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Synthesis of ZnO/Au and ZnO/Ag nanoparticles and
their photocatalytic application using UV and
visible lightt

Pragati Fageria,® Subhashis Gangopadhyay® and Surojit Pande*®

We report a simple and convenient method for the synthesis of a ZnO/Au and ZnO/Ag heterostructure
nanoflower by applying a surfactant mediated route. Initially, pure ZnO nanoflowers have been
synthesized followed by Au and Ag deposition on ZnO surface using hydrazine hydrate as reducing
agent. Structure, crystallinity, and morphology have been assessed by X-ray diffraction, X-ray
photoelectron spectroscopy, and electron microscopy techniques. The influences of the deposited
metal nanoparticles (Au and Ag) on the surface of ZnO have been emphasized by applying the as-
synthesized nanostructure in dye degradation under illumination of UV and visible light. The basic
motivation behind this work is to find a superior photocatalyst, which can work under UV as well as
visible light i.e., to cover the whole range of the solar spectrum. Photocatalytic performances of bare
Zn0O, ZnO/Au, and ZnO/Ag have been studied thoroughly. Photodegradation results under UV and visible
light demonstrated that the incorporation of noble metal nanoparticles significantly (or drastically)
increases the catalytic efficiency by promoting the photogenerated charge carrier separation. The main
advantage of the proposed ZnO/Au and ZnO/Ag semiconductor is that it delays the recombination
process of the electron—hole pairs generated by the photon absorption, which in lieu increases the
photocatalytic efficiency. It is a challenging issue to fabricate stable photocatalysts which can work
under visible light as it covers 43% of sunlight. To investigate the role of photogenerated electrons and
holes in dye degradation, scavenging experiments using different scavengers have also been performed.

Introduction

In recent years, scientists have been investigating many semi-
conductor-assisted photocatalysts due to their ability to degrade
a large number of recalcitrant chemicals in aqueous systems
with high efficiency. Among those semiconductor assisted
photocatalysts, ZnO nanomaterials have extensively been
studied due to their high surface area and high photosensi-
tivity.** However, owing to its high band gap (3.37 eV) and large
exciton binding energy (60 MeV),! the use of ZnO in photo-
catalysis is limited mainly under UV light of wavelength below
385 nm. As the sunlight reaching to the earth's surface contains
even less than 5% of it in the form of UV light, the practical
application of ZnO photocatalysts is largely restricted. However,
modified ZnO with noble metals, such as Pt,>® Au,”® and Ag®
possess many unique properties such as easy reduction, high

“Department of Chemistry, Birla Institute of Technology and Science, Pilani,
Rajasthan, 333031, India. E-mail: spande@pilani.bits-pilani.ac.in; surojitpande@
gmail.com; Fax: +91-1596-244183; Tel: +91-1596-515709

*Department of Physics, Birla Institute of Technology and Science, Pilani, Rajasthan,
333031, India

t Electronic ~ supplementary information (ESI) available. See DOIL
10.1039/c4ra03158j

24962 | RSC Adv., 2014, 4, 24962-24972

chemical stability, and bio affinity. In addition, noble metals
also act as an electron sink, which can significantly enhance the
photocatalytic activity in both UV and visible light.'*** There-
fore, it is of high practical importance to show how the plas-
monic energy can be converted to chemical energy when ZnO
nanoflower surface has been functionalized with gold and silver
nanoparticles.

Synthesis of zinc oxide nanoparticles have been reported by
different groups using various methods such as, hydrothermal
synthesis,'*** alkali precipitation,'*"” thermal decomposition,*®
organo-zinc hydrolysis,” etc. Yang and co-workers reported
cetyltrimethylammonium bromide (CTAB) assisted hydro-
thermal synthesis of ZnO nanoflower using an autoclave at
120 °C.* Synthesis of ZnO nanorod and prism using zinc foil,
NaOH, and CTAB at a temperature ~160 °C has been reported
by Wang and co-workers.” Low temperature synthesis of
various superstructures (ring, sheet, and platelet) of ZnO using
CTAB has also been reported by Lee and co-workers.” Room
temperature synthesis of flower-like ZnO nanostructures
without using any external capping agent at alkaline pH has
been reported by Kumbhakar and co-workers.”* Flower-like
morphology of ZnO has been found by Miao and co-workers
using lignin amine for 5 h in the 80 °C water bath.?® Hence, from
all the reported literatures it has been quite clear that autoclave
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at elevated temperature as well as room temperature can be a
useful method for the synthesis of ZnO particles.”**” Whereas,
within this study, we report a simple approach for the synthesis
of ZnO nanoflower at low temperature using CTAB as a growth
controlling agent and their surface modification with noble
metal nanoparticles, which can work as an active and efficient
photocatalyst covering the whole solar spectrum.

Surface modification/decoration of ZnO with noble metal
nanoparticles (Au and Ag) offer many potential challenges. Lee
and co-workers reported the synthesis of glutathione protected
gold nanoparticles on the surface of ZnO and their successful
application in phtocatalysis.?® Moreover, they also reported that
the size-dependent gold nanoparticles synthesis on ZnO surface
and their photocatalytic activity can be controlled by size-
dependent gold capacitor.”” Kamat and co-workers reported the
synthesis of ZnO/Au nanoparticles and the Fermi level equili-
bration during the interaction between the semiconductor and
noble metal.*® This phenomenon is very much important to
detect the role of noble metal in photocatalysis. They have
reported the Fermi level shift towards the conduction band in
semiconductor in case of ZnO/Au.* Synthesis of Ag/ZnO heter-
ostructures with different silver content using solvothermal
method and their application in photocatalysis has been
reported by Zheng and co-workers.*® Worm-like core/shell
composites of Ag/ZnO with different silver content under
ultrasonic irradiation has been synthesized by Jia and co-
workers.** Silver nanoparticle decoration onto the flower-like
morphology of ZnO and their application in photocatalysis has
been reported by Jia et al*® In general, pure ZnO shows less
reactivity as photocatalyst due to the lack of electron and hole
trapping agents at conduction and valence band, respectively.
Upon modification with noble metals (Au and Ag), photo-
catalytic activity of ZnO significantly increases, as the metal
centres acts as an electron sink/trap on semiconductor
surface.’**®* Moreover, due to the difference in work function
values of different metals, metal semiconductor heterostructure
exhibits variable catalytic efficiency in photocatalysis upon
irradiation of visible and UV light.° Therefore, for better
understanding of the effect of noble metals on ZnO nano-
particles and their Fermi level shift, we explore a simple and
facile approach for the decoration of Au and Ag nanoparticles
on ZnO surface and investigate their application in organic
pollutant degradation.***> However, a comparative study of the
decoration of both Au and Ag nanoparticles on ZnO surface and
their photocatalytic effect using UV and visible light is still
missing which has been reported within this paper.

