEM-2100F). X-ray diffraction (XRD) patterns were measured on
a Bruker D8 Focus X-ray diffractometer with Cu Ka radiation
(4 = 0.15418 nm) by depositing the product on a glass slide.
The zeta potential of the dispersed Au NPs was recorded on
a Zetasizer 3000HS analyzer (Malvern Instruments Ltd,
Worcestershire, UK). For optical measurements, the optical
extinction spectra were recorded with a Shimadzu UV-3101PC
spectrophotometer.

2.3 Photocatalytic activity measurements

The photocatalytic activity of Au@ZnO core-shell NPs was
measured by the degradation of the organic dye Rhodamine B
(RhB), methyl orange (MO), and methyl blue (MB) in an
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aqueous solution. Experiments by using pure ZnO NPs, Au
NPs, and commercial P25-TiO, NPs as catalysts were also per-
formed for comparison. For the photodegradation of RhB, the
well-washed catalysts (8 mg, Au@ZnO core-shell NPs, ZnO
NPs, or P25-TiO, NPs) were firstly added to 29.7 mL deionized
water to form a suspension. And then, 0.3 mL of 1 mM
aqueous organic dye (RhB, MO, or MB) solution was injected
into the above suspension. The concentration of the organic
dye in the initial suspension was 10™> M. We recorded the
adsorption kinetics of RhB on the surface of Au@ZnO core-
shell NPs. The results indicated that 30 min is long enough to
ensure that the adsorption/desorption equilibrium of the
dye molecules on the surfaces of catalyst NPs can be reached
(Fig. S27). As estimated from the change of absorbance of
RhB, ~7.8% RhB molecules were adsorbed on Au@ZnO core—
shell NPs before the photocatalytic reaction was conducted.
The photocatalytic test was conducted under irradiation with a
300 W xenon lamp at room temperature. The distance between
the xenon lamp and the as-prepared suspension was about
10 cm. To measure the amount of the residue of RhB, a
portion of the suspension irradiated for different times was
sampled out during the photocatalytic experiments. The cata-
lysts were first removed from the harvested suspension by cen-
trifugation. After centrifugation, the catalyst precipitated at the
bottom of the tubes. Subsequently, the supernatant solution
was collected and diluted 15 times (x15) with deionized water
for measuring the absorption of the organic dye on a spectro-
photometer. The natural-sunlight-driven photocatalytic activity
of Au@ZnO core-shell NPs was investigated through photo-
degradation of RhB under solar irradiation. To measure the
visible light photocatalytic activity of catalysts, experiments
were performed by introducing a UV filter in the path of the
light beam to cut off the light below a wavelength of 420 nm.

Multi-cycle degradation experiments catalyzed by Au@ZnO
core-shell NPs were conducted following a similar operation
procedure described above. Briefly, the suspension containing
Au@ZnO core-shell NPs and RhB was firstly irradiated for
10 min with a 300 W xenon lamp, then 2 mL of the suspension
was taken out for measuring the degradation results of RhB,
and finally a given amount of aqueous RhB solution was intro-
duced into the remaining suspension for the recycled degra-
dation experiment. Note that the concentration of RhB in the
initial suspension was always kept at 10™° M in the repeated
degradation experiments. Meanwhile, the recovered precipitate
(catalyst) was washed three times with water under sonicated
for TEM observation.

3. Results and discussion

TEM and high-angle annular dark-field scanning TEM
(HAADF-STEM) images show that the blue product is domi-
nated by uniform core-shell NPs with rough surfaces (Fig. 1c
and d). The core and shell in each NP exhibit significantly
different image contrast, indicating that the core and shell
are composed of different materials. The EDS analysis of an
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individual NP shows the distribution of Au, Zn, and O, i.e., Au
is located at the center of the NP while the Zn and O are
detected in the shell (Fig. 1e). In addition, an elemental
mapping image of a single NP further confirms that both Zn
and O only exist in the shell (Fig. 1f). Note that each NP only
contains a single core and particle with multiple cores or
without cores is not found. The concentration of particles in
the colloidal solution is thus unchanged after the formation of
core-shell NPs except that the particle size increases. The
HRTEM image shown in Fig. 1g highlights the core/shell inter-
faces, indicating that the shells are polycrystalline and consist
of hexagonal-phase ZnO nanocrystallites with varying orien-
tations. The uniform lattice fringes of the core agree well with
face-centered cubic Au. These results indicate that each core-
shell NP is composed of a single-crystalline Au core encapsu-
lated with a polycrystalline ZnO shell. The diameter of the as-
synthesized NPs is 100 + 10 nm which is larger than the dia-
gonal length (~60 nm) of the octahedral Au NPs (Fig. S31). The
dimensional difference indicates that the average thickness of
the ZnO shell is ~20 nm. The corresponding XRD pattern
further identifies that the as-obtained NPs are composed of Au
(JCPDS 00-065-2870) and ZnO with a hexagonal wurtzite struc-
ture (JCPDS 00-065-3411), as presented in Fig. S4.f No peaks
for Zn or other impurities are detected in the XRD pattern,
indicating that the shell is pure ZnO. The XRD peaks from
ZnO shells are very weak in contrast to that from the single-
crystalline Au cores. This reflects that the shells were mainly
composed of polycrystalline ZnO NPs with small grain sizes,
which is in accordance with the HRTEM observation.

