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Abstract: Multifunctional flower-like ZnO/Ag nanocomposites were prepared by a facile, green and one-pot
hydrothermal method. The as-prepared samples were investigated by using various spectroscopic and microscopic
techniques in detail. The surface-enhanced Raman scattering (SERS) performance and photocatalytic activity of
the nanocomposites were also investigated. The results show that the amounts of NaOH play a key role in
controlling the morphologies and properties of these nanocomposites. The flower-like ZnO/Ag nanocomposites
exhibit the best photocatalytic performance for rhodamine 6G  (R6G). Meanwhile, the optimized nanocomposites
(the flower-like ZnO/Ag nanocomposites) are then employed to study the SERS performance, which also show
excellent SERS activity. The photodegradation and SERS results reveal that ZnO/Ag nanocomposites act as

promising candidates for a new substrate and exhibit high recyclability in the detection of organic molecules.
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0 Introduction

With the rapid development of industry, an
enormous amount of industrial dyes have brought
serious threats to our health. Increasing attention has
been paid to the detection and degradation of
industrial dyes!®. Surface-enhanced Raman scattering
(SERS) has attracted tremendous attention and has
been widely used as a powerful analytical tool 'V,
Various

approaches and techniques have been

developed to fabricate SERS substrates in order to

reproducible detection "',

obtain sensitive and
However, most of the standard SERS substrates were
for one-time use only. And considering the valuabl-
eness of the noble metals, these SERS substrates
cannot be completely explored as a routine analytical
technique. Developing new-type multifunctional SERS
substrates that not only provide real-time representa-
tion of information of the dyes, but also degrade them
under light irradiation is of interest!".

It is well known that semiconductors, due to their
unique band structures, are quite appropriate
photocatalyst materials. Considering the SERS perfor-
mance of the noble metals, loading SERS-active noble
metal nanoparticles onto semiconductor surface is a
good way to design multifunctional platform™. Tt is
possible to achieve both SERS and photocatalytic
performances from a single semiconductor/metal nano-
composite. More advantageously, the photocatalytic
performance of the semiconductor can be improved by
loading of SERS-active metal nanoparticles onto
semiconductor surface due to the reduction of the
charge (electron-hole) recombination post-photon excit-
ation™, And the SERS sensitivity was also enhanced
due to the charge transfer (CT) between the semicond-
uctor surfaces and the dyes™".

Among these SERS-active noble metals, silver
has been demonstrated as a good choice due to its low
costs, high SERS enhancement and the ability to
enhance photocatalytic activity of semiconductors. For
semiconductors, ZnO is considered to be one of the
suitable materials owing to its high photocatalytic

activity, nontoxicity, biological inertness and chemical

stability™*.. Moreover, ZnO can interact with metal
particles and improve the SERS response. Therefore, Ag
-Zn0 nanocomposites boost great research interests™,
Though various methods have been used to success-
fully synthesize the Ag/ZnO nanocrystal, it is necess-
ary to develop time-saving and cost-effective methods
to design Ag-ZnO nanocomposites with  wide
application.

In this work, a highly sensitive, reproducible and

decorated ZnO SERS

substrate was fabricated by a one-pot, facile hydro-

reusable Ag mnanoparticle
thermal method. The synthesis process is straight-
forward, simple, reproducible, cost effective and
robust. Trace detection of R6G was studied based on
Zn0O/Ag nanocomposite as efficient surface enhanced
Raman scattering platforms. The self-cleaning ability
of the Ag/ZnO substrates was studied. High SERS and
self-cleaning performances from a single ZnO/Ag
nanocomposite could be achieved by adjusting its
morphologies and composition. This study suggested
that ZnO/Ag substrates with high SERS performance
and self-cleaning property can serve as excellent

substrates for multifunctional platform.
1 Experimetal

1.1 Materials

All the chemical reagents used in this work
(AgNO;), sodium hydroxide
(NaOH), zinc nitrate hexahydrate (Zn(NOs),-6H,0),
PVP-30, rhodamine 6G (R6G), crystal violet (CV), congo
red (CR) and ethanol (C,HsOH). All chemicals were
analytically pure and were used as received without

further

include silver nitrate

purification. Deionized water was used
throughout the experiment.
1.2 Synthesis of ZnO/Ag nanocomposites