In this article, we report a solution based one-step synthesis
of ZnO nanoflower at relatively lower temperature (~80 °C),
using cetyltrimethylammonium bromide (CTAB) as a growth
controlling agent. Afterwards, the noble metals (Au and Ag)
were deposited on the surface of ZnO nanoflower using hydra-
zine hydrate as a reducing agent. The as-synthesized ZnO/Au
and ZnO/Ag heterostructure nanoparticles are characterized
using UV-vis, PL (photoluminescence), X-ray diffraction (XRD),
X-ray photoelectron spectroscopy (XPS), field-emission scan-
ning electron microscope (FESEM), transmission electron
microscope (TEM), and energy dispersive spectroscopy (EDS)
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techniques. The detailed mechanism for the growth of ZnO
nanoflower, ZnO/Au, and ZnO/Ag is thoroughly discussed.
Photocatalytic performance of the as-prepared catalysts were
evaluated by using a cationic dye, methylene blue (MB) and
phenol in water, under illumination of UV and visible light. The
main importance of this work is to modify ZnO flower surface
with gold and silver nanoparticles and to find out their Fermi
level shift towards the conduction band of the semiconductor,
which can influence the photoactivity of ZnO. The key role of the
noble metal (Au and Ag) on ZnO surface is also examined in dye
degradation reaction. Finally, scavenging experiment using
some scavengers is executed to know the degradation
mechanism.

Experimental methods
Chemicals

All chemicals were of analytical grade (AR) and used as
purchased without any further purification. Analytical grade
chemicals from different suppliers such as, HAuCl,-3H,0
(hydrogen tetrachloroaurate trihydrate, Sigma Aldrich), AgNO;
(silver nitrate, =99.9%, Sigma Aldrich), NH,-NH,-H,0 (hydra-
zine hydrate, SD fine-chem limited), zinc sulphate
(ZnSO,-7H,0, SD fine-chem limited), cetyltrimethylammonium
bromide (Spectrochem Pvt. Ltd.), ammonia solution with sp. gr.
0.91 (SD fine-chem limited), and methylene blue (Sigma
Aldrich) were used. Phenol, Ammonium oxalate, and tertiary
butyl alcohol were purchased from SD fine-chem limited. All
solutions were prepared using deionized water.

Synthesis of ZnO nanoparticle

ZnO nanoparticles were synthesized using the following
procedure. Firstly, in a 500 ml beaker, equal volume of (4 ml) of
zinc sulphate (1 M) and CTAB (1 M) solutions were dissolved in
400 ml water so that the final concentration of both was 0.01 M
and stirred well. Afterwards, the whole solution was kept on
water bath at ~80 °C for ~5 h and without stirring. Secondly, 2
ml of concentrated ammonia solution (directly from the bottle)
was added to the above solution and the pH was maintained
~10. Immediately, the whole solution was cloudy, which was
due to the formation of zinc hydroxide. Finally, white powder of
ZnO was formed and precipitated. The white precipitate was
collected and washed two times with water and dried well in air.

Synthesis of ZnO/Au and ZnO/Ag nanoparticle

Deposition of Au and Ag on ZnO surface was done by the
following procedure. At first, in a 100 ml beaker, 100 mg of the
as-synthesized white ZnO powder was dispersed well in 10 ml
water by sonication for ~30 min. Secondly, 10 ml of 1 x 107> M
HAuCl, was added to the above dispersed ZnO solution, so that
the final concentration of HAuCl, was maintained at 0.5 x 10>
M with continuous stirring but without addition of any extra
growth controlling agent. As a result, in the above solution the
weight ratio of ZnO : AuCl,” was 2.5 : 1. The whole solution was
stirred well for ~2 h so that the HAuCl, was adsorbed well on
ZnO surface. Afterwards, the HAuCl, adsorbed ZnO precipitate
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were collected and washed several times with water to drain out
the excess HAuCl, from the solution. In third step, the precip-
itate was re-dispersed again in 20 ml water followed by addition
of 0.2 ml of 1 M hydrazine hydrate within the solution with
continuous stirring. Au nanoparticles were deposited on to the
surface of ZnO particles which results in a purple coloured
precipitate formation. Finally, this purple colour powder was
collected and washed with deionised water twice and dried well
for further characterization and application.

ZnO/Ag nanoparticles were synthesized using the same
protocol described for ZnO/Au nanoparticles, except AgNO; was
used instead of HAuCl, where a yellow colour precipitate was
obtained.

Photocatalysis study

To examine the photocatalytic activity, MB was chosen as a
probe molecule. To study the photocatalytic effect, 4.0 ml of 5 x
10> M MB and 50 mg catalyst were collected in 16 ml water.
Prior to any irradiation, the aqueous solution of MB and catalyst
were agitated continuously at room temperature for ~40 min
using a sonicator, so that MB was adsorbed well on the catalytic
surface. After agitation, the reaction mixture was kept under a
UV/visible light to initiate the reaction with continuous stirring
and the distance between the light source and reaction mixture
was fixed at ~20 cm. The UV light was provided by a UV lamp
with major emission at A = 365 nm whereas visible light was
supplied using a tungsten lamp of 60 W, which emits a
continuous spectrum of light in between 300-1400 nm. During
the photocatalysis investigation, reaction mixture was stirred
continuously. Finally, at a regular irradiation time interval, the
dye containing solution was quantified by measuring the
absorbance using the UV-vis spectroscopy. The as-synthesized
nanoparticles were very stable and the morphology was
unchanged even after prolonged photodecomposition. To check
the reusability, the catalyst particles were collected and washed
3-4 times with deionized water.