As presented in Fig. 1b, the colloidal solution of Au@ZnO
core-shell NPs exhibits a blue color, which differs distinctly
from that of the octahedral Au NPs (reddish), pure ZnO NPs
(white), and a mixed solution of Au NPs and ZnO NPs
(reddish) (Fig. S1t). This color difference indicates the for-
mation of Au/ZnO intimate interfaces, which significantly
influence the optical properties of Au NPs. Fig. 2 presents the
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—3: Au@ZnO NPs
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Fig. 2 Optical absorption spectra of (1) octahedral Au NPs, (2) ZnO

NPs, (3) Au@ZnO core-shell NPs, and (4) the mixture of ZnO NPs and
Au NPs quantitatively measured in an aqueous solution.
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absorption spectra of the Au@ZnO core-shell NPs, octahedral
Au NPs, the mixture of ZnO NPs and Au NPs, and pure ZnO
NPs presented in Fig. S5.f The comparison clearly shows that
the absorption spectrum of the Au@ZnO NPs is not the simple
sum of that of the Au NPs and ZnO NPs. The formation of a
ZnO shell around the Au core shifts the plasmonic absorption
peak of the Au NPs from 560 nm to 600 nm due to the higher
dielectric constant of ZnO than that of water.">™*7**%> It is
worth noting that the absorption coefficient of the Au@ZnO
core-shell NPs is significantly enhanced in comparison with
that of Au NPs. Moreover, the absorption spectra and mor-
phology of the as-prepared Au@ZnO NPs remain unchanged
even after storage of their suspensions for several months
under ambient conditions (Fig. S6), indicating their excellent
stability.

Since ZnO exhibits high chemical stability and reasonable
photocatalytic activity in the UV spectral regime and the
enhanced absorption coefficient of Au NPs in the visible
regime associated with the formation of Au@ZnO core-shell
structures, it makes the as-synthesized Au@ZnO core-shell
NPs capable of efficiently driving photocatalysis with solar
light. To illustrate this, a series of photocatalytic experiments
were performed by using an organic dye as a probe and a 300 W
xenon lamp as the simulated solar light source to evaluate
the photocatalytic performance of Au@ZnO core-shell NPs.
Fig. 3 compares the photocatalytic processes with the use of
Au@ZnO core-shell NPs, pristine ZnO NPs, Au NPs, and com-
mercial P25-TiO, NPs (Fig. S7,T TEM images of P25-TiO, NPs)
for the degradation of organic dye RhB, indicating that
Au@ZnO NPs act as a more efficient photocatalyst than ZnO
NPs or TiO, NPs to degrade RhB (Fig. 3d). The degradation of
RhB by using pure Au NPs as catalysts is consistent with the
direct photoillumination of the RhB solution (without any
NPs), indicating that pure Au NPs have no photocatalytic
activity towards the degradation of organic dyes (Fig. 3d and
S8t1). The results indicate that Au@ZnO core-shell NPs are
highly active for utilizing solar energy to degrade organic mole-
cules. In addition, the Au@ZnO core-shell NPs can maintain
their high catalytic activity even after 15 times of use (Fig. 3e).
TEM observations indicate that the size and core-shell struc-
ture of the Au@ZnO NPs remained essentially unchanged after
the photocatalytic reactions (Fig. S9t). The excellent photo-
catalytic activity of the Au@ZnO NPs is further confirmed by
catalyzing the degradation of other organic dyes such as MO
and MB (Fig. S10t). The degradation of RhB has also been rea-
lized by irradiating the aqueous solution of RhB and Au@ZnO
NPs under natural sunlight (Fig. S11t), indicating that the as-
synthesized Au@ZnO NPs are feasible to harvest natural solar
energy to drive technologically important reactions.

