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A series of Au/ZnO hybrid hollow-sphere films were successfully prepared by “hexane-water” interfacial self-assembly of

polystyrene (PS)/Au/ZnO nanocomposite spheres as building blocks followed by annealing treatment, and then used to
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fabricate nanodevices. The morphology and structure of the PS/Au/ZnO nanospheres and the as-transformed Au/ZnO

hybrid hollow spheres were characterized by TEM, SEM, HRTEM, XRD, etc. It was found that the maximum responsivity

(Ry) and photocurrent of Au NPs decorated ZnO hollow-sphere nanofilm based nanodevice in the study showed more than

10 times enhancement when illuminated by 340nm UV light, as compared with that of pure ZnO hollow spheres. Further

results demonstrate that high performance of the Au/ZnO hybrid hollow-sphere film based devices are attributed to the

strong absorption and scattering of incident light and improved interfacial charge separation owing to the unique structure

of the building block.

1 Introduction

Monodisperse hollow spheres have attracted wide attention
for their potential applications such as catalysis, fillers, drug
release systems, photonic crystals, protection of biologically
active agents, and waste removal over the past decades due to
their well-defined morphology, uniform size, low density and
high surface area.’

Recently, more and more researches in this area have been
focused on constructing high performance nanodevices by
using hollow spheres as building blocks.>® For instance, it has
been found that gas sensors constructed from WO; hollow
spheres exhibited high sensitivity to various organic gases.7
Lithium battery anode based on hollow SnO, microspheres
exhibited extraordinarily high discharge capacities and higher
coulombic efficiency than the theoretical value.® We have also
presented the first hollow-sphere based
photodetector using ZnO hollow spheres as building blocks by
oil-water interfacial self-assembly strategy.9 Moreover, we
extended this approach to fabricate ZnS-, SrTiO5-, and ZnO/ZnS
bilayer- hollow-sphere nanofilm photodetectors, which
displayed high sensitivity, good stability and fast response
speed.w'12 Also, to further increase the light-absorption
efficiency of hollow spheres, Golberg and co-workers reported
a bubble-mediated approach to fabricate ZnO hollow spheres
with double-yolk egg structures (DEHs), to construct an UV
photodetector.13 It was found that the large surface-to-volume

nanofilm

ratio of hollow structures can increase the exposure area to
harvest lights and the number of surface trap state to extend
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the recombination of electrons and holes, thus improving the
photoelectric performance of the corresponding nanodevices.
Among these, ZnO seems to be one of the best candidates for
UV detection*™° since it has a wide direct band gap (~3.37 eV
at room temperature) with a large exciton binding energy of
60 meV. %

Very recently, it has been found that incorporation of
noble metal nanoparticles can greatly improve the
performance of ZnO in many different applications, such as
photocatalysis, plasmon-enhanced spectroscopy, gas sensors,
biotechnology, solar cells and photodetectors.21'29 For
example, hierarchical ZnO  nanostructures
functionalized by Au nanoparticles via electrodeposition,
showed improved photocatalytic activity and high
performance as Li-ion battery anodes.”® Gogurla et al.
successfully synthesized Au functionalized ZnO nanosheets for
enhanced UV photodetector and room temperature nitric
oxide (NO) sensing devices via a simple photoreduction
method.*® Jin et al. prepared high-performance flexible
ultraviolet photoconductors based on solution-processed
ultrathin  Au/ZnO nanoparticle composite films with
responsivity (Ry) as high as 1.51x10° AW™ and T of over 90%.*"
The reasons for the enhanced performance of Au/ZnO devices
in comparison to pure ZnO may include two aspects: (1) the
localized surface plasmon resonance (LSPR) of Au
nanostructures arising from light induced collective oscillation
of free electrons can result in strong absorption, and scattering
of incident light. (2) Au nanostructures can act as a reservoir
for photo-induced charge carriers, thereby promoting
interfacial charge separation process.32' 33 Nonetheless, little
research involves in the effect of noble metal nanoparticles on
the optoelectronic properties of hollow-sphere nanofilm based
nanodevices reported to the best of our knowledge. It seems
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to be difficult to load and control the amount of Au
nanoparticles on hollow-sphere samples, which would be
desirable for the development of new-generation nanodevices.

