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ABSTRACT

A new micro/nanostructure photocatalyst, Ag nanoparticles decorated ZnO nanosheets-assembled
microspheres (Ag-NPs/ZnOs), was synthesised by a two-step method. The flower-like micron-sized ZnO
spheres assembled with ~25 nm thick ZnO nanosheets were initially fabricated via a facile solvothermal
method. Then, highly dispersed Ag nanoparticles (Ag-NPs) with dimension ranging from 15 to 50 nm
were anchored onto the surface of the each ZnO nanosheet by the Sn(II) ion activation method. The as-
prepared Ag-NPs/ZnOs demonstrated enhanced photocatalytic performance in eliminating methylene
blue and methyl orange aqueous solutions under UV irradiation, showing twice faster reaction rate than
the bare ZnOs. The enhanced photocatalytic activity was due to the suppression of electron/hole pair
recombination and the acceleration of surface charge transfer induced by the highly dispersive Ag-NPs,
which was further demonstrated by the cyclic voltammetry and impedance spectra measurements.

Micro/nanostructure
Photocatalysis

© 2015 Elsevier B.V. All rights reserved.

1. Introduction

It is a pressing need for developing effective and eco-friendly
approaches to remove hazardous materials such as dyes, organic
compounds, and heavy metallic ions in polluted water. The tradi-
tional methods are adsorption, filtration and sedimentation, while
recently the improved photocatalysis approaches have gained a
great deal of attention owing to its low cost, complete extraction
of pollutants, and the formation of harmless by-products [1,2]. In
this approach, semiconductor photocatalyst zinc oxide (ZnO) is
often being used because it has shown to be a promising agent
in environmental remediation [3-7]. However, the efficiency of
conventional ZnO photocatalyst is not considerable because of the
rapid recombination of the photogenerated electrons and holes of
the semiconductor [1,8-10]. Currently, efforts have been placed on
the design and modification of the ZnO photocatalyst for achiev-
ing large specific surface area, stability, and high segregation effect
of electron/hole pairs to achieving high photocatalytic efficiency
[11,12].
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The nanometer-sized ZnO would provide large specific surface
area, supply more active sites on the surface, and thus remarkably
increase the photocatalytic efficiency. However, the easy agglom-
eration of the particles during growth or in the photocatalysis
process would result in the reduction of the specific surface area
and act against the enhancing effect for photocatalytic perform-
ances [10,13]. Therefore, the prevention of agglomeration of the
nanometer-sized structure is an important issue for maintain-
ing high photocatalytic activity. In this regard, microstructures
assembled with nanostructures (micro/nanostructures) have been
proven to have superior structural stability, low agglomeration,
easy recovery, and enhanced photocatalytic and adsorption per-
formances [13].

On the other hand, besides the structural design and modi-
fication, the decoration of noble metal onto the ZnO is also an
effective mean to achieve high photocatalytic activity. The rea-
sons for the enhancement have been proposed as follows: (1)
metal particles at the metal-semiconductor interface act as elec-
tron sinks which trap the photo-generated electrons and inhibit
the recombination of charge carriers [14,15]; (2) specific metal-
semiconductor interactions improve the adsorbility of organic
pollutant onto the photocatalyst surface [16]; (3) metal parti-
cles attract the hydroxyl groups on the semiconductor surface to
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form more active radicals [10]; (4) the introduction of the noble
metal changes the concentration of defects in the semiconductor
[17,18]. In the previous literatures, Ag/ZnO nanofibers [8], Ag/ZnO
hollow microspheres [10], dendrite-like ZnO/Ag heterostructure
[19], Ag/ZnO nanoporous microrods [20] have shown significant
improved photocatalytic activities in degrading organic contam-
inants. On the other hand, for the dispersity of metallic Ag in
Ag-NPs/ZnO photocatalyst was proven to be a decisive factor to
influence the photocatalytic activity [21], it is important to develop
another efficient route to obtain high dispersed Ag-NPs on to the
surface of different ZnO structures.