In general, when a metal comes into contact with a semi-
conductor, an interfacial charge transfer occurs inevitably to
achieve a Fermi level equilibration if their work functions are
different. The work function of ZnO is about 4.45 eV, which is
lower than that of Au (~5.31 eV).>> Moreover, since the Fermi
level of Au (Er = 0.4 V vs. SHE) is more positive than the con-
duction band (CB) of ZnO (Ecp = —0.5 V vs. SHE),® it will be

This journal is © The Royal Society of Chemistry 2016
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Fig. 3 UV-Vis spectral evolution of the aqueous RhB solution in the
presence of (a) Au@ZnO core-shell NPs, (b) pristine ZnO NPs, and (c)
commercial P25-TiO, NPs under irradiation with a 300 W xenon lamp at
room temperature, (d) the photocatalytic performances (C./Cy) of
Au@ZnO core—shell NPs, ZnO, P25-TiO,, and Au octahedra for RhB, and
(e) the multi-cycle degradation results of RhB catalyzed by Au@ZnO
NPs.

facile for the electron transfer from ZnO to Au when they are
in direct contact. Consequently, the Fermi level of Au shifts to
a more negative potential until an equilibration with ZnO is
achieved (the black dashed line in Fig. 4a). As is known, the
increase of the electron density on the surfaces of Au NPs
would lead to the enhancement of their plasmonic absorption.
Our results clearly revealed that the surface plasmon reson-
ance (SPR) of Au NPs was enhanced after the formation of the
ZnO shell (see Fig. 2), directly suggesting that the electrons are
transferred from ZnO to Au. Accordingly, the energy band of
ZnO at the interface bends upward to form Schottky barriers
and build-in electric field (red arrows in Fig. 4b) near the Au/
ZnO interfaces, which can prevent the backward electron flow
from ZnO to Au as well as facilitate the migration of holes
from ZnO to Au.

Moreover, Au@ZnO core-shell NPs presented here exhibit
remarkable absorption properties in the visible range. The
photocatalytic activity of ZnO in the visible region was thus

Nanoscale, 2016, 8, 10774-10782 | 10777
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Fig. 4 (a) The proposed charge generation and transfer mechanism in
Au@ZnO core-shell NPs under solar light irradiation. (b) Separation
mechanism of photoexcited electrons and holes in or near the Schottky
barriers formed in ZnO. The red arrows highlight the build-in electric
field direction. (c) Photodegradation mechanism of active radicals over
Au@ZnO core-shell NPs in a photodegradation reaction. (d) Photo-
catalytic activity of Au@ZnO, ZnO, and P25-TiO, NPs for RhB under
visible light exposure.

triggered by the enhanced plasmonic absorption of Au cores.
The energetic electrons are thus produced through the plasmo-
nic excitation of Au cores when Au@ZnO core-shell NPs are
exposed to visible light. If their energies are higher than the
Schottky barriers (Es, the blue dashed line in Fig. 4a), the ener-
getic electrons can be facilely transferred from Au to the CB of
ZnO through the black pathway as shown in Fig. 4a.>"®®" Sub-
sequently, the energetic electrons are taken by the O, mole-
cules adsorbed on the surfaces of ZnO NPs to produce
superoxide radicals (Fig. 4c).®> To verify the visible light photo-
catalytic activity of Au@ZnO core-shell NPs, experiments were
further conducted by introducing a UV filter in the path of the
light beam to cut off the light below a wavelength of 420 nm.
The experimental results demonstrate that 84.5% RhB was
degraded after visible light irradiation for 2 h in the presence
of Au@ZnO core-shell NPs. The corresponding degradation of
RhB was only 26.2% and 9.2% by using pristine ZnO NPs and
P25-TiO, NPs as catalysts (Fig. S121). Apparently, among them,
Au@ZnO core-shell NPs are ideal candidates for visible light
active photocatalysis because of their remarkable plasmonic
absorption. On the basis of our results and the above discus-
sions, it is reasonable to conclude that the synergic effect
between the Au core and ZnO shell is responsible for the
higher degradation efficiency of Au@ZnO core-shell NPs
under solar irradiation. It is because that (i) the formation of
Schottky barriers enhances the separation of the photoexcited
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Fig. 5 TEM images of the products sampled in a one-pot reaction at (a)
2.5 min, (b) 5 min, (c) 7.5 min, (d) 10 min, (e) 20 min, and (f) 30 min, and
(g) the corresponding UV-Vis-NIR spectra. Note that, for UV-Vis-NIR
spectrum measurement, all the as-obtained reaction colloidal solutions
were diluted fifteen times (x15) with water. All the scale bars are
200 nm.

electron-hole pairs when the ZnO is excited under solar
irradiation, and (ii) the photocatalytic activity of ZnO in the
visible range is triggered by the outstanding plasmonic absorp-
tion of Au NPs.