Similar photocatalysis study was also performed with phenol
using ZnO/Au and ZnO/Ag nanocatalysts. For this study, 0.8 ml
of 5 x 107> M phenol and 50 mg catalyst were mixed in 20 ml
water. After ~40 min sonication of the reaction mixture, a
tungsten lamp of 60 W was used as a visible light source to
degrade the phenol.

The efficiency of dye degradation was calculated using the
following equation:

% degradation = (4g — 4,)/4y x 100

where, A, = initial absorbance and A, = absorbance at time ‘¢’.

Optical characterization

UV-vis absorption spectra were obtained using a Shimadzu UV-
1800 spectrophotometer where the cuvette path length was set
to 1.0 cm. Aqueous solution was used for background subtrac-
tion. Room temperature PL measurement was recorded using a
Horiba Jobin Yvon Fluoromax-4 spectrofluorimeter. The
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excitation and emission slit widths were fixed to 5 nm each and
a 325 nm light was used as an excitation wavelength (Acy).

Chemical analysis

XPS compositional analysis was carried out using a commercial
Omicron EA 125 spectrometer equipped with a seven-channel
detection system. As an X-ray source, a monochromatic light of
Al-Ka radiation of energy 1486.7 eV has been used. All high
resolution spectra were collected with an energy step of 0.1 eV,
pass energy of 20 eV and a dwell time of 1 s per step. The
emission current was set to 15 mA for all measurements. The
XPS chamber base pressure was maintained below <3 x 10 '°
mbar during the measurement. Samples were prepared by
dropping 10.0 pl aqueous solution of each nanoparticle onto
small pieces of conducting carbon tape and dried under dry
nitrogen line. To compensate any kind of charging effect, the
binding energy of C 1s peak at 284.5 eV has been used as a
reference.

Structure and morphology

TEM micrographs were obtained using a JEOL-2010F TEM
operating with electron beam of energy of 200 kV. Samples were
prepared by placing 3-4 drops of the well dispersed ZnO, ZnO/
Au and ZnO/Ag samples on a 300-mesh, carbon-coated Cu grid
(EM sciences) and allowing the liquid to evaporate in air. For Au
and Ag nanoparticles the particle size distribution was based on
30 randomly selected particles. EDS measurement was carried
out with the same instrument and in a particular area of the
samples. The phase and the crystallinity of the samples were
determined by powder X-ray diffraction (PXRD) using a Rigaku
Mini Flex II diffractometer with Cu-Ka radiation at 25 °C with 26
values ranging from 20-80° and scanning rate of 2° per min.
The surface morphology of as-synthesized nanoparticles was
characterized using a commercial FESEM instrument from FEI
Nova NanoLab combined with focused ion beams. For SEM
characterization, sample preparation was similar to that of XPS
studies.

Result and discussion

Synthesis and UV-vis analysis of ZnO, ZnO/Au, and ZnO/Ag
nanoparticles

The syntheses of ZnO/Au and ZnO/Ag have been described
previously and are reviewed in the Experimental section. Briefly,
ZnO nanoparticles are first synthesized using CTAB surfactant
as a growth controlling agent. Throughout the synthesis, the pH
of the solution is adjusted to ~10 with ammonia solution.
Afterwards, gold and silver nanoparticles are deposited on the
surface of ZnO using hydrazine hydrate as a reducing agent. All
as-synthesized nanoparticles are very stable and used for other
characterizations which have been discussed in the following.

Fig. 1 shows the absorption spectroscopy of the ZnO, ZnO/
Au, and ZnO/Ag nanoparticles in the ultraviolet-visible spectral
region. ZnO exhibits a sharp band at 369 nm, which corre-
sponds to the formation of ZnO particles. From the absorption
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Fig. 1 UV-Vis spectra for ZnO, ZnO/Au, and ZnO/Ag nanoparticles,
where all the powder samples were dispersed in water and sonicated
for ~20 min. Aqueous solution was used for background subtraction
whereas. 1.0 cm cuvette was used for UV-Vis measurement. Here, all
absorbance values are in arbitrary unit and each spectrum corresponds
to different absorbance (not in relative scale). From the UV-vis spec-
trum of ZnO, inset shows (aE,)? vs. £, plot for band gap (E,) calculation
of ZnO nanoparticles.

spectrum of ZnO an estimated optical band gap can be derived
using the following equation:

aE, = K(E, — Eg)'"”

where, « stands for the absorption coefficient, K is a constant,
E, is the discrete photo energy, and E, is the band gap energy.
A classical Tauc approach is further employed to estimate the
E, value of ZnO nanoparticles.*** A plot of («E,)* vs. Ej, is
shown within the inset of Fig. 1. The extrapolated straight line
of this plot meets the E, axis at « = 0 which represents the
absorption edge energy corresponds to the band gap (Ey) of
the material. The band gap value of ZnO from the experi-
mental data was calculated to be 3.12 eV, which is in good
agreement with the value reported in the literature.*® In case
of ZnO/Au, spectroscopy shows two bands at 378 nm and 560
nm, respectively. The band position at 378 nm corresponds to
the presence of ZnO whereas the other band represents the
formation of Au nanoparticles. For ZnO/Ag samples a broad
band at 450 nm, representative of the Ag nanoparticles
appears along with the unshifted band at 369 nm for ZnO
particles. The shift in ZnO band position in the case of
ZnO/Au nanoparticles can be attributed to the higher elec-
tronegativity of gold compare to that of silver. As a result, gold
withdraws electron density more towards itself, which finally
affect the movement of the band position of ZnO. In addition,
a significant decrease in absorbance intensity of ZnO peak at
369 nm for ZnO/Au and ZnO/Ag have also been observed,
which indicates the presence of gold and silver on ZnO
surface. Therefore, the presence of UV and visible absorbance
maxima both for ZnO/Au and ZnO/Ag clearly demonstrates
that the material becomes photoactive in both UV and visible
light region.
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Photoluminescence study of ZnO, ZnO/Au, and ZnO/Ag
nanoparticles