Herein, we present a practical and effective method to fabricate
a new micro/nanostructural photocatalyst, Ag-nanoparticles dec-
orated ZnO nanosheets-assembled microspheres (Ag-NPs/ZnOs),
and the enhanced photocatalytic performances. Firstly, the micron-
sized ZnO spheres assembled with ZnO nanosheets were initially
synthesised via a facile solvothermal method by controlling the
NaOH concentration. Then, highly dispersed Ag-NPs were anchored
onto the surface of the each ZnO nanosheet by the Sn(II) ion activa-
tion method.The photocatalytic activities and the electrochemical
responses of the bare ZnOs and Ag-NPs/ZnOs have been inves-
tigated. The results demonstrate that the micro/nanostructural
ZnOs modified with high dispersed Ag-NPs have enhanced
photocatalysis and improved electrochemical responses, which
provide a good candidate material for organic pollutants remedia-
tion.

2. Experimental
2.1. Sample fabrication

All chemicals were of analytical grade and used without further
purification. C4Hg04Zn-2H,0, NaOH, SnCl,*2H,0 and formalde-
hyde were purchased from Tianjin Guangfu Fine Chemical Research
Institute, Shanghai Sinopharm Chemical Reagent Co., Ltd, West
Long Chemical Co., Ltd, and Wuxi Zhanwang Chemical Co., Ltd,
China, respectively. Sodium citrate and AgNO3 were purchased
from Tianjin Guangfu Technology development Co., Ltd.

The fabrication of the ZnOs: firstly, C4Hg04Zn*2H,0 (2.5 mM)
and sodium citrate (2.5 mM) were dissolved into 40 mL deionized
water under stirring until a clear aqueous solution was obtained.
Secondly, 4 mL of NaOH with concentration of 1.0M, 1.5M and
4.0 M were added separately into the prepared aqueous solution
with rigorous stirring to obtain white colloidal solutions. Then, the
mixtures were transferred into separated Teflon liner stainless-
steel autoclaves (70 mL) and heated at 120 °C for 8 h. After cooling to
room temperature, the precipitates were washed repeatedly with
deionized water and ethanol before drying at 60°C for 2h. The
obtained samples using different concentrations of NaOH (1.0 M,
1.5M and 4.0 M) were labelled as ZnOb, ZnOf and ZnOs, respec-
tively.

The fabrication of the Ag-NPs/ZnOs composite: firstly, to obtain
the activated ZnOs, 30 mg ZnOs was placed in 10mL 0.03 mM
SnCl, ethanol solution with vigorously stirred for about 30 min fol-
lowed by centrifugation. Secondly, to obtain the ZnOs decorated
with Ag seeds, the activated ZnOs were dispersed in 10 mL ethanol
containing 10 mg of AgNO3 with continuous stirring for 15 min fol-
lowed by centrifugation. Thirdly, to assemble Ag-NPs onto the ZnOs
surface, the above obtained products was dispersed in a 0.01 M
Ag(NH3),* solution, while in another flask, 0.4 mL of formaldehyde
solution, 0.4 mL of deionized water and 9.2 mL of ethanol were
mixed. Finally, 0.5 mL of the mixture solution was added into the
Ag(NH3),* solution with ZnOs decorated with Ag seeds drop by
drop with stir for 15 min, and the precipitate was collected by cen-
trifugation and washed with deionized water and ethanol. After

drying in vacuum at 50°C for 12 h, the Ag-NPs/ZnOs product was
finally obtained.

2.2. Characterization

Field emission scanning electron microscope (FESEM, Sirion
200 FEG) and transmission electron microscopy (TEM, JEOL-2010)
with an energy dispersive X-ray spectrometer (EDX) were used to
characterize the structural morphology and the elements distribu-
tion. The crystalline phases were identified by X-ray diffractometry
(XRD, Philips Xpert PRO) using the Ni-filtered monochromatic
Cu Ko radiation at 40keV and 40mA. X-Ray photoelectron
spectroscopy (XPS) was performed by a Thermo ESCALAB 250
photoelectron spectrometer with Al Ka X-rays as the excitation
source. Ag content in the composite structure was determined by
the inductively coupled plasma spectroscopy (ICP6300, Thermo
Fisher Scientific). Nitrogen adsorption at 77 K (Micrometrics ASAP
2020M) was used to measure surface area of the products. The
UV-Vis absorption spectra of the samples were characterized by
spectrophotometer (CARY-5E). Room-temperature fluorescent was
measured by a confocal microprobe Raman system (LABRAM-HR,
France) using 325 nm laser.