The formation process of Au@ZnO core-shell NPs was
investigated by TEM observation and optical measurement.
TEM images of the products sampled at different times in a
one-pot reaction are shown in Fig. 5. Our results revealed that
ZnO starts to be adsorbed on the surfaces of Au NPs at 5 min
of the reaction and the thickness of ZnO shells gradually
increases to a maximum of ~20 nm at a reaction time longer

This journal is © The Royal Society of Chemistry 2016
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Fig. 6 (a) Low and (b) high magnification TEM images of the sample
synthesized at room temperature with 0.8 mM Zn(NOs),, 4.0 mM NaOH,
and 20 mM PDDA but in the absence of NaBH,4 (0 mM). Scale bars for (a)
and (b) are 500 nm and 200 nm, respectively.

than 20 min. The gradual growth of ZnO shell leads to a mono-
tonically red-shift and enhancement of the absorption peak of
the Au NPs (Fig. 5g). As aforementioned, the color of the
reacted solution changes from reddish to blue because of
the change in the dielectric environment around Au NPs
(Fig. 1b).22_24’32’57

A series of experiments have been performed to investigate
the influences of different experimental parameters involved
in the formation of Au@ZnO core-shell NPs. First, NaBH, is
important for the success in forming the ZnO shells out of the
Au NPs. Fig. 6 shows the TEM images of the product NPs syn-
thesized without using NaBH,. TEM observation indicates that
the harvested product is a mixture of octahedral Au NPs and
20-50 nm ZnO NPs. No Au@ZnO core-shell NPs are observed
in this case. The results indicate that ZnO prefers self-nuclea-
tion to form ZnO NPs rather than heterogeneous growth on
the surfaces of Au NPs in the absence of NaBH,, highlighting
the importance of NaBH, in the selective deposition of ZnO on
the surfaces of Au NPs to form Au@ZnO core-shell NPs.

Our previous work revealed that PDDA molecules were
strongly adsorbed on the surface of Au octahedra harvested by
the PDDA-mediated polyol process.”® PDDA is known to be
a cationic polyelectrolyte. The Au NPs coated with [PDDA]"
cations thus exhibit a highly positive zeta potential (47.72 mV,
Fig. 7a) that may prevent ZnO from being adsorbed on the sur-
faces of the Au NPs. Interestingly, a recent study indicated that
H™ anions have higher binding affinity to Au than other mole-
cules.”® Surfactants can be readily stripped from the Au sur-
faces by H™ anions released from BH,  ions. Stripping PDDA
from Au NPs will result in the decrease of the density of posi-
tive charges on their surfaces. To verify our claim, the zeta
potential of Au NPs mixed with 0.8 mM of various salts, e.g.,
NaBH,, KBH,, NaBr, NaNOj3, and Na,SO,, was measured using
a zeta potential analyzer. Our results clearly illustrated that the
zeta potential of the Au NPs was greatly decreased in the pres-
ence of borohydride and almost unchanged in the other cases
(Fig. 7a). This comparison further confirms that only H™
anions released from BH, ions are capable of reducing the
charge density of the Au NPs. Further experiments were
carried out to investigate the evolution of the zeta potential of
octahedral Au NPs along with the concentration of NaBHy, as
illustrated in Fig. 7b. The positive zeta potential of the Au NPs

This journal is © The Royal Society of Chemistry 2016
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Fig. 7 (a) Zeta-potential of (i) the as-synthesized Au octahedra and
(ii—vi) Au octahedra mixed with 0.8 mM of (ii) NaBH,, (iii) KBH,, (iv) NaBr,
(v) NaNOs, (vi) Na;SOg4; (b) The evolution of the zeta-potential of Au
octahedra along with NaBH,4 concentrations from 0 to 2.0 mM.