Zinc nitrate hexahydrate (Zn(NO;),-6H,0, 6.0
mmol) was dissolved in mixed solution of 50 mL
distilled water and 5 mL ethanol. Then 5 mL 0.05
mol -L.™! silver nitrate PVP-30 aqueous solution (the
concentration of PVP-30 is 5.5 g-L™') was added into
the solution with stirring. After that, different amounts
of NaOH (0.24 ¢, 0.48 g and 1.44 g) were added into

the above solution. Finally the mixed solution was
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transferred into a Teflon-lined autoclave of 80 mL
capacity and was filled up to 85% of the total volume
with deionized water. After being sealed and heated at
160 °C for 6 h, the autoclave was cooled to room
temperature naturally. The resulting products were
collected by centrifugation, washed with distilled
water and ethanol for several times, and finally dried
in vacuum at 70 °C for 12 h. The products were
denoted as Zn0/Ag024, Zn0/Ag048 and ZnO/Agl44,
respectively. To obtain pure ZnO flowers, a similar
synthetic procedure was employed without silver
nitrate solution, while other reaction conditions were
kept the same as that of ZnO/Ag048.
1.3 Characterization

The phase purity of the products was chara-
cterized by X-ray diffraction (XRD, German Bruker
AXSD8 ADVANCE X-ray diffractometer) using an X-
ray diffractometer with Cu Ko radiation (A=0.154 18
nm). The scanning angle range (26) is from 20° to 80°.
Corresponding working voltage and current were 40
kV and 40 mA respectively. Morphology information
of the as-prepared nanoparticles was obtained on a
Japan Hitachi S-4800 field emission scanning electron
microscope (SEM) operated at accelerating voltage of
15 kV. Transmission electron microscope (TEM) images,
electron microscopy

high resolution transmission

(HRTEM) images and elemental mapping images were
obtained on an American FEI Tecnai G2 F30 S-TWIN
field-emission
(operated at 300 kV). The ultraviolet-visible (UV-Vis)

diffuse reflectance spectra were obtained on an

transmission  electron  microscopy

America Varian Cary 5000 spectrophotometer. X-ray
photoelectron spectra  (XPS) were recorded on an
ESCALAB 250Xi system (Thermo Scientific). Raman
scattering  (SERS)

spectra were measured using a Britain Renishaw Invia

and surface-enhanced Raman

Raman spectrometer with a solid-state laser (excitation
at 532 nm) at room temperature. The SERS and self-
cleaning process were preformed on the glass where
the dyes and the as-prepared samples were mixed.
The self-cleaning process was preformed on the above
glass under the irradiation by a 1 000 W Xe lamp for
40 min.

1.4 Photocatalytic measurement

A mixture of 10 mg ZnO/Ag composites and 100
mL 107 mol -L™" R6G aqueous solution were put in
bottle with a capacity of 200 mL. Prior to illumina-
tion, the suspensions were magnetically stirred in the
dark for 30 min to ensure the establishment of absorp-
tion equilibrium of R6G on the sample surfaces.
Subsequently, the suspension was irradiated under a
1000 W Xe lamp  (A,,,=532 nm), which was positioned
about 10 em away from the breaker. After a given
3 mL the

withdrawn and immediately centrifuged. The photo-

irradiation time, about mixture was
catalytic degradation process of R6G was monitored
by measuring its absorption with a UV-Vis spectro-

photometer.
2 Results and discussion

The XRD patterns of the as-prepared samples are
shown in Fig.1. From the XRD patterns, it can be
seen that all the diffraction peaks at 31.6°, 34.3°,
36.3°, 47.5°, 56.7°, 62.3°, 67.8° and 69.1° were
observed in all patterns, which can be indexed to
wurtzite ZnO (PDF No.36-1451). Besides, for ZnO-Ag
nanocomposites, the diffraction peaks at 38.1°, 44.4°
and 64.3° corresponding to Ag (PDF No.04-0783) were
found. No peaks corresponding to other Ag-containing
detected, which

indicated that the ZnO/Ag nanocomposites were

or Zn-containing phases were

prepared by using one-pot hydrothermal reaction.
In this synthetic process, the amount of NaOH
played a key role to determine the morphologies of
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Fig.1 XRD patterns of ZnO and ZnO/Ag nanocomposites