In this study, we have successfully loaded Au nanoparticles
into the interior surface of ZnO hollow spheres and further
constructed their nanofilm photodetector by using the Au
nanoparticles decorated ZnO (Au/Zn0O) hybrid hollow spheres
as the building blocks. Polystyrene spheres (PS, 230 nm) were
coated by the pre-synthesized Au nanoparticles (Au NPs, 15
nm) through electrostatic interaction then Zn®" ions by
coordination of the amide groups, followed by treatment with
NaOH solution to form well-defined PS/Au/ZnO core-shell
nanospheres. These spheres were self-assembled at an oil-
water interface to form a precursor film.>"2 After annealing, an
Au/ZnO hybrid hollow-sphere and then its
corresponding nanofilm-based nanodevice were fabricated
followed by a deposition of Cr/Au electrodes via e-beam
evaporation. This nanodevice displayed almost ten times
photocurrent compared with that of the pure ZnO hollow
sphere-nanofilm-based accompanies.

nanofilm

2 Experimental
2.1 Materials

Styrene (St, 99 %) obtained from Sinopharm Chemical Reagent
Co., Ltd. (China) was purified with 5 wt. % aqueous NaOH
solution to remove any inhibitors and dried over anhydrous
calcium chloride before use. Poly (vinyl pyrrolidone) (PVP,
MW: 55000 g-mol'l) and 2, 2’-azobis (2-
methylpropionamidine) dihydrochloride (AIBA) were supplied
by Sigma-Aldrich (Shanghai). Ethanol, hexane, zinc acetate
dihydrate (Zn(Ac),*2H,0), sodium hydroxide (NaOH), gold (III)
chloride hydrate (HAuCl,*4H,0) and sodium citrate dihydrate
(CgHsNaz05°2H,0) were purchased from Sinopharm Chemical
Reagent Co., Ltd. (China). Deionized water (=17 MQ cm'l) was
used throughout the experiment.

2.2 Synthesis of Au Nanoparticles

Citrate-stabilized Au NPs were prepared as follows.>* Al
glassware was cleaned thoroughly with aqua regia (HNOj:
HCI=1:3) and rinsed with deionized water. 50 mL of 1 mM
HAuCI, aqueous solution was heated to boiling under constant
vigorous stirring, and then added rapidly by 5 mL of 1 wt. %
boiling sodium citrate. After 20 s, the mixture became dark
and burgundy, and then kept at 100°C under stirring for
another 10 min to form Au NPs dispersion. After cooled to
room temperature, the obtained Au NPs were stored in a
brown bottle and kept in refrigerator for further use.

2.3 Synthesis of Monodisperse PS Spheres

Monodisperse positively charged PS particles were synthesized
by emulsion polymerization described as follows: St (9.2 mL),
deionized water (90 mL), and PVP (1.60 g) were charged into a

2 | RSC Adv., 2015, 00, 1-8

250 mL four-neck flask equipped with a mechanical stirrer,
thermometer with a temperature controller, an N, inlet, a
Graham condenser and a heating mantle. The reaction
solution was stirred constantly and degassed by nitrogen gas
at room temperature for approximately 30 min, and then
heated to 70 °C, followed by addition of AIBA (0.4 g of AIBA
dissolved in 10 g of water). This reaction was conducted at 70
°C for another 10 h, and then cooled to room temperature to
obtain PS dispersion with 8.05 % solid content.

2.4 Adsorption of Au Nanoparticles onto PS Spheres

The as-prepared PS dispersion (0.52 g) was centrifuged at
15000 rpm for 30 min from the reaction medium and then
dispersed homogeneously in 40 mL of water, followed by
dropwise addition of various amounts of Au NPs. The resultant
mixture was kept under gently stirring overnight. After that, Au
NPs decorated PS spheres were transferred from water to
ethanol for subsequent reaction via several centrifugation-
redispersion cycles with a moderate amount of ethanol.