Fig. 8 TEM images of the sample synthesized at room temperature by
using (a) KBHy, (b) NaBr, (c) NaNOs, and (d) Na SO, instead of NaBH,. All
scale bars are 100 nm.

gradually decreases if the NaBH, concentration is increased
from 0 to 0.4 mM. When the concentration of NaBH, is higher
than 0.4 mM, the zeta potential of Au NPs will maintain a con-
stant value (~12.88 mvV), reflecting that the replacement of
[PDDA]" cations with H™ anions to form chemical bonding
with Au atoms of the particle surface reaches an equilibrium.
Based on the above zeta potential analyses, a series of syn-
thetic experiments were designed to further illustrate the effect
of zeta potential for the synthesis of Au@ZnO core-shell NPs.
Our results indicated that Au@ZnO core-shell NPs were
readily produced when KBH, was used as a NaBH, substitute
(Fig. 8a), whereas the final products were a mixture of isolated
ZnO NPs and bare Au octahedra by using NaBr, NaNO;, or
Na,S0, instead of NaBH, (Fig. 8b-d). Moreover, we found that
(i) high-yield Au@ZnO core-shell NPs were formed only when
the reaction solutions contained NaBH, with a concentration
>0.2 mM (Fig. 9) and (ii) no Au@ZnO core-shell NPs were pro-
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Fig. 9 TEM images of the products synthesized in the presence of
NaBH4 with various concentrations: (a) 0.1 mM; (b) 0.15 mM; (c) 0.2 mM;
(d) 0.4 mM; (e) 1.2 mM; (f) 2.0 mM. The result without using NaBHj, is
presented in Fig. 6. All scale bars are 200 nm.

0.8
—— Au octahedra
. ——0.00 mM
——0.05 mM
ik 0.10 mM
s | ——0.15 mM
— ——0.20 mM
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Fig. 10 UV-Vis-NIR spectra of the products obtained by using NaBH4
with a concentration range from 0 to 2.0 mM and octahedral Au NPs.
The corresponding TEM images are presented in Fig. 6, 9, and S13.7

duced when the concentration of borohydride was lower than
0.1 mM even if the reaction time was increased to 24 h (Fig. 9a
and S13+t). This is consistent with the optical measurements as
displayed in Fig. 10. The optical absorption spectra of the
samples synthesized by using NaBH, concentrations higher
than 0.2 mM are essentially identical, reflecting that the iden-
tical products are yielded (Fig. 6c-f). As aforementioned, the
zeta potential of Au octahedra is lower than 18.92 mV at
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[NaBH,] >0.2 mM (see Fig. 7b), whereas, for the samples
(Fig. 6, 9a, and S13t) obtained by using NaBH, with a concen-
tration lower than 0.1 mM (corresponding zeta potential
>26.38 mV), besides the ground exciton absorption band of
ZnO NPs in the UV region, the corresponding optical absorp-
tion spectra are the same as that of octahedral Au seeds: the
plasmonic absorption of the samples has no increment or
shift compared with that of the original Au octahedra. This
indicates that there is no interaction between Au octahedra
and the as-formed ZnO NPs. The results described above
clearly demonstrate that lowering the zeta potential of Au NPs
by introducing borohydride into the reaction solution is criti-
cal for the successful synthesis of Au@ZnO core-shell NPs.

Besides NaBH,, other reaction parameters including the
concentration of PDDA and NaOH in the reaction solution as
well as the reaction temperature were also systematically inves-
tigated in our experiments. As shown in Fig. S14,} only octa-
hedral Au NPs were observed in the final product when the
NaOH concentration was lower than 0.4 mM (Fig. S14a-df).
No Au@ZnO or ZnO NPs were produced even by using NaBH,
with a high concentration such as 15 mM (Fig. S14d¥). This
indicates that NaOH with a concentration higher than 0.4 mM
is necessary for the fabrication of Au@ZnO core-shell NPs.
Actually, in the present experiments, the formation of ZnO
relies on the decomposition of Zn(OH), or Zn(OH),>", which is
formed through a reaction between Zn** ions (from Zn(NO;),)
and OH™ ions (from NaOH). As illustrated in the Experimental
section, the ZnO precursor was directly introduced into the as-
obtained Au octahedral colloid for the fabrication of Au@ZnO
NPs and no purification was carried out. H' ions (~0.4 mM)
released from HAuCl, are thus existed in the reaction system
because they are not consumed during the formation process
of Au octahedra. The neutral reaction between H' and OH~
ions unavoidably occurred. Therefore, Au@ZnO or ZnO NPs
were not yielded when the concentration of NaOH was lower
than 0.4 mM. Experiments by keeping Zn(NO;), at 0.8 mM in
the reaction system illustrate that Au@ZnO NPs were predomi-
nately synthesized when the NaOH concentration was higher
than 0.8 mM (Fig. S14e-1}). Moreover, we found that (i) ZnO
NPs on the surfaces of Au octahedra were gradually increased
when the NaOH concentration was increased from 0.8 to
2.0 mM (Fig. S14e-gt) and (ii) Au@ZnO core-shell NPs with
identical ZnO shell thicknesses were harvested when the
NaOH concentration was higher than 2.0 mM (Fig. S14h-17).
These results indicate that the molar ratio of OH /Zn** ions in
the reaction solution must be higher than 2 to convert the
entire Zn source into ZnO.