1368

xoH Ak

#o% 4R %33 %

7Zn0O/Ag nanocomposites. The morphologies of the
typical flower-like ZnO and ZnO/Ag were found by
scanning electron microscopy (SEM), as shown in Fig.
2. The SEM image of pure flower-like ZnO was shown
in Fig.2a. It can be found that pure ZnO is made up
(3D) flower-like

structures with good monodispersity, and the diameter

of three-dimension hierarchical
of which is about 2 wm. Those flower-like architectures
were assembled from a lot of nanoplates (Thickness:
~80 nm). ZnO/Ag nanocomposites with different morph-
ologies were obtained when the amounts of NaOH
were changed. The typical SEM images of these nano-
composites were shown in Fig.2b ~d. Only irregular
particles were observed when the amount of NaOH
was 0.24 g. Accompanying with the increasing of
NaOH (0.48 g), uniform three-dimension (3D) flower-
like hierarchical structures assembled from nanoplates
were obtained. Many nanoparticles with the sizes of
about 20 nm decorating uniformly on the surfaces of
the ZnO nanoplates were found. Compared with those

of pure flower-like Zn0, the surfaces became coarse.

Further increasing the amount of NaOH to 1.44 g, sea
urchin-like structures assembled from nanorods were
found. However, the Ag nanopartcles attached on the
surface of nanorods tend to agglomerate, which is
unfavorable to improve the performance.

In order to investigate the structural details of
the flower-like 7ZnO/Ag nanocomposites, the TEM,
HRTEM and EDS mapping images were obtained. Fig.
3a and 3b further confirmed that the flower-like
structures were constructed from Ag nanoparticles and
Zn0O nanoplates. HRTEM image (Fig.3c) displayed
clear lattice fringes of the ZnO nanoplates and Ag
nanopartilces. The interplanar distance of 0.26 nm
corresponds to (002) crystal plane of ZnO, and that of
0.23 nm in the attached nanoparticle corresponds to
Ag (111) crystal plane. Fig.3d shows the EDS elemental
mappings of the nanocomposites. The different color
images indicate Zn-, O-, Ag-enriched areas of the
sample respectively, which confirms the composition
of the nanocompistes.

XPS spectra were also investicated with the

2.00um $4800 15.0kV 7.8mm x20.0k SE(U)

i’

.
i

2.00um $4800 15.0kV 7.9mm x10.0k SE(U)

Fig.2 SEM images of pure flower-like ZnO (a), irregular ZnO/Ag nanocomposites (b), flower-like ZnO/Ag

nanocomposites (c¢) and sea urchin-like ZnO/Ag nanocomposites (d)
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Fig.3 TEM (a, b), HRTEM (c) and EDS (d) mapping images of flower-like ZnO/Ag nanocomposites

(284.8 €V), as
shown in Fig.4. For pure ZnO, the peaks Zn, O and C

binding energies calibrated using Cls

were found in Fig.4a. The presence of C is mainly
from pump oil due to vacuum treatment before the
XPS test. In comparison, for ZnO/Ag nanocomposites,
the peaks of Zn, O and Ag can be clearly observed in
Fig.4b, which are in good agreement with XRD as
described Fig.4c high-resolution

above. shows

spectrum taken from the Ag region of the flower-like
Ag/Zn0O nanocomposites. Two characteristic peaks
centered at 367.5 and 373.5 eV can be attributed to
Ag3ds, and Ag3ds,, respectively. There is a shift to
the lower binding energy relative to the corresponding
values of bulk Ag (Ag3ds,, 368.2 eV; Ag3ds,, 374.2
eV), which may be explained by electron transfer from

metallic Ag to ZnO crystals at the interfaces of Ag/

@

Zn2p,,

(®)

&
)
N

(3:_.
N

0 200 400 600 800 1000 1200

200 400 600 800 1000 1200

Binding energy / eV Binding energy / eV
(c) Ag3d, (d) ,Zn2p,,
Ag3d,,
Zn2p,,
365 370 375 380 1020 1025 1030 1035 1040 1045 1050

Binding energy / eV

Binding energy / eV

Fig.4 XPS spectra of pure ZnO flowers (a) and flower-like ZnO/Ag nanocomposites (b~d)
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Fig.5 (a) Photocatalytic degradation of R6G with various samples under visible light irradiation in 20 min; (b) UV-visible

spectrum of R6G under visible light irradiation using flower-like ZnO/Ag nanocomposites in 20 min

7Zn0 nanocomposites based on different Fermi levels
of two components. In Fig.4d, two strong peaks center
on 1 021.3 and 1 044.3 eV, which are in agreement
with the binding energies of Zn2p;, and Zn2p,p,
Therefore, the XPS

confirmed the sample is composed of ZnO and Ag.