2.5 Preparation of PS/Au/ZnO Hybrid Core-shell Spheres

The above Au NPs decorated PS sphere dispersion was mixed
with 30 g of Zn(Ac),.2H,0 ethanol solution (0.6 wt. %) and
stirred at 60 °C for 1 h, then dropped by 20 g of NaOH ethanol
solution (0.31 wt. %) within 2 h, and stirred at 60 °C for
another 1 h to obtain PS/Au/Zn0O core-shell spheres, as shown
in Scheme 1. The as-obtained hybrid sphere suspensions were
purified by centrifugation-redispersion cycles for several times,
and redispersed into 10 g of deionized water.

2.6 Fabrication of PS/Au/ZnO sphere based nanofilm

The hybrid core-shell sphere based nanofilms were fabricated
by a “hexane-water” interfacial self-assembly method using
the following procedure: » Firstly 2 g of the as-prepared
PS/Au/Zn0O suspension was diluted with 40 mL of deionized
water. Then hexane (6 mL) was added into the top surface of
the above dispersion to form a “hexane-water” interface. After
that, ethanol as the inducer, was slowly added by a syringe to
the interface at a relatively low rate (4 mL/h), during which the
hybrid spheres were gradually gathered at the hexane-water
interface to construct a densely packed film. After most of the
hexane was removed carefully, the as-obtained film was
transferred onto a thermally oxidized Si substrate covered with
a 200 nm SiO, layer by pulling the substrate out of the liquid
phase slowly. Repeat the above procedure once more to
achieve bilayer films.

2.7 Fabrication of UV photodetectors

The as-assembled nanofilm was further calcined in air from
room temperature to 600 °C at a heating rate of 1 °C min™ and
maintained at 350 and 600 °C for 2 h, respectively, to obtain

This journal is © The Royal Society of Chemistry 2015
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Scheme 1. Schematic illustration for the preparation of PS/Au/Zn0O hybrid core-shell spheres and the fabrication of Au/ZnO

hybrid hollow sphere based nanofilm and its device

Au/ZnO hybrid hollow-sphere based nanofilm. Afterwards the
as-transformed nanofilm was transported to an E-beam
evaporation system (LAB18) for deposition of the Cr/Au (10
nm/100 nm) electrodes.

2.8 Characterization

The morphologies of the products were observed by a
transmission electron microscope (TEM, Tecnai G2 20 TWIN)
and a field-emission scanning microscope (FESEM, Ultra 55).
The chemical composition and elemental distribution were
characterized by the high-resolution TEM (HRTEM, Philips XL30
HRTEM) and energy-dispersive X-ray spectroscopy (EDS) at an
acceleration voltage of 200 kV. The phase components of the
as-synthesized samples were determined by a Rigaku D/max-
rB X-ray diffractometer using Cu Ka radiation (A =0.15406 nm)
with a scanning rate of 10 °/min and 20R ranging from 20° to
80°. The UV-vis absorption spectra were scanned by a Hitachi
U-4100 spectrophotometer. The Au/Zn molar ratios of the
products were measured by an inductively coupled plasma
atomic emission spectrometer (ICP-AES, P-4010). The samples
were dissolved in 4:1 v/v HCl: HNO; (conc) and diluted with
deionized water. The current-voltage (/-V) and
dependent response (/-t) characteristics of these devices were
measured using an Advantest Picoammeter R8340A and a dc
voltage source R6144.

time—

3 Results and discussion

The TEM and DLS results in Fig. 1 indicate that the citrate
capped Au NPs have an average diameter of 15 nm and
negative charge surface of -38.3 mV. The dispersion showed an
absorbance with maximum at 522 nm (Fig. 1c), consistent with
previous work. 3% 36 and 37 Fig. 2 shows the positively charged PS
230 nm in mean diameter, as well as raspberry-like PS/Au

This journal is © The Royal Society of Chemistry 2015

hybrid spheres with various amounts of Au nanoparticles.
After Zn”* ions were adsorbed onto the surfaces of PVP-
stabilized PS spheres via coordination of the amide groups,
and treated by NaOH solution and heated, PS/Au/ZnO core-
shell spheres with average diameter of around 280 nm and
shell thickness of 25 nm were obtained, as shown in Fig. 2.
With increasing Au NPs on the PS surfaces, the core-shell
morphology was kept. But too many Au NPs could cause free
ZnO particles in the system owing to the steric hindrance of Au
NPs.