Further experiments were performed by changing the con-
centration of PDDA in the reaction precursors and keeping all
the other parameters identical to the case of Fig. 1. Our results
indicated that the product obtained with a reaction time of
20 min was composed of ZnO NPs and Au NPs in the absence
of PDDA (Fig. S15af). In this case, octahedral Au seeds were
firstly well-washed with water to remove the surfactant PDDA
in the reaction system. Interestingly, with a reaction time
of 10 h, ZnO NPs disappeared and the final product was

This journal is © The Royal Society of Chemistry 2016
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dominated by Au@ZnO core-shell NPs (Fig. S15bf). Further
experiments indicate that Au@ZnO core-shell NPs were pre-
dominately harvested with a reaction time of 20 min when
the PDDA concentration was in the range of 5 to 35 mM
(Fig. S15c-et). However, the product was made up of Au@ZnO
core-shell NPs together with ZnO NPs as the PDDA concen-
tration was higher than 50 mM (Fig. S15f-ht). Apparently, sur-
factant PDDA with an optimal concentration (5-35 mM) is very
important for rapid fabrication of high-quality Au@ZnO core-
shell NPs. As the experimental description, surfactant PDDA
has been existed in the as-synthesized octahedral Au NP col-
loidal solution. Therefore, in the standard synthesis process
for Au@ZnO core-shell NPs, besides the ZnO precursor, we do
not introduce additional PDDA into the reaction system.

Generally, the reaction temperature greatly affects the
decomposition rate of (Zn(OH),) or Zn(OH),>~ ions, which
alters the degree of supersaturation of ZnO, and hence the
nucleation and growth of ZnO NPs. Experiments under
different reaction temperatures were conducted. It was
observed that the duration of the color change became shor-
tened upon increasing the reaction temperature. For example,
the color of the reaction solution changed from reddish to
blue after being heated for about 6 min at 100 °C. On the con-
trary, when the experiment was carried out at 0 °C, no color
change was observed during the initial 20 min. With a reaction
time of 45 min, the color of the solution appears blue, reflect-
ing the formation of Au@ZnO core-shell NPs. This is consist-
ent with the optical measurements and TEM observations
displayed in Fig. S16 and S17.1 Our results showed that (i) the
formation rate of Au@ZnO core-shell NPs was kinetically
enhanced at a high temperature and (ii) Au@ZnO core-shell
NPs could be dominantly produced over a broad temperature
range (0 to 100 °C). Consequently, the method presented here
is a reliable and effective synthetic strategy for Au@ZnO core-
shell NPs. Moreover, it is also a time- and energy-efficient
route because Au@ZnO core-shell NPs can be readily and
successfully produced at room temperature within tens of
minutes.

4. Conclusions

In conclusion, we have developed a facile and efficient strategy
for rapid synthesis of uniform Au@ZnO core-shell NPs at
room temperature by carefully tuning the surface charge
density on the Au NPs. The role of specific experimental para-
meters including NaBH,, NaOH, PDDA, and the reaction temp-
erature involved in the formation of Au@ZnO core-shell NPs
have been systematically investigated and identified. The
surface charge density on the Au NPs represents the most
determining parameter for the success in forming Au@ZnO
core-shell NPs. Most importantly, the formation of complete
ZnO shells on the Au NPs significantly enhances the plasmo-
nic absorption of the Au NPs, in particular in the visible spec-
tral region, resulting in a significant enhancement in the
photocatalytic performance of the resultant Au@ZnO core—

This journal is © The Royal Society of Chemistry 2016
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shell NPs. Their high catalytic activity can be maintained even
after many cycles of photocatalytic reaction because of the
essentially unchanged size and morphology of the Au@ZnO
NPs. The as-synthesized Au@ZnO core-shell NPs with remark-
able optical properties and excellent stability are one of the
promising candidates for application in surface plasmonics,
nanophotonics, surface-enhanced spectroscopy, light harvest
devices, solar energy conversion, and degradation of organic
pollutants.
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