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Ag-ZnO nanocomposite film has been widely employed as a promising photocatalyst displaying the excellent charge

DOI: 10.1039/x0xx00000x

separation and broadband absorption under illumination. Although a variety of synthetic methods have been proposed, the

preparation of the nanocomposite film with controlled morphology in a single process has been rarely attempted. Here, we

introduce a facile and rapid synthetic method to fabricate the Ag-ZnO nanocomposite films with controlled morphology by

using microreactor-assisted solution deposition (MASD) process. The nanocomposite film could be formed in a single

process within 10 min, which is enabled by rationally designing the MASD process. In addition, by simply tuning in-situ

growth kinetics of ZnO nanostructures in the process, the morphology of the Ag-ZnO nanocomposite film is varied, including

flower- and nanorod-structure. The enhanced photocatalytic activity of the Ag-ZnO nanocomposite film over the pristine

ZnO counterpart is demonstrated by performing the photoelectrochemical (PEC) measurements.

Introduction

Photocatalytic reactions with optical semiconductors have been
extensively studied for several applications such as the
photocatalytic water splitting and photocatalytic degradation of
organic contaminants. 2 A variety of metal oxide
semiconductors including TiO,, ZnO, ZrO,, and perovskite-type
metal oxides (SrTiO3) have been considered promising
photocatalysts owing to their high photocatalytic activity, high
stability, and non-toxicity.3-> Among these metal oxides, TiO; is
a chemically stable and highly efficient photocatalyst, finding
many photocatalytic related applications.6® Besides the TiO;
photocatalyst, ZnO with a similar bandgap to TiO; has also been
employed as a photocatalyst under UV light irradiation.® 10
However, ZnO is only active under ultraviolet owing to its wide
bandgap. The rapid recombination of photo-generated
electrons and holes at the ZnO surface also yields a low
quantum efficiency, leading to the low photocatalytic
efficiency.’l The incorporation of guest materials into the
pristine ZnO could be a promising strategy to enhance the
photocatalytic efficiency.12. 13 In particular, the growth of Ag NPs
on the ZnO surface is known to alleviate the recombination of
the photo-generated electrons and holes by forming the
Schottky barrier at the Ag-ZnO interface.l* 1> In addition, the
plasmonic absorption of Ag NPs at visible wavelengths could
eliminate the wide bandgap issue of the pristine Zn0.16

A chemical solution deposition (CSD) process has been
intensively researched and developed to prepare the Ag-ZnO
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nanocomposite with high quality in a cost-effective manner.15
171n a typical CSD process, a Zn precursor and Ag precursor were
introduced in a batch reactor to grow ZnO and Ag NPs
simultaneously.18 Thus, the controlled growth kinetics of Ag NPs
and ZnO is difficult to achieve in the conventional CSD process.
The ability to control the growth kinetics is critical to obtain the
optimal photocatalyst since it enables rational nanocomposite
designs. A two-step synthetic approach has been used to
fabricate the Ag-ZnO nanocomposite. In this approach, the
pristine ZnO was first synthesized, followed by the subsequent
growth of Ag NPs on the ZnO surface via the photo-reduction
treatment.’® Although the two-step synthetic approach is
feasible for the tailored nanocomposite design, it is not facile,
requiring two separated processes, the CSD process for the ZnO
formation and the photo-reduction treatment for the growth of
Ag NPs. Therefore, an advanced synthetic approach should be
developed to fabricate the high-quality Ag-ZnO nanocomposite
in a facile and cost-effective manner, along with the ability to
readily tune the morphology of the nanocomposite film.

Here, we introduce an advanced approach to the efficient
preparation of the Ag-ZnO nanocomposite films with a
controlled morphology by adopting a microreactor-assisted
solution deposition (MASD) for the first time. The MASD process
has provided a rapid and scalable manufacturing platform for
synthesizing and depositing nanomaterials to create functional
nanostructures.’®> 20 For the preparation of the Ag-ZnO
nanocomposite film, a microreactor is implemented for the ZnO
synthesis, and another microreactor is independently set for
the growth of Ag NPs. Then, these two individual microreactor
streams are combined to make the mixture of ZnO and Ag NPs
dispersion, followed by the subsequent delivery of the reactive
mixtures onto the substrate to rapidly form the Ag-ZnO
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nanocomposite film. A key feature of the MASD process is the
ability to tailor in-situ reaction kinetics of reactants in a
microreactor. Thus, the growth kinetics of both ZnO and Ag NPs
could be tailored in the individual microreactor, allowing for the
controlled morphology of the Ag-ZnO nanocomposite in a single
process. To the best of our knowledge, this is the first study to
tailor the morphology of the Ag-ZnO nanocomposite film using
microreactors and study the morphology impact on the
photoelectrochemical (PEC) performance. The Ag-ZnO
nanocomposite films exhibit an enhanced photocurrent
response, as compared to the pristine ZnO. These results would
offer the MASD process as a general platform to afford the facile
and rapid fabrication of the photocatalytic metal-metal oxide
nanocomposite film with various morphologies.