Fig. 3a shows the UV-vis absorption of PS/Au/ZnO
dispersions with various amounts of Au NPs. The peak at
around 350 nm exhibits well-defined exciton band of ZnO, and
the absorption band at around 522 nm appears for all the
PS/Au/Zn0O hybrid core- shell spheres, which is attributed to
the LSPR effect of Au NPs.*® As the amount of Au NPs
embedded in the spheres increases, the absorption intensity
around 520 nm increases significantly, and the corresponding
colors of the dispersions change gradually from white, pink,
purple to deep red, which indicates an increased coupling of
plasmon resonances of adjacent gold nanoparticles.39
Compared with the plasmon resonance absorption of pure Au
dispersion, there is an obvious red-shift and broadening for

0

() (b) (c) —-Au NP
_ 3
g 82 "\/\‘
2 8 i
5 (4
5 s S \
2 £
£ o
0
<
—— 50nm 02 10 oo - %50 200 500 600 700
Size (r.nm) Time (s)

Fig. 1 (a) TEM image of Au NPs with an average diameter of
15nm; (b) the histogram of the size distribution of the resulting
Au NPs, analyzed by DLS; (c) The UV-vis absorption spectrum
of Au NPs solution.
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Fig. 2 TEM images of (a) PS and PS/Au hybrid spheres with molar additions of Au

4x10° mol, respectively. TEM images of (e) PS/ZnO and PS/Au/ZnO hybrid core-shell spheres with molar ratios of Au: ZnO (f)
0.012:1, (g) 0.030:1, and (h) 0.048:1 in reactants, respectively.
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Fig. 3 (a) UV-vis absorption spectra of PS/Au/ZnO dispersions

with various molar ratios of Au: ZnO; (b) The corresponding
photographs of the samples.

PS/Au/ZnO spheres, which should be attributed to inter-
particle coupling due to the dipole-dipole interaction between
adjacent nanoparticles. It’s clear that as the increase of Au NPs
embedded, the distance between every two Au NPs decreases.
‘% On the other hand, the LSPR of Au NPs gives rise to a
significantly enhanced local electromagnetic field in the near-
field region close to the Au NPs surface, which can efficiently
increase the light absorption of the products throughout the
wavelength range from 300 to 700 nm. z

Fig. 4 displays the typical SEM images of the nanofilms with
different Au contents, from which one can see a series of
closely packed continuous Au/ZnO hybrid hollow sphere
nanofilms. Some spheres are broken probably because of gas
release during calcination.

The XRD pattern for the pure ZnO in Fig. 5a displays all the
diffraction peaks to hexagonal wurtzite ZnO phase (JCPDS 36-
1451) without any peaks of impurities. For the Au-decorated
ZnO, it can be seen that the peaks, (110), (200), (220), (311)
planes of Au start to emerge and their intensities gradually
increase with the increase of Au/Zn molar ratios in the

4 | RSC Adv., 2015, 00, 1-8

reactants. The typical HRTEM image of as-prepared hybrid
hollow sphere (mole ratio of Au: Zn was 0.048:1) indicates the
d spacings of 0.24, 0.20, 0.25 and 0.28 nm (Fig. 5b-c),
corresponding well with the (111) and (200) planes of Au
nanoparticles and the (101) and (100) planes of ZnO particles,
respectively. The TEM elemental mappings as shown in Fig. 5d-
g, indicate that Zn and O are homogeneously distributed
within each individual sphere, while Au NPs are indeed located
at the interior surface of ZnO hollow sphere.

The actual Au/Zn molar ratios in products measured by
ICP-AES are 0, 0.025:1, 0.034:1, and 0.067:1, respectively,
which are higher than their initial feed ratios. This is probably
due to the existence of some free ZnO particles, which was
removed by the centrifugation process.