Room-temperature PL spectra of the ZnO, ZnO/Au, and ZnO/Ag
are shown in Fig. 2, which was obtained with an excitation
wavelength of 325 nm. For all the nanoparticles three bands are
observed in PL spectrum: (a) UV near-band-edge emission peak
at 378 nm, (b) small band at 467 nm, and (c) a broad green light
emission at 560 nm. The green emission peak is commonly
referred to a deep level of trap-state emission.*® More precisely,
the green transition has been attributed to the singly ionized
oxygen vacancy in ZnO and the emission results from the
radiative recombination of a photogenerated hole with an
electron occupying the oxygen vacancy.*>*' The stronger inten-
sity suggests the presence of higher singly ionized oxygen
vacancies in ZnO.” When ZnO is modified with metal nano-
particles, the intensity of all the three bands decreases, which
states that the electrons and holes are more separated and
recombination process is inhibited. The relatively lower inten-
sity bands for the case of ZnO/Au proves the inhibited electron-
hole pair recombination is maximum for the ZnO/Au nano-
particles. However, the shifting of UV near-band-edge emission
peak at 367 nm for ZnO/Au is still not well understood.

XRD analysis of ZnO, ZnO/Au, and ZnO/Ag nanoparticles

The crystallinity, phase, and purity of the as-prepared samples
were determined by powder X-ray diffraction (PXRD). Typical
PXRD patterns of the as-synthesized ZnO, ZnO/Au, and ZnO/Ag
particles are shown in Fig. 3. Nine major reflection peaks are
appeared at 26 values of 31.80°, 34.41°, 36.21°, 47.52°, 56.53°,
62.74°, 67.80°, 69.11°, and 77.46° which corresponds to the
(100), (002), (101), (102), (110), (103), (112), (201), and (202)
crystal planes of the hexagonal ZnO structure, respectively. All
these peaks of the ZnO nanoparticles can be indexed to wurtzite
(hexagonal) structure of ZnO (JCPDS card no. 36-1451).**
Absence of characteristic impurity peaks such as Zn(OH), and
unhydrolyzed Zn(u)-sulphate indicate a high quality ZnO
nanoparticles.

The PXRD patterns of ZnO/Au exhibits three additional
peaks at 26 values of 38.23°, 44.38°, and 64.7° corresponds to
the (111), (200), and (220) crystal planes of Au, respectively,

100
- ZnO
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8 801 ——2Zn0/Au
=
E 60
2
‘n 40
c
8
=20

350 400 450 500 550 600
Wavelength (nm)

Fig. 2 Room temperature photoluminescence spectra of ZnO, ZnO/
Au, and ZnO/Ag nanoparticles. All the powder samples were well
dispersed in water using a sonicator for PL measurements using an
excitation wavelength (1¢y) of 325 nm.
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Fig. 3 Powder X-ray diffraction (PXRD) patterns of ZnO, ZnO/Au, and
ZnO/Ag nanoparticles. During scan 26 values varies from 20-80° and
the scanning rate was fixed at 2° per min.

which confirm the formation of gold nanoparticles on ZnO
surface.”” PXRD pattern of ZnO/Ag shows a clear peak at 38.05°,
which is due to the presence of (111) crystal plane of silver
particle on ZnO surface. The other two peaks at 44.38° and 64.7°
for (200) and (220) crystal planes of Ag are not clear.*" All these
PXRD findings clearly indicate the formation of metal nano-
particles on ZnO surface. Au and Ag particle sizes were calcu-
lated using Debye-Scherrer formula, which represents 20 nm
and 32 nm for Au and Ag nanoparticles, respectively.

SEM, TEM, and EDS analysis of ZnO, ZnO/Au, and ZnO/Ag
nanoparticles

The morphological analysis of the as-synthesized nanoparticle
samples were carried out using an FESEM, which is depicted in
Fig. 4. ZnO particles show flower shaped structures having
diameter of 600 nm (length) of the petal. Fig. 4a and b show a
surface overview and a closer look FESEM images of ZnO

Fig. 4 FESEM images of ZnO nanoparticles: (a) large scale overview
and (b) closer look of bare ZnO nanoflowers. High-resolution FESEM
images of (c) ZnO/Au and (d) ZnO/Ag. Particle sizes for Au and Ag were
measured using randomly chosen ~30 particles.
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particles, respectively, which contain a sharp petal with breadth
of 220 nm for only one petal in ZnO nanoflower. High resolution
SEM image clearly shows a little surface roughening of the ZnO
flower petals. A similar kind of flower-like structure has also
been reported by Yang and co-workers, where they used a
saturated CTAB aqueous solution at ~120 °C for 20 h and a
Teflon-lined stainless steel autoclave.* Whereas, in this study,
ZnO particles were synthesized in a much simpler way, using
water bath at ~80 °C for 5 h.

FESEM images of gold and silver nanoparticles, deposited on
ZnO surfaces are shown in Fig. 4c and d, respectively. Randomly
scattered spherical particles with uniform size-distribution of
gold and silver were nicely resolved on ZnO surface. From the
FESEM images, it has been observed that the average particle
diameter for gold is about 30 nm, whereas for silver it rises to 40
nm. Hence, from the above findings we can conclude that the
synthesis of ZnO/Au and ZnO/Ag nanoparticles by a simple wet-
chemical method, using hydrazine hydrate as reducing agent, is
very much useful.

Fig. 5a shows the TEM image of flower shape structure of the
ZnO nanoparticles. TEM result also confirms the presence of
sharp petal with an average size of 600 nm long (length) and 230
nm (breadth) diameter as well as little surface roughening of the
petal structure. High resolution TEM image of ZnO particle is
shown in Fig. 5b, which clearly depicts lattice fringes of ZnO
with an interplaner spacing of ‘@’ = 0.26 nm, which matches
well with the spacing between (002) crystal planes of ZnO. This
finding of (002) plane oriented growth of ZnO corroborates well
with the earlier PXRD results.