2.3. Photocatalytic activity measurement

To evaluate the photocatalytic activity of the samples, pho-
todegradation of organic dyes, methylene blue (MB) and methyl
orange (MO), were investigated. A 300W UV lamp with maxi-
mum emission at 365 nm was used as the UV resource. In a typical
test, 20 mg of the as-prepared photocatalyst powders (i.e. ZnOb,
ZnOf, ZnOs or Ag-NPs/ZnOs) was suspended in the organic dye
(1.25 x 10~> M, 80 mL) aqueous solution. After the stir for 30 min in
dark to reach an adsorption-desorption equilibrium between the
photocatalyst and organic dye, the solution was irradiated in a pho-
tochemical reaction chamber with continuous stirring. At a certain
time interval, 3 mL treated solution was taken out and centrifuged
at 7000 rpm for 2 min. The relative concentration of organic dye in
the treated solution was evaluated by the intensity of the UV-Vis
absorption peaks.

2.4. Electrochemical measurement

A three-electrode electrochemical cell was employed to
construct cyclic voltammetry curves and for electrochemical
impedance spectra (EIS) measurements in which a platinum fil-
ament served as counter electrode and a saturated Ag/AgCl served
as reference electrode. The current versus voltage (C-V) curves
of the as-prepared bare ZnOs and Ag-NPs/ZnOs composite elec-
trode were measured between the —1.2V and 0.5V at a scan rate
of 20mV/S. The EIS spectra were obtained by applying an open-
circuit voltage in the frequency range of 100 KHz to 0.1 Hz with
oscillation amplitude of 50 mV. Before performing the EIS test, the
test cell was discharged to a designated potential, and was kept at
open-circuit condition for 1h to ensure that the cell was in equi-
librium. All the electrochemical measurements were done using
a Zahner IM6e Electrochemical Workstation in the 0.1 M Na;SOg4
solution.

3. Results and discussion
3.1. Structure and morphology

As shown in Fig. 1a, the as-prepared ZnOs are uniform-
distributed flower-like microspheres with diameter ranging from

2 to 3 wm. And, these ZnO microspheres are assembled with ZnO
nanosheets with 25 nmin thickness and 1 wm in width, as shownin



52 Q. Deng et al. / Applied Surface Science 331 (2015) 50-57

* (111)
* (200)

* (220)

* (311)

[Ag-NPs
ZnOs

ZnOs 1 I | ‘ l

Intensity (a.u.)

20 30 40 50 60 70 80
20 (degree)

(i)

Ag La1

Fig. 1. (a) SEM image and (b) enlarged view of the as-prepared ZnOs. (c) high magnified SEM image and (d) HRTEM image of the as-prepared Ag-NPs/ZnOs. (e) the EDX
spectrum of the sheet shown in 1(d). (f) XRD patterns of the as-prepared bare ZnOs and the Ag-NPs decorated ZnOs. The elemental mapping images of elemental (g) Zn, (h)

O and (i)Ag.

Fig. 1b for the enlarged view of the ZnOs. The micro/nanostructure
character of the ZnOs ensures the high structural stability and high
activity of nano-size ZnO nanosheets. The high magnification SEM
image (Fig. 1c) and TEM image (Fig. 1d) of Ag-NPs/ZnOs reveal that
the Ag-NPs with a diameter of 15-50 nm have been dispersed uni-
formly onto the whole surface of each ZnO nanosheets with high
density. The EDX of the composite sheet shown in Fig. 1d confirms
that the Zn, Ag, O, C and Cu elements co-existed (shown in Fig. 1e),
where the Ag,Zn and O signals are originated from the Ag-NPs/ZnOs
composite structure while the C and Cu signal is from the carbon
film and copper grid, respectively. The spatial distribution of differ-
ent compositional elements was clarified by elemental mappings
(Fig. Te-g) using Zn Ka1 edge (8631 eV), O Ka1 edge (525eV) and
AgLaledge (2984 eV), respectively. The spatial distribution of Ag is
similar with that of Zn and O, which further demonstrate that high
density of Ag-NPs have been uniformly decorated onto the surface
of the flower-like ZnOs.