respectively. result  further
Metal-decorated semiconductor nanoparticles are
well known for their photocatalytic activity. Fig.5a
showed the plots for the R6G concentration ratio (C/
Cp) as a function of irradiation time over ZnO/Ag
nanocomposites and pure ZnO flowers under the same
condition. The R6G was quickly degraded completely
in 20 minutes with flower-like ZnO/Ag nanocom-
posites as catalyst. While with the same catalytic
time, the degradation rate with pure ZnO flowers as
catalyst was only 65.5% . And R6G conversion over
irregular ZnO/Ag nanocomposites and sea urchin-lie
Zn0/Ag nanocomposites was 43.4% and 93.6% ,
respectively. It is clear that flower-like ZnO/Ag nano-
composites show the best performance. The changes of
UV-Vis absorption spectra of R6G over flower-like
7Zn0/Ag nanocomposites were also shown in Fig.5b.
The reaction under visible light irradiation resulted in
a transparent solution after 20 min due to the
destruction of the chromophoric structures of R6G.
The optical absorption property of the as-
prepared samples, which is relevant to the electronic
structure feature, is tested to explain the change in
photocatalytic activity. The diffuse reflectance spectra

of the as-prepared samples were demonstrated in Fig.

6. It can be clearly seen that absorption at about 375
nm was found in all curve, which is assigned to the

of 7Zn0O For 7ZnO/Ag

nanocomposites, new absorbance peaks at about 419,

absorption semiconductor.
436, 442 nm were observed in visible region in
irregular ZnO/Ag, flower-like ZnO/Ag and sea urchin-
like ZnO/Ag nanocomposites, respectively, which is
attributed to the characteristic band of the plasma of
Ag nanoparticles on the surface of these samples. It is
clear that ZnO flowers before Ag nanoparticles
deposition can only absorb UV light with wavelengths
shorter than 400 nm because the band-band electron
transition of the ZnO. After Ag nanoparticles deposi-
tion, ZnO/Ag nanocomposites exhibited enhanced
capability to absorb visible light between 400 and 800
nm. Therefore, the ZnO/Ag nanocomposites can be
readily excited by visible light, which could produce

electron-hole pairs and subsequently enhance the

Flower-like ZnO/Ag

Sea urchin-like ZnO/Ag

Absorbance
[l
[=)%

Trregular ZnO/Ag

=
~
T

0.2+

ZnO flowers

200 300 400 500 600 700 800
Wavelength / nm

Fig.6 DRS spectra of the ZnO flowers and ZnO/Ag

nanocomposiles
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photocatalytic performance.

Fig.7a shows the SERS spectra using flower-like
Zn0O/Ag nanocomposites as substrate for different
concentrations of R6G. It can be seen that the
featured bands of R6G molecules clearly
identified ™. The bands at 1 362, 1 510, and 1 650

1

are
cm™ originate from the aromatic stretching vibrations.
Peaks at 770 and 1 130 cm™ are assigned to the out-
of-plane and in-plane bending vibrations of C-H,

'is associated with

respectively. The peak at 612 ¢cm~
the in-plane bending vibration of C-C-C ring. As the

of RO6G decreased, the
became Under

experimental conditions, the detection limit of R6G

concentration spectral

intensities quite  weak. our

was estimated to be around 1 nmol -L~". To further
SERS
substrates, the SERS spectra of R6G were obtained on

assess flower-like 7ZnO/Ag mnanocomposites
bare glass substrate and pure ZnO flowers substrates.

Fig.7b and 7c¢ depict the Raman spectra of R6G

molecules taken from glass substrates and pure ZnO

flower substrates, respectively. No peak of R6G was
detected when commercial glass was used SERS
substrate in Fig.7b. Very weak peaks were found
when ZnO flowers were used SERS substrate in Fig.
Te. (EF) were

estimated according to our early report™. The value of

The average enhancement factors

EF was approximately estimated to be in the order of
10% indicating that the flower-like ZnO/Ag nano-
composite SERS substrate was highly sensitive and it
was sufficient enough to directly observe a trace
amount of organic dyes.

The

important

reproducibility of the substrate is an

SERS The
reproducibility of flower-like ZnO/Ag nanocomposite

factor  for detection.
substrate was examined with the SERS spectra taken
from randomly selected 10 positions on the substrates.
As shown in Fig.8a, the Raman spectra taken at
different positions were nearly same. Fig.8b depicts
the SERS signal of R6G in an intensity-laser spot at

1 650 cm™. The relative standard deviation (RSD) of

(a) (b)
50

10 mqiL

3

<

z

10 mol'L”|  Z

54

-«—-MMM £
vy S N——

Intensity / a.u.