Fig. 6a represents the TEM image of ZnO/Au nanoparticles,
which strongly suggests that the formation of spherical gold
nanoparticles randomly distributed on the surface of ZnO. An
HRTEM image of ZnO/Au is shown in Fig. 6b, which further
confirms the presence of both ZnO and gold nanoparticles. The
interplaner spacing ‘d’ of 0.24 nm and 0.26 nm exhibits the
presence of (111) plane of gold nanoparticles on (002) plane of
ZnO surface, respectively. A similar kind of TEM and HRTEM
images of ZnO/Ag are presented in Fig. 7a and b. It is observed
that, the spherical silver particles are well distributed on ZnO
surface. A clear contrast of fringe spacing was observed between
the ZnO and silver particles. Separate lattice fringes were
observed for ZnO and silver with the value of ‘@’ of 0.26 nm and
0.23 nm, which can be assigned to the presence (111) planes of
silver on (002) ZnO surface. All TEM images for the as-

Fig. 5 (a) TEM and (b) HRTEM images of ZnO nanoparticles. HRTEM
image was used to calculate the fringe spacing.

This journal is © The Royal Society of Chemistry 2014
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Fig.6 (a) TEM and (b) HRTEM images of ZnO/Au nanoparticles. Fringe
spacing for ZnO and Au were separately calculated using HRTEM
image.

b

) 0.25nmy<
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Fig.7 (a) TEM and (b) HRTEM images of ZnO/Ag nanoparticles. Fringe
spacing for ZnO and Ag were separately calculated using HRTEM
image.

synthesized particles are in good agreement with FESEM find-
ings. Both FESEM and TEM images clearly indicate a higher
density of metal nanoparticles for of ZnO/Au compare to the
ZnO/Ag.

Finally, EDS analysis of ZnO/Au and ZnO/Ag for selected area
also confirms the presence of Zn, O, Au, and Ag, which is shown
in ESI (Fig. S17). The EDS signal of Au and Ag are very uniform
in the observed area, indicating the completely random distri-
bution of gold and silver nanoparticle on ZnO surface.

XPS analysis of ZnO, ZnO/Au, and ZnO/Ag nanoparticles

As a surface monitoring technique, XPS was employed to further
support the formation of ZnO, ZnO/Au, and ZnO/Ag nano-
particles. The high-resolution XPS spectra of Zn>" and O*~
regions of ZnO particles, synthesized by wet chemical technique
are shown in ESI (Fig. S2a and b¥). The binding energy positions
for Zn 2p;,, and Zn 2p,,, are obtained at 1022.1 eV and 1045.1
eV, respectively. The difference in binding energy between two
Zn peaks is about 23.0, which matches well with the earlier
reported value.*” The O, peak shows the binding energy posi-
tion at 530.6 eV. All these findings clearly suggest the formation
of ZnO.*>*

The high-resolution XPS spectra of ZnO/Au and ZnO/Ag are
shown in Fig. 8a and b. The Au 4f,,, and 4f5,, binding energy
peaks are centred around 83.04 eV and 87.14 eV, respectively,
which are consistent with those for bulk Au at 83.95 eV and
87.68 eV, indicating the formation of Au(0) nanoparticle on the
surface of ZnO using hydrazine hydrate as reducing agent.***
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Fig. 8 High-resolution XPS spectra of (a) ZnO/Au and (b) ZnO/Ag
samples deposited on conducting carbon tapes. XPS peak positions
were referenced to the C 1s peak at 284.5 eV.

Similarly, for ZnO/Ag, the binding energy peaks are located at
373.71 eV (3ds/,) and 368.33 eV (3ds),), favouring the formation
of Ag(0) nanoparticles. The binding energies for Ag(0) are
matches well with the reported literature values for bulk Ag at
373.4 eV and 368.22 eV, respectively.***® From these binding
energy values of gold and silver it has been observed that, there
is negligible shift of binding energies (gold and silver) on ZnO
surface as compared to their bulk.

Mechanism of formation of ZnO, ZnO/Au, and ZnO/Ag
nanoparticles

The mechanism of the formation of ZnO particles in alkaline
medium is given below. At alkaline pH, available OH™ ion in the
aqueous solution initially reacts with Zn>" ion and introduces
the formation of Zn(OH),. At pH 10, Zn(OH), is the main colloid
species in the solution. During hydrolysis at ~80 °C, part of
Zn(OH), colloid dissolves into Zn*>" and OH~ within the solu-
tion, which creates the formation of ZnO nuclei. Furthermore,
at alkaline pH, Zn(OH), further reacts with OH™ ion and
therefore [Zn(OH),]*” is formed. Finally, at elevated reaction
temperature (~80 °C), the growth of ZnO nanoflower initiates in
presence of CTAB due to the coulomb attraction between the
cationic charge CTAB and anionic [Zn(OH),]*~ species.'* The
overall reaction for the formation of ZnO is shown below.

Zn*? + 20H~ — Zn(OH),
Zn(OH), + 20H™ — [Zn(OH),*~

[Zn(OH),>~ — ZnO + OH™ + H,0

To understand the effect of alkaline medium on formation of
ZnO particle, a similar kind of reaction was also carried out in
absence of ammonia solution. Surprisingly, no ZnO particle was
found (Scheme 1). In case of surfactant assisted synthesis of
ZnO, surfactant plays a crucial role and acts as a driving force
for the formation of ZnO nanoflower.** Therefore, to know the
role of CTAB in nanoflower formation, hydrothermal experi-
ment was conducted without CTAB, which results in the
formation of largely agglomerated ZnO particles instead of a
flower-like morphology. The FESEM image of the agglomerated
form of ZnO is shown in Fig. S3.1 Without the CTAB, there was
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Scheme 1 The overall mechanism of ZnO/Au and ZnO/Ag nano-
particle formation on ZnO nanoflower surface. Here, WB represents
water bath.

no growth directing agent. As a result, larger particles are
randomly deposited. From Fig. S3,7 it is well understood that
the role of CTAB is very important for the formation of ZnO
flower. Therefore, CTAB is very much essential to generate the
flower like morphology of ZnO. Yang and co-workers also
reported the formation of pointed sword-like ZnO nanoparticle
(~100 nm) instead of a flower-like morphology, without using
the CTAB." The same group also reported at lower growth
temperature (120 °C), there was not enough driving force for the
growth of similar sword-like ZnO nanorods.™

In order to comprehend the complete growth mechanism of
ZnO nanostructures in presence of CTAB, a time-dependent
analysis of growth features was conducted using FESEM anal-
ysis as can be seen in Fig. 9. During synthesis, ZnO powder
samples were collected at intervals of 1 h, 3 h, and 5 h,
respectively, from the reaction container. Fig. 9a represents the
FESEM image of ZnO after 1 h of synthesis, which shows the
formation of spherical particles and initiates the formation of
ZnO flower. After 3 h of synthesis, ZnO nanoflower formation
was started but the growth uniformity was not observed
(Fig. 9b). Finally, the complete growth/formation of ZnO flower
was ended after 5 h of synthesis, as shown in Fig. 9c. Even
longer synthesis does not make any significant changes of the
ZnO flower morphology. Therefore, the optimization of reaction
time and the role of CTAB during the formation of ZnO were
confirmed by growth study.

3 hour 5 hour

1 hour

Fig.9 FESEM images of ZnO nanostructure synthesis after (a) 1 h, (b) 3
h, and (c) 5 h, respectively.
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For the formation of ZnO/Au and ZnO/Ag particles, the as-
synthesized ZnO nanoparticles were well dispersed in aqueous
medium and as source materials of Au and Ag nanoparticle,
HAuCl, and AgNO; were used. Weak van der Waals force or
electrostatic interaction may act as a driving force behind the
absorption of metal ions on the surface of ZnO. Finally, the
adsorbed AuCl,~ and Ag' ions were reduced and deposited
randomly on the surface of ZnO using hydrazine hydrate as a
reducing agent. Though similar synthetic approaches were used
for Au and Ag, the density of deposited Au nanoparticles was
higher than that of Ag, which presumably due to higher affinity of
AuCl,~ than Ag" towards ZnO surface. This higher affinity of
AuCl,~ ion could be explained from zeta-potential analysis of
ZnO particles. The zeta-potential value of ZnO is (+)25.4 £+ 0.63
mV, which confirms a positively charged ZnO surface which is
stabilized in the ambient of cationic charge CTAB." Hence, a
strong electrostatic interaction between the positively charged
ZnO and negatively charged AuCl,~ is expected which results in a
high density of Au nanoparticle on ZnO surface. Whereas, on the
other hand, Coulomb repulsion between Ag' ion and ZnO
significantly exists. However, the diffusion energy successfully
overcomes the electrostatic repulsion and finally Ag nano-
particles can deposit on ZnO surface. It is quite clear that the
driving force for Ag deposition is much weaker compare to the
Au, and hence a lower particle density for Ag is observed. Zhu and
co-workers also reported a high density of Au nanoparticles on
ZnO using electrochemical deposition.** The overall mechanism
behind the formation of ZnO/Au and ZnO/Ag nanoparticle on
ZnO nanoflower are explained as can be find in Scheme 1.

To substantially understand the role of hydrazine hydrate, a
similar kind of experiment was carried with sodium borohy-
dride as reducing agent. A large and agglomerated particles of
Au and Ag were observed on the surface of ZnO nanoflower.
Fig. S41 shows the FESEM image of ZnO/Au using sodium
borohydride where the Au nanoparticle appear in large, non-
uniform, and aggregated nature. Trisodium citrate and ascorbic
acid were also used as reducing agent but there were no desir-
able nanoparticle formation in the followed reaction condition.
Therefore, it is well understood from our findings that hydra-
zine hydrate can be used as a reducing agent to deposit uniform
Au and Ag nanoparticles on ZnO surface.

Photocatalytic activity of ZnO, ZnO/Au, and ZnO/Ag
nanoparticles

In order to explore the effectiveness of as-synthesized nano-
particles on dye degradation using UV and visible light, a
cationic dye, methylene blue (MB) (a standard model water
contaminant) were used for this study. Photocatalytic activity of
nanoparticles not only correlated with electron transportation
but also depends on other factors like surface area, size, radi-
ation sources, etc. ZnO, having a high band gap energy, is not a
visible light catalyst. Therefore, decoration of ZnO surface with
metal nanoparticle (Au and Ag) is shown to be a very useful
technique to make it a visible light active material. Tungsten
lamp of 60 W, which emit a continuous spectrum of light in
between 300-1400 nm was used as a visible light source.
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Fig. 10a-c shows the visible light active dye degradation
results using 50 mg ZnO/Au as a catalyst where tungsten lamp
(60 W) was used as a visible light source. Under the experi-
mental condition, ZnO/Au exhibits 99% dye decomposition
within 30 min, with a rate constant of 0.8 x 10! min~'. It is
known that the concentration of the dye at different time is
proportional to the absorbance of the dye solution and there-
fore, exponential nature of absorbance vs. time (A4,/A, vs. ) plot
confirms the pseudo first order kinetics of the reaction, as
shown in Fig. 10b. From the logarithmic plot of absorbance vs.
time (In 4,/A, vs. t) the degradation rate constant ‘¢’ was calcu-
lated, which is found to be 0.8 x 10! min ™', significantly
higher than the earlier reported values for MB dye decomposi-
tion (Fig. 10c). It can be noticed that negligible amount of dye
degradation occurs in visible light using bare ZnO particle.
Even, without any catalyst MB itself has less absorption (~9%
only) in visible light. Whereas, using ZnO/Ag catalyst, 40% of
dye degradation can be achieved within 2 h under same visible
light, with a rate constant of 0.04 x 10~ min~" (Fig. S5a and
bt). Afterwards, there is no change in dye degradation using
ZnO/Ag and in visible light medium. Similar dye degradation
reaction was also carried out in presence of ZnO, ZnO/Au, and
ZnO/Ag catalysts in dark condition, which shows there is no
change in the intensity of MB even after 3 h (Fig. S6t). This
experiment confirms that the dye is not getting adsorbed on the
surface of catalyst. Therefore, we can conclude that the incor-
poration of Au nanoparticles on ZnO surface can drastically
enhanced the dye degradation rate up to 20 times as compared
to Ag nanoparticle incorporation using visible light. The higher
degradation rate for metal induced ZnO can be explained in
terms of better separation of the electrons and holes and higher
inhibition towards their recombination. This phenomenon of
ZnO/Au is in accordance with the PL result, which proves the
higher inhibition of electron-hole pair recombination for ZnO/
Au nanoparticles. From all these results it is well understood
that the modified ZnO with Au and Ag metal nanoparticles
shows significantly higher photocatalytic efficiency in visible
light region.

Photocatalytic activity of ZnO/Au and ZnO/Ag was also per-
formed using another organic pollutant, phenol, under a visible
light irradiation. Phenol, a colourless pollutant, was chosen as it
has no absorption in the visible light range. Higher concen-
tration of phenol, 2 x 10~* M and 50 mg catalyst were used for
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this degradation study. Fig. 11 and S77 exhibits the decompo-
sition of phenol with time, using ZnO/Au and ZnO/Ag catalyst,
respectively. As shown in Fig. 11, ~96% degradation of phenol
can be achieved after 6 h using ZnO/Au with a rate constant of
0.51 min~". Whereas, ~72% of degradation under visible light
is found with ZnO/Ag as shown in Fig. S7. Using ZnO/Ag, the
rate constant value was 0.20 min~ . Therefore, a significantly
faster photocatalytic performance was observed with ZnO/Au,
2.5 times higher than ZnO/Ag. The above result proves that
under visible light ZnO/Au can be a better catalyst than ZnO/Ag,
which is matching well with the earlier MB degradation result.

In case of dye degradation using pure ZnO nanoparticles, a
relatively higher photon energy (UV-light of wavelength 365 nm)
as well as much longer exposure time is required for ~50% of
decomposition. Whereas, under illumination of UV-light for 30
min, ZnO/Au can successfully degrade up to 99% of the dye. In
the case of ZnO/Ag nanoparticles, 95% degradation can be
achieved for exposure duration of 3 h. UV-vis spectra of MB dye
degradation with ZnO, ZnO/Au, and ZnO/Ag using UV light are
compared within the ESI (Fig. S8-5101). From the kinetic plots
of dye degradation with ZnO particles (A,/A, vs. t and In A,/A, vs.
t) it is quite clear that the reaction follows pseudo first order and
the rate constant value is found to be 0.04 x 10~ min™ . Using
ZnO/Au, the dye degradation rate constant value is drastically
improved to 0.9 x 10~" min~" while following the similar

e
N
N
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o

0.0 f/—— .
240 264 288
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Fig. 11 UV-vis spectrum of decomposition of phenol using ZnO/Au
catalyst, under irradiation of visible light. Conditions: [phenol] = 2 x
10~* M and amount of catalyst = 50 mg.
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Fig. 10 UV-vis spectra of (a) degradation of MB dye in presence of ZnO/Au under visible light (b) A;/Ag vs. time (min) plot and (c) In A/Ao vs. time
(min) plot. During the photocatalysis measurements, reaction mixture was stirred continuously. Conditions: [MB] = 107> M and amount of

catalyst = 50 mg.
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pseudo first order kinetics. A similar kinetics and rate constant
value (0.15 x 10~" min™") is also observed with ZnO/Ag parti-
cles, which can be seen in Fig. S10a and b.T A comparative study
of In A4,/A, vs. time plot for the as-synthesized particles for MB
dye decomposition using UV light is shown in Fig. S11a and b.}
This result shows that Au decorated ZnO provide maximum rate
constants compare to that of ZnO/Ag and bare ZnO, which is in
good agreement with the reported literature.***

Photocatalytic mechanism

Scheme 2a represents the overall photocatalytic degradation
mechanism under irradiation with visible light. The as-
obtained visible light photocatalysis result confirms that ZnO/
Au is a better photocatalyst than ZnO/Ag and ZnO particles,
which can be explained on the basis of work function. The work
function values of ZnO, Au, and Ag are reported as 5.2 €V, 5.0 eV,
and 4.26 eV, respectively.”®*>° Normally, a Schottky barrier will
form, when two materials with different work functions are
combined. Therefore, electrons will transfer from the lower
work function material to the higher work function mate-
rial.***~*° In case of Au and Ag the Fermi level (Fy) is higher
than ZnO Fermi level (Fy0) because of its higher work function.
This directs the transfer of electron from the Au and Ag Fermi
level to the ZnO Fermi level, till it reaches the equilibrium and
form a new equilibrium Fermi level (Fq). Upon irradiation with
visible light, the electrons in Fpq were injected quickly to the
conduction band (CB) of ZnO via a surface phonon resonance
(SPR) mechanism, leaving behind holes on the metal surface.
Now, the injected electrons in CB reacts with dissolve oxygen to
produce superoxide radical anion (O, "), which can subse-
quently react with H,O to give hydroxyl radicals (OH) in a
consecutive reaction pathway.*** These superoxide radical
anion and hydroxyl radicals are responsible for the decompo-
sition of MB dye and phenol pollutant under visible light irra-
diation.”® Therefore, due to higher work function of Au as
compared to Ag, ZnO/Au can act as a better photocatalyst than
ZnO/Ag.** As the formation of reactive radical species is much
faster in ZnO/Au compared to the ZnO/Ag, which is also directly
correlated with photocatalytic activity, the ZnO/Au particle
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%} OH'

i} 1 5200000 |,
M @ i
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312en
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shows a superior activity. This result is well corroborated with
the lower intensity of ZnO/Au than ZnO/Ag in PL study (Fig. 2).

Scheme 2b demonstrates the degradation mechanism upon
irradiation with UV light using ZnO, ZnO/Au, and ZnO/Ag
catalysts. In case of ZnO, during illumination with UV light
valence band (VB) electrons get excited and move to the CB,
leaving behind holes (h") in the VB of the semiconductor
particles. Then the excited electrons in CB react with dissolve
oxygen to produce superoxide radical anions (O, ), which can
subsequently react with H,O to provide OH' radicals in a
consecutive reaction pathway.** At the same time, the holes in
VB react with surface OH™ ion or adsorbed H,O molecule to
produce the reactive OH' radicals. These O,"~ and OH" radicals
are also responsible for the further degradation of dye mole-
cules.”®* As a result, the dye molecules finally degrade to CO,
and H,0. On the other hand, with ZnO/Au and ZnO/Ag, the
presence of Au and Ag nanoparticles effectively adsorb electrons
from CB and hence prevent the immediate recombination
process.*> Here, Au and Ag nanoparticles are used as surface
traps, which usually capture the electrons from the ZnO surface
and utilises for dye degradation.'*™* Successive electron trans-
fer will be favourable with the suitable junction formation
between ZnO and metal nanoparticle (Fig. 6b and 7b). There-
fore, the deposited metal nanoparticles (Au and Ag) can act as
an electron sink or trap on the surface of ZnO particles.** Under
the same conditions, the higher work function value of Au as
compared to Ag make ZnO/Au more-effective for electron
acceptor.””*® As a result, ZnO/Au exhibits a better photocatalytic
efficiency in comparison with ZnO/Ag and ZnO. This result also
in line with PL study of ZnO/Au and ZnO/Ag particles (Fig. 2).
The overall reaction during photocatalysis with visible and UV
light are shown below.

ZnO + h(UV) — ZnO(ecg~ + hyg")
ZnO/M + hv(visible) — ZnO/M*(e™)
ZnO/M*(™) — ZnO(ecg™) + M

ecg + 0, = Oy

B —F——

0,
OH'
@r@@@g\ﬂ <
000 0® Q 0
H,0

UV light ;}

Scheme 2 The overall dye degradation mechanism under irradiation of (a) visible light and (b) UV light, with ZnO/Au and ZnO/Ag nanoparticles.
Here, VB = valence band, CB = conduction band, Fmo = Fermi level of metal oxide, Fy = Fermi level of metal, Feq = Fermi level of equilibrium, and

M = Au and Ag.
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hVBJr + OH™ — 'OH
‘0, +2H" — 2°0OH

‘OH + MB/phenol — decomposed products

To further investigate the photocatalytic mechanism with
better clarity or to understand the actual involvement of the
species (e~ or h') for the dye degradation, several scavenging
experiments were systematically performed. Ammonium
oxalate (AO) and tertiary butyl alcohol (TBA) were used for
hole and electron scavenger, respectively. While doing the
photocatalysis reaction, 0.1 g of AO and 2 ml of TBA were
added to the solution, prior to any addition of catalyst while
keeping the other parameters unaltered. It can be noted that
the photocatalytic activity of ZnO/Au decreases significantly
with the addition of both AO and TBA under a visible light
source. A significant decrease is also noticed when AO was
added, which behave as hole scavenger. For ZnO/Au, all
photocatalytic studies were performed for 30 min. In pres-
ence of AO, ZnO/Au catalyst shows 36.67% dye degradation
when illuminated with visible light, whereas, with TBA
86.82% dye degradation was observed. Therefore, from this
finding it can be concluded that the holes play an important
role towards dye degradation under visible light. On the other
hand, in presence of UV-light, photodegradation rate is
significantly decreased for both ZnO/Au and ZnO/Ag when AO
and TBA were added. In presence of AO and TBA degradation
of only 39.41% and 36.87% dye are observed with ZnO/Au in
presence of UV light. Whereas, for ZnO/Ag catalyst, the
amount of dye degradation increased to 68.18% and 42.45%,
respectively. This photodegradation result confirms that the
photogenerated holes and electrons both can play a major
role when catalysis experiments are performed under UV
light. The overall scavenging results match well with the
earlier literature for both UV and visible light.?***

Reusability of the catalyst particles

The reusability of ZnO/Au nanoparticles as a photocatalyst in
dye decomposition process, have also been tested using a
visible light source. The catalyst particles were centrifuged and
washed thoroughly before using for each cycle. The photo-
degradation experiments were repeated for three times with
visible light and the corresponding degradation results show
94.7%, 86.2%, and 76.4% of dye degradation for first, second,
and third cycle, respectively. Fig. 12 represents the percentage
of degradation after 30 min as a function of cycle number,
which confirms that the catalysts remain stable even after
third cycle. After photocatalysis, the crystal structure of the
ZnO, ZnO/Au, and ZnO/Ag catalyst particles was confirmed
with the help of PXRD and the result is shown in ESI
(Fig. S12%). The reusability of ZnO/Au and ZnO/Ag catalysts
using UV light has also been examined and the results confirm
its activeness even after third cycle, as can be seen in the ESI,
Fig. S13.F

This journal is © The Royal Society of Chemistry 2014
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Fig. 12 Percentage of degradation vs. number of cycle plot for ZnO/
Au nanoparticles after 30 min exposure under a visible light source.
The catalyst particles were centrifuged and washed well before each
cycle of use.

Conclusion

In summary, a surfactant assisted simple and convenient
method is developed for the preparation of ZnO nanoflower.
This ZnO nanoflower surface is further modified with Au and Ag
metal nanoparticle which significantly improves the catalytic
behaviour of the material. Characterizations accomplish using
UV, PL, PXRD, FESEM, TEM, EDS, and XPS techniques very
much confirms the formation of nanometer scale Au/Ag dots of
homogeneous size and density on top of the flower-like ZnO
surfaces. Photodegradation tests using MB dye in presence of
UV and visible light ensures a drastic improvement of the
catalytic efficiency and photoreactivity of the material after
introducing the metal nanoparticles. Scavenging experiments
with different scavengers significantly help to understand the
underlying mechanism of the reactive species (holes and elec-
trons) involved in photodegradation reaction. Finally, the entire
study has a large scale impact and remarkable application on
treatment of dye effluents from the textile industries. Therefore,
it can be concluded that our investigations can provide a new
avenue for the controlled synthesis of size and shape dependent
Au and Ag nanoparticles on a semiconductor surface, which can
widely be used in electrocatalysis, water splitting etc.
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