The phase characters of the as-prepared bare ZnOs and Ag-
NPs/ZnOs are revealed in Fig. 1f. The peaks of typical hexagonal
wurtzite structure of ZnO (JCPDS Card no. 36-1451) are observed in
the patterns of the two samples. For the Ag-NPs/ZnOs, the four addi-
tional peaks, (111),(200),(220) and (31 1) peaks labelled with *
in Fig. 1f, can be assigned to the fcc Ag in the sample (JCPDS Card
no. 04-0783). In order to quantify the content of Ag in the sam-
ple, the Ag-NPs/ZnOs is dispersed in 5mL of distilled water and
dissolved by addition of nitric acid, and the Ag content in the solu-
tion is determined by the inductively coupled plasma spectroscopy
(ICP). As shown in Table S1 of supporting information, the content
of the Ag reaches to 25.7 wt%, revealing the large amount of Ag-NPs
on the surface of the ZnOs.

The specific surface area and pore size distribution of the ZnOs
and Ag-NPs/ZnOs samples is presented in Table S2 and Fig. S1.
via nitrogen adsorption/desorption measurements. The calculated
specific surface area (SBET)is 10.23 m?/g for ZnOs, much larger than
that for ZnOb (4.81 m2/g) and ZnOf (5.37 m2/g). After the decora-
tion of the Ag-NPs, the SBET is increased to 14.02 m?/g. However,
the pore size distribution of Ag-NPs/ZnOs has no obvious changes
compared with the bare ZnOs, as shown in Fig.S1. The reason can
be found that the Ag-NPs are localized at the ZnO nanosheets and
thus the new pore structures are formed between the Ag-NPs. It is
known that large specific surface area is more favourable to absorb
targeted molecules. Thus, the enhanced SBET of the flower-like
ZnOs and the Ag-NPs/ZnOs will be helpful to improve the photo-
catalytic activity of the Ag-NPs/ZnOs.

3.2. Growth mechanism of ZnOs

The presence of citrate ions and the concentration of sodium
hydroxide play key roles in the formation of ZnOs, which are
revealed via two groups controlled trials. In the controlled exper-
iments without sodium citrate, thick ZnO rods, ZnO clusters, and
ZnO hexagonal rods are obtained with 1.0 M, 1.5 M and 4.0 M NaOH,
respectively, as shown in Fig. S2. From the previous literature, the
quantity of Zn(OH), and the growth unit [Zn(OH)4]%~, which con-
tribute respectively to nuclei and growth of ZnO, would be affected
by the amount of NaOH [22]. The related reaction equations are
listed below [23]:

Zn** + 20H - Zn(OH), | (1)
Zn(OH); 4+ 20H™— Zn(OH)4%~ (2)
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Fig. 2. SEM images of the as-prepared ZnO samples with different concentrations of NaOH: (a) 1.0 M, (b) 1.5 M (the inset shows the enlarged image).

Zn(OH);%>~ < ZnO + 2H,0 + 20H" (3)