Raman shift / cm™

Fig.7

1 1 1 1 n " 1 250 1 1 1 I L 1 L
400 600 800 1000 1200 1400 1600 1800 2000 400 600 800 1000 1200 1400 1600 1800 2000
Raman shift / cm™

400 600 800 1000 1200 1400 1600 1800 2000
Raman shift / cm™

(a) SERS spectra of different concentrations of R6G absorbed on the flower-like ZnO/Ag nanocomposites;

(b) Raman spectra of R6G (10~ mol- L") absorbed on bare glass; (c) SERS spectra of R6G (107 mol-L™)

absorbed on the pure ZnO flowers

600 800 1000 1200 1400 16001 800 2000
Raman shift / cm™

Fig.8

10000 <
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T
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(a) SERS spectra of R6G taken from randomly selected 10 positions on the flower-like ZnO/Ag nanocomposites;

(b) Corresponding SERS signal intensities of R6G for the bands of 1 650 em™ recorded at randomly selected

10 positions on the flower-like ZnO/Ag nanocomposites
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SERS intensity for 10 different sites on flower-like
Zn0O/Ag nanocomposite was calculated. The RSD
(12.6%) is less than 15.0%, which indicated that the
flower-like SERS substrate had good reproducibility.
A reasonable mechanism for the superior SERS
performance may be attributed to the uniform
distribution of Ag nanoparticles on the surface of ZnO
nanoplates.

As is well known, the photocatalytic activity of
Zn0/Ag could also be applied to remove adsorbed
molecules under visible light due to its high
absorption of visible light. The SERS recyclable
applications of flower-like 7ZnO/Ag nanocomposite
were examined. Fig.9 shows that the SERS signals are
well reproduced after each visible light cleaning and
R6G adsorption (10~ mol -L™'). No Raman signal of
R6G molecules was detected anymore after 40 min
irradiation of visible light, suggesting that the R6G
molecules were degraded into small molecules such as
CO, and H,0. The residual R6G molecules on flower-
like ZnO/Ag nanocomposite should be less than the
detection limit. When R6G solution was doped on the
SERS substrate and dried, the Raman signals emerged
again. It can be found that flower-like ZnO/Ag
nanocomposite had a good repeatability in the five
cycles. Other dyes (CV and CR, 107 mol -L™) were
also used to confirm the SERS performance of flower-
like ZnO/Ag nanocomposite. It can be found that
(CV and
CR) could be obtained from the same substrate in Fig.
10" And no Raman signal of these dyes (CV and

characteristic SERS spectra of these dyes

Intensity / a.u.

;'" 4th cycle
7 5thcycle

600 800 1000120014001 60018002 000
Raman shift / cm™

Fig.9 SERS spectra of R6G absorbed on flower-like
Zn0/Ag nanocomposites and the repeating

cleaning and recovery processes for five cycles

Vi J {1} cv

7 "%a! V% Self-cleaning
CR

e e : / Self-cleaning

600 800 1000120014001 60018002 000
Raman shift / cm™

Fig.10 SERS spectra of other dyes (CV and CR, 107 mol
L") absorbed on flower-like ZnO/Ag

nanocomposites and their self-cleaning processes

CR) was detected anymore after 40 min irradiation of
visible light. This indicated that the flower-like ZnO/
Ag nanocomposite acted as excellent SERS substrates
exhibiting recyclability for reuse. The mechanism of
the self-cleaning of the ZnO/Ag nanocomposite was
also discussed. The excited electrons by visible light
on the surface of Ag nanoparticles will move into the
conduction band of ZnO through their interface. Then,
superoxide radicals are produced when those electrons
are captured by oxygen adsorbed on the surface of the
nanocomposites. And the hydroxyl is formed due to
interactions between the corresponding holes and the
surface H,0. Consequently, the organic dyes are

degraded by these superoxide radicals and hydroxyl.
3 Conclusions

In conclusion, as a multifunctional SERS active

substrate, recyclable ZnO/Ag nanocomposite was
prepared by a simple hydrothermal method.
Experiments  testified such flower-like ZnO/Ag

nanocomposite to be a kind of excellent substrate for
SERS-based sensitive molecular sensing. Meanwhile,
target organic dyes can be degraded into clean
inorganic molecules by visible-irradiation using this
nanocomposite. This recyclable strategy opens a new
opportunity in avoiding the single-use problem of
traditional SERS substrates. This work exhibits a
promising application for the detection of organic
pollutants as online sensors capable of monitoring

continuous reactions in real time.
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