Fig. 6a-e demonstrates the typical SEM image of Au/ZnO
hybrid hollow spheres film- based nanodevice and the current-
voltage (/-V) curves when the nanofilm-devices with various
Au/Zn ratios illuminated under different lights. The linear
behavior of the photocurrent curve indicates Ohmic contact
between hollow spheres and the Cr/Au electrodes. The
photocurrent of all the devices show very slight changes when
the wavelengths of the light source are 600 nm (1.16 mW-:cm”
2), 500 nm (2.30 mW'cm"Z) and 400 nm (2.37 mW-cm"Z), and
the dark current is also extremely low. An abrupt increase of
photocurrent is observed when the device is illuminated by
370 nm (2.12 mW-cm™) and 340 nm (1.63 mW-cm™) UV lights,
which suggests that the device is highly UV-sensitive. From the
response time of the photodetectors measured at 5V
illuminated by light of 340 nm, as shown in Fig. 6f, it can be
clearly seen that with the increase of Au NPs in the hollow
spheres, the photocurrent of device reveals a drastic
enhancement. Especially, the photocurrent of Au/ZnO (Au:
Zn=0.048:1) based device is almost 10 times that of control

This journal is © The Royal Society of Chemistry 2015
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Fig. 5 (a) XRD patterns of Au/ZnO powders with different Au/Zn molar ratios a) 0, b) 0.012, c) 0.030, d) 0.048 in reactants; (b)TEM
, (c)HRTEM and (d)Electron image images of single Au/ZnO hybrid hollow sphere; (e), (f) and (g) Au, Zn and O elemental maps,

respectively.

ZnO hollow sphere nanofilm counterpart which has exhibited
significantly enhanced photoelectric performance than ZnO
nanowire-based nanodevices.” 2

The responsivity (R;), defined as the photocurrent per unit
of incident optical power and the external quantum efficiency
(EQE), defined as the number of electrons detected per
incident photon can be calculated as the following equations

respectively.

i
PA
he

EQE =—R,

Q el

This journal is © The Royal Society of Chemistry 2015

Where Al is the difference between the photo-excited
current and the dark current, P is the power density irradiated
on the sample and A is the irradiated area of the device, A is
the exciting wavelength, h is Planck’s constant, c is the velocity
of the light, and e is the electronic charge.41 As shown in Table
1, as more Au NPs embedded, both R, and EQE increase. The
R, and EQE of Au/ZnO hybrid hollow sphere nanofilm-based
device (Au: Zn=0.048:1) are 106.3 A-W™ and 38842% at 340
nm at a bias of 5 V respectively, which are also almost of ten
times of ZnO hollow spheres (about 10.6 AW™ and 3873%,
respectively). The greatly enhanced photocurrent and

RSC Adv., 2015, 00, 1-8| 5
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Fig. 6 (a) SEM images of hollow-sphere film device; |-V
characteristics of the devices constructed from (b) ZnO and (c)-
(e) Au/ZnO (with various Au: Zn ratios 0.012, 0.030, 0.048)
nanofilms illuminated by light of 340 nm, 370 nm, 400 nm, 500
nm, 600 nm and under dark conditions; (f) Response times of
the photodetectors measured in air at a bias of 5.0 V
illuminated by light of 340 nm.

photocurrent to dark current ratio suggests that Au NPs have
great advantages in improving the performance of ZnO hollow
sphere-based nanodevices. Compared with the individual
nanowire based photodetectors (photocurrent of 0.65uA for
Au/ZnO nanowire at 1V 32 and 5.21nA for Ag/ZnO nanowire at
-0.5v 33), high photocurrent of the present nanofilm device
might be ascribed to a fact that the photocurrent of the device
is collected from a large number of Au/ZnO hybrid hollow
spheres rather than a single one. Such a drastic enhancement
is very promising for practical application such as field
emitters, light emission diodes (LEDs), photodiodes, etc.
Furthermore, as shown in Table 1, the present device exhibits
a higher I/l; and larger R in comparison with that of Au/ZnO
nanosheet based photodetector (I,/14=1923 and R=0.05AW™ at
5V, respectively).30

Two main mechanisms are possibly contributed to the
photoresponse of the devices.””*® One is the fast generation
of electron-hole pairs in ZnO, and the other is a hole-trapping

—F ¢ Vacuumlevel ———
: : (b v :
'4.5eV__ ! ! 4.5eV !