While adding NaOH into the Zn?* solution, if the amount of
NaOH is less than Zn%*, Eq. (1) will be occurred. As more NaOH is
added, when the amount of NaOH is two times more and four times
less than the amount of Zn%* (i.e. 2n(Zn?*)<n(NaOH)< 4n(Zn?")),
Zn(OH), starts to dissolve and form the [Zn(OH)4]2~~ accord-
ing to Egs. (1) and (2). When adding 1.5M of NaOH (i.e.
n(NaOH)=6 mmol), a larger quantity of Zn(OH), and a smaller
quantity of [Zn(OH)4]2~~ will be obtained. This implies that the
quantity of the corresponding ZnO nuclei is larger, while there is
not enough [Zn(OH)4]?" to seed the ZnO nuclei [22]. As a result of
the anisotropic growth of ZnO, tip-like ZnO particles are obtained
(shown in Fig. S2b). However, when the concentration of NaOH is
reduced to 1.0M, i.e. n(NaOH)=4mmol and n(NaOH)< 2n(Zn?*),
majority of Zn(OH), precipitates will not be dissolved and conse-
quently hexagonal ZnO nuclei with a side length of 1~2 wm are
produced (shown in Fig. S2a). The thick ZnO rods are obtained dur-
ing the hydrothermal process because of the inadequate OH~. As
the concentration of NaOH increases to 4 M, i.e. n(NaOH) = 16 mmol
and n(NaOH) > 4n(Zn?*), a smaller quantity of Zn(OH), and a larger
quantity of [Zn(OH)4]2~ are produced. Therefore, the amount of
ZnO nuclei will be less. In such a case, there is enough growing unit
of [Zn(OH)4]?~ to facilitate ZnO nanorods being grown from the
circumference of the ZnO nuclei. Thus the flower-like ZnO bundles
consisting of ZnO hexagonal rods are obtained (shown in Fig. S2c)
[22].

However, once the sodium citrate is added in the synthesis
solution, the results are quite different. The morphologies of the
obtained ZnO products synthesized with 2.5 mM sodium citrate
and 1.0 M, 1.5M and 4.0 M NaOH are shown in Fig. 2a,b and Fig. 1b,
respectively. As shown in Fig. 2a, double-layer bread-like ZnO
structures (ZnOb) with rough surface (as shown in the inset) have
been achieved with low concentration NaOH. The average diam-
eter is about 500 nm-2000 nm. As shown in Fig. 2b, flower-like
cluster ZnO structures with 1000 nm-3000 nm in diameter which
are composed of irregular particles (as shown in the inset) have
been achieved with moderate concentration NaOH. As shown in
Fig. 1b, the ZnO nanosheets assembled ZnOs have been achieved
with high concentration NaOH. Fig. S3 shows the XRD patterns of
the as-prepared ZnO with different morphologies, and the peaks
are of typical hexagonal wurtzite structure of ZnO (JCPDS Card
no. 36-1451). It can be seen that the sodium citrate is vital in the
formation of ZnOs, besides the high concentration of NaOH. In
the synthesis, the citrate ions serve as surface modifier, bonding
to the Zn%* (0001) surfaces via the —COO— and —OH functions
[24], and such surface interaction can inhibit the growth of ZnO
crystals being perpendicular to the planes [25,26]. On the other
hand, the complexation effect of citrate ions with Zn* postpones

the combination of Zn%* with hydroxide ions and controls the
precipitation process [26,27].

3.3. Chemical compositions of the ZnO structures and
Ag-NPs/ZnOs samples

The surface chemical compositions of the three bare ZnO struc-
tures with different morphology and the as-prepared Ag-NPs/ZnOs
composite structures are investigated via XPS analysis. The bind-
ing energies in the XPS spectra are calibrated by using that of C 1s
(284.8 eV). The XPS spectra of O 1s and Zn 2p for ZnOb, ZnOf, and
ZnOs structures are shown in Fig. S4. For the spectrum of ZnOs, the O
1s can be fitted to two symmetrical peaks (o and {3), indicating two
different O species in the ZnOs. The peaks of a and 3 are related to
the lattice oxygen (Ol) [28,29], and the chemi-sorbed oxygen (0Oa)
of ZnO as a result of surface hydroxyl [30]. The symmetric peak
centered at 1021.4 eV in Fig. S4f is attributed to Zn 2p3, [17]. The
same results are observed for the other two ZnO structures samples,
suggesting that the three ZnO structures have the same chemical
compositions. The surface atomic ratio between Ol and Zn (Ol/Zn)
is calculated from the results of the XPS spectra and the peak area
ratio of o/B. The related results are shown in Table S3. The cal-
culated Ol/Zn ratios are found to be 0.70, 0.58 and 0.73 for ZnOb,
ZnOf and ZnOs, respectively, which reveals that these samples are
oxygen deficient [17].