Experimental
Fabrication of Ag-ZnO nanocomposite films

Figure 1 shows a schematic of the MASD process for the
deposition of Ag—ZnO nanocomposite films. The deposition
process consists of a microprocessor-controlled dispensing
pump (Ismatec), capillary tubing (1.22 mm ID, Upchurch
Scientific), and a micro T-mixer (Upchurch Scientific). In the case
of ZnO synthesis, zinc acetate (Sigma-Aldrich), ammonium
acetate (Sigma-Aldrich), and sodium hydroxide were used
without further purification. Stream 1 (0.005 M zinc acetate and
0.025 M ammonium acetate) and Stream 2 (0.2 M NaOH) were
dissolved in deionized (DI) water and initially pumped into a T-
mixer. The T-mixer yielded uniform mixing of the reactants. The
mixture was then passed through a capillary tubing reactor with
alength of 1.3 m. that was immersed in a water bath. The water
temperature was maintained at 70 °C during the growth of ZnO
NPs. A volumetric flow rate of 14.7 mL min-! and 6.8 mL min-!
was adopted for the fabrication of the nanocomposite film with
flower and NR structure, respectively. For the synthesis of Ag
NPs, silver nitrate (Sigma-Aldrich), ammonium hydroxide (30
vol%, Sigma-Aldrich), and formaldehyde (36 vol%, Sigma-
Aldrich) were used without further purification. Like to the
synthesis of ZnO NPs, precursors solutions of 7 mM AgNO3/0.19
M ammonium hydroxide in stream 3 and 5 mL HCHO/50 mL DI
water in stream 4 were initially pumped into a T-mixer and sent
to a capillary tubing reactor with a length of 40 cm. The growth
of colloidal Ag NPs was proceeded at a volumetric flow rate of
0.4 mL mintand room temperature. The ZnO NP dispersion and
Ag NP dispersion synthesized independently in each tubing
reactor was mixed at a T-mixer and finally delivered onto the
substrate to form the Ag-ZnO nanocomposite films. The
substrate was placed on a spin-coater set at 2000 rpm. The
deposition time for the nanocomposite film formation was 6
min. and 14 min. on Si/Si0O> (100 nm) and FTO substrate,
respectively. The substrates were treated with O, plasma prior
to the deposition process to clean the substrate and promote

its wettablity. For the characterization of the Ag-ZnO
nanocomposite films, the nanocomposite films were prepared
on Si/Si0,, and for the measurement of the PEC activity, the
nanocomposite films were grown on FTO glass. The residence
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Figure 1. Scheme of the MASD process for manufacturing of the Ag-ZnO nanocomposite
films.

time distribution (RTD) of the individual reactant streams in the
micro-T mixers is presented in Fig.S1.
Characterizations of the Ag-ZnO nanocomposite

The morphologies of the Ag—ZnO films were examined using
scanning electron microscopy (SEM, Quanta 600 FEG). A high
resolution transmission electron microscope (HRTEM, FEI TITAN
80-200) equipped with an electron dispersive spectrometer
(EDS) and Fast Fourier transform (FFT) was operated at 300 kV.
X-ray diffraction (XRD, Bruker D8 discover) was used to study
the crystallinity of the films. X-ray photoelectron spectroscopy
(XPS, ESCALAB 200-IXL instrument with Mg K radiation) was
employed to investigate the elemental composition of the films.
The optical properties of the films were studied using a UV-Vis-
NIR spectrophotometer (Jasco, V-670). The photoluminescence
spectroscopy was performed at room temperature by using 325
nm line of Xe lamp as excitation source (Horiba, iHR550). For the
measurement of the optical properties, the films were
deposited on a bare soda-lime glass substrate. The thickness of
the nanocomposite films was measured by using an alpha-step
stylus profiler (Kosaka