! UVliight !

\5.1ev

ZnO ZnO

Scheme 2. The schematics of the energy level diagrams of
Au/Zn0 hybrid hollow spheres and the charge transfer process
in dark (a) and under UV light illumination (b).

mechanism by the chemisorbed O, ions on the surface of
hollow spheres. In the dark condition, the O, adsorbed onto
the hollow-sphere surface can capture free electrons from n-
type ZnO [0, ) +e-—0, )], creating a depletion layer with
low conductivity near the surface. Under UV illumination,
electron-hole pairs are generated [hv—h*+e] since the photon
energy is above the threshold excitation energy of ZnO. The
photogenerated holes migrate to the surface along the
potential gradient and are trapped by O,, inducing the
desorption of oxygen from the ZnO surface [h++02'(ad) —0, gl
The photogenerated electrons are collected by the anode, and
a decrease in the width of the depletion resulted in a drastic
increase of photocurrent. °

Since the work function of Au (@,,=5.1eV) is larger than that
of ZnO (¢;,0=4.5eV), electrons will transfer from the
conduction band of n-ZnO to Au, forming a Schottky barrier at
the interface, until Au NPs and ZnO have the same Fermi
energy level (Ef), as shown in Scheme 2a. When the Au-
decorated ZnO hollow sphere based device is illuminated by
UV light, the photogenerated holes not only recombine owing
to O, ions, but also pass through the Schottky interface to Au
NPs due to the built-in potential and electron-hole
recombination, thereby decreasing the width of the depletion
layer. In addition, the hole-trapping of the Schottky barrier at
the Au-ZnO interface allows for more electrons to be collected
by electrodes, as shown in Scheme 2b. 32,33 | short, after light
absorption and the formation of an exciton in ZnO region, the
negatively charged Au NPs can trap the photo-induced charge
carriers, and therefore promote the charge separation and
improve the photocurrent. And as evidenced in Fig.4a, the
effect of LSPRs arising from Au NPs can cause a strong
absorption, scattering and local field enhancement, therefore
increasing the absorption of photons. 30

Table 1. Comparison of the critical parameters for ZnO hollow spheres with different Au contents based UV devices

Au : Zn molar ratios Light of detection Bias/V Dark current/I, Photocurrent/J, 1/14 R,/A wt EQE
0:1 340nm 5 0.24nA 1.29pA 5375 10.6 3873%
0.012:1 340nm 5 1.54nA 6.89uA 4474 56.4 20609%
0.030:1 340nm 5 0.47nA 10.5pA 22340 85.9 31388%
0.048:1 340nm 5 0.44nA 13.0pA 29545 106.3 38842%

6 | RSC Adv., 2015, 00, 1-8
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4 CONCLUSION

In summary, we have successfully synthesized Au/ZnO
hybrid hollow spheres and further fabricated these hollow
spheres nanofilm-based nanodevices through “hexane-water”
interfacial self-assembly strategy. The Au/ZnO hybrid hollow-
spheres  nanodevice exhibits  significantly = enhanced
photocurrent, and relatively larger photocurrent to dark
current ratio than pure ZnO hollow spheres nanofilm
nanodevice. And the more the Au NPs embedded, the better
the photoelectric performances are. When the molar ratio of
Au/Zn at 0.048:1, the photocurrent of this Au/ZnO hybrid
hollow-spheres nanofilm based photodetector shows as high
as ten fold that of pure ZnO hollow nanofilm nanodevice. This
dramatic enhanced photoelectric performances are attributed
to the stronger UV absorption and hole-trapping by the
negatively Au NPs. This method and the exciting results
suggest that one can improve the photoelectric properties of
semiconducting nanodevices by embedded or doped noble
metals.
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The maximum responsivity (R)) and photocurrent of Au/ZnO nanodevice showed 10 times
enhancement than that of pure ZnO hollow spheres.
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