The XPS spectra of the as-prepared Ag-NPs/ZnOs composite
photocatalyst are shown in Fig. 3. There are no peaks related to
other elements excepted for Zn, O, Ag and C. These elements are
observed in the XPS spectra in Fig. 3a, which further confirms that
the pure Ag-NPs have been deposited successfully onto the surface
of the as-prepared ZnOs. The C element mainly comes from the
carbon oxide in air adsorbed on the surface of the ZnOs samples.
The high-resolution spectrum of Ag in the Ag-NPs/ZnOs sample is
shown in Fig. 3b. The Ag 3ds, peak appears at the binding energy
of 367.5 eV and the splitting of the 3d doublet is 6.0 eV, indicating
the presence of metallic silver [28]. The Ag 3ds, and Ag 3d5, peaks
are shifted to the lower binding energy differing from the standard
values (about 368.2 and 374.2 eV for bulk Ag), which is owing to
the transfer of electrons from Ag-NPs to the ZnO nanosheets at the
interfaces of the heterostructures [8,9,17,19]. The peak in Fig. 3c
is assigned to Zn 2ps3p,. The O 1s for Ag-NPs/ZnOs are also fitted
to the o and B peaks (corresponding to the Ol and Oa), and the
detailed XPS analysis results are calculated and listed in Table S3.
It should be mentioned that the Ol/Zn ratio is improved to be 0.93
after modification with Ag-NPs compared with 0.73 for the bare
ZnOs, indicating the reduction of the oxygen defect density for the
surface decoration of Ag-NPs.

Fig. 4 shows the room-temperature PL spectra of the as-
prepared bare ZnOs and Ag-NPs/ZnOs composite photocatalyst. A
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Fig. 3. (a) Full XPS spectra, (b) Ag 3d spectra, (c) Zn 2p3, spectra and (d) O 1s spectra of the as-prepared Ag-NPs/ZnOs composite photopcatalyst.

strong UV emission peak at ~385nm and a negligible green band
are observed in the PL spectrum of Ag-NPs/ZnOs, while there is
strong UV emission peak and a strong green band (500-700 nm) in
the spectrum of the bare ZnOs. The UV emission can be assigned
to the near-band-edge emission of the band gap of ZnO, while the
green emission is a common defect emission in the nanostructured
ZnO, attributed to the defect state located at the surface of nano-
structured ZnO [31], i.e. the singly ionized oxygen vacancy in ZnO
[32], oxygen vacancies, and the zinc interstitials [33]. Therefore,
the weakening of the green emission in the PL spectrum of the Ag-
NPs/ZnOs compared with the bare ZnOs implies the modification
of Ag-NPs reduces the optical effects, especially the surface oxy-
gen defects [34], which is in agreement with the results obtained
by the XPS analysis. The photo-corrosion (one of the main factor
to decrease the photocatalytic activity) mainly occurred at the sur-
face defect sites of ZnO [35,36], thus the reduction of the amount of
surface defects in the Ag-NPs/ZnOs composite photocatalyst can be
feasible to effectively inhibit the photo-corrosion. Additionally, the
diffuse-reflectance UV-vis spectra of the as-prepared bare ZnOs
and Ag-NPs/ZnOs hybrid photocatalyst are shown in Fig. S5 in

Intensity (a.u.)

Ag-NPs/ZnOs

350 400 450 500 550 600 650 700 750
Wavelength (nm)

Fig. 4. PL spectra of the as-prepared bare ZnOs and the Ag-NPs/ZnOs composites.

Supporting Information. The absorption edge located around
389 nm is assigned to the absorption of ZnO semiconductor, while
the absorption band located at around 448 nm is attributed to the
characteristic absorption of surface plasmon resulting from the
metallic Ag-NPs in the Ag-NPs/ZnOs heterostructure.[37,38]

3.4. Photocatalytic performances of the samples

The photocatalytic performances in the UV region are demon-
strated via degradation of MB and MO, the two typical organic
pollutants commonly generated by the textile industry. The
degradation rates of MB and MO under UV irradiation using
the as-prepared three bare ZnO photocatalysts with different
morphologies (ZnOb, ZnOf and ZnOs) are shown in Fig. 5a-c, respec-
tively. The controlled experiments without photocatalysts are also
presented in the same figure, showing the self-degradation effect
of the organic pollutants under UV irradiation (less than 13% and 8%
for MB and MO, respectively). In the figures, Cis the concentration of
organic pollutants remaining in the solution after irradiation dura-
tion of t, and Cy is the initial concentration at t=0. It is obviously
observed that the degradation rate of both MB and MO molecules
by using ZnOs is higher than the ZnOb and ZnOf in the given time.
The photocatalytic degradation kinetic reaction could be inter-
preted by the pseudo-first-order kinetics [1,9], In(Cy/C) = kt, where
k is a pseudo-first-rate kinetic constant and ¢ is irradiation time.
The values of the squares of linear correlation coefficients (R%) are
larger than 0.97 (see in Table 1), thus the photodegradation of MB
and MO can follow a pseudo-first-order reaction; and the slope
of the linear curve should be the rate constant k. The variation
of In(Cy/C) as a function of irradiation time are shown in Fig. 5b
and d. The calculated k value for the as-prepared ZnOb, ZnOf and
ZnOs are listed in Table 1. It should be mentioned that the k value
of the ZnOs in degrading MB is 9.31 times and 4.43 times larger
than that of the ZnOb and ZnOf, respectively; while in degrading
MO, is 10.05 and 5.59 times larger, respectively. The enhancement
photocatalytic activity of the ZnOs compared with the ZnOb and
ZnOf can be attributed to the larger specific surface area of the ZnOs
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Fig. 5. The photocatalytic performances of the different bare ZnO structures samples for degradation of MB (a, b) and MO (c, d) under UV irradiation (the uppermost curves

show the self-degradation of the dyes without photocatalyst as control group).

(shown in Table S2) induced by morphology difference shown in
Fig.1b and Fig. 2.

The photocatalytic activity and kinetics of the as-prepared bare
ZnOs and the Ag-NPs/ZnOs composite structures for degradation
of MB and MO are presented in Fig. 6. As shown in Fig. 6a, MB
can be almost degraded in 15 min by bare ZnOs; but only in 7 min
by Ag-NPs/ZnOs composite photocatalyst. Also, nearly 20 min is
needed for bare ZnOs to completely degrade the MO, but only
about 9min for the Ag-NPs/ZnOs composite photocatalyst. The

calculated k values for the degradation of MB and MO using the
as-prepared bare ZnOs and the Ag-NPs/ZnOs are listed in Table 2.
The k value of the Ag-NPs/ZnOs is 1.57 times and 2.01 times larger
than that of the bare ZnOs and in degrading MB and MO, respec-
tively. Consequently, after the surface decoration of the Ag-NPs,
the Ag-NPs/ZnOs composite structures show higher photocatalytic
activity than the bare ZnOs.

To investigate the stability of photocatalytic performance of
the as-prepared Ag-NPs/ZnOs, i.e. the reusability, photocatalytic
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Fig. 6. The photocatalytic activity and kinetics of the as-prepared bare ZnOs and the Ag-NPs/ZnOs for degradation of (a, b) MB and (c, d) MO under UV irradiation (the
uppermost curves show the self-degradation of the dyes without photocatalyst as control group).
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Table 1

Reaction rate constants (k) for photocatalytic degradation of MB and MO over differ-
ent ZnO photocatalysts under UV irradiation. (R? represents the square of correlation
coefficient of kinetics linear fitting).

uv ZnOb ZnOf ZnOs
MB k/min~! 0.03209 0.06737 0.29874

R? 0.98427 0.99245 0.99685
MO k/min~! 0.01806 0.03244 0.18145

R? 0.99078 0.97227 0.99718

Table 2
Reaction rate constants (k) for photocatalytic degradation of MB and MO using the
bare ZnOs and the Ag-NPs/ZnOs under UV irradiation.

uv Zn0Os Ag-NPs/ZnOs
MB k/min~! 030148 0.47262

R? 0.98759 0.98058
MO k/min~! 0.17825 0.35782

rR? 0.99967 0.9816

degradation cycles of MB is measured and shown in Fig. 7. The
photocatalytic efficiency hardly reduced (less than 2.5%) after four
cycles, demonstrating high photostability potentials. The structural
stability as a result of the micro/nanostructure character of the as-
prepared Ag-NPs/ZnOs photocatalysts is mainly responsible for the
favourable photostability.

3.5. Electrochemical responses in C-V and EIS measurements

As the photocatalytic activity of the semiconductor mainly
depends on the direct electron transfer rate and the interface charge
separation efficiency of photogenerated electrons and holes. Then,
the two characters of the as-prepared Ag-NPs/ZnOs composite pho-
tocatalyst are investigated with electrochemical methods. Fig. 8a
shows the C-V curves of electrodes fabricated with the bare ZnOs
and the Ag-NPs/ZnOs composite photocatalyst powders in 0.1 M
Na;S04 solution. With scan range from —1.2V to 0.5V, the bare
ZnOs electrode displays hardly any reaction, as revealed by the solid
line in Fig. 8a. In contrary, the Ag-NPs/ZnOs electrode presents a
much more obvious current response. Fig. 8b shows the EIS Nyquist
plots of electrode in a defined electrolyte of 0.1 M NaySO4. The
radius of the arc on the EIS spectra reveal the interface layer resis-
tance occurring at the surface of electrode, and smaller arc radius
implies higher efficiency of charge transfer [39]. It is observed that
the arc radius of the Ag-NPs/ZnOs (inset of Fig. 8b) is much smaller
than that of ZnOs, which indicates more rapid charge transfer in the
Ag-NPs/ZnOs composite photocatalyst. These results demonstrate
that the introduction of Ag-NPs to ZnOs has dramatically enhanced
the transportation rate of surface electrons through an interfacial
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Fig. 7. Four photocatalytic degradation cycles of MB using the as-prepared Ag-
NPs/ZnOs photocatalysts.
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Fig. 8. (a) C-V curves of the as-prepared ZnOs and Ag-NPs/ZnOs electrode in 0.1 M
Na,SO0y4 solution. (b) EIS measured with the ZnOs and the Ag-NPs/ZnOs electrode in
0.1 M Na,SOy4 solution (the inset shows the high-magnification view of EIS measured
with the Ag-NPs/ZnOs electrode).

interaction between ZnO nanosheets on the ZnOs and the Ag-NPs.
This further improves the surface activities for photocatalysis.

3.6. Mechanism of enhanced catalytic activity of the composite
Ag-NPs/ZnOs

The catalytic process by activation of UV irradiation or the
external potential bias is illustrated in Scheme 1. The enhanced
photocatalytic performance in UV region is attributed to the for-
mation of the Schottky barriers at metal-semiconductor interface
between the Ag-NPs and the nanosheets of the ZnOs, which
improve the segregation of charges and prevent the charge recom-
bination [19,40-43]. The Ag-NPs/ZnOs photocatalysis under UV
irradiation include multiple steps, e.g. the formation of the Schottky
barriers at metal-semiconductor interaction; excitation of ZnOs by
UV light; generation of electron-hole pairs; generation of reactive
oxidative species (ROSs) and mineralization of the organic com-
pounds by ROSs [10,44]. In this study, the interfacial interactions

ROSs

02 UV Light

or
EeX

ROSs
H,O, OH

Scheme 1. The schematic diagram to illustrate the degradation process of MB or
MO pollutants by using the Ag-NPs/ZnOs under UV irradiation.
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between ZnOs and highly dispersed Ag-NPs could dramatically
enhance the separation and transfer efficiency of photogenerated
e-h pairs as demonstrated in the C-V and EIS measurements.

4. Conclusions

A new micro/nanostructure photocatalyst with enhanced pho-
tocatalytic performances have been fabricated via decorating
highly dispersed Ag-NPs onto the surface of the flower-like
ZnO nanosheets assembled microspheres. The as-prepared Ag-
NPs/ZnOs have shown enhanced photocatalytic activity in MB and
MO degradation under UV irradiation. The enhanced photocatalytic
activity could be attributed to the enhanced transportation rate
of surface electrons and separation efficient of the electron-hole
pairs induced by the decorated Ag-NPs, which are demonstrated
by electrochemical characterizations (C-V and EIS spectra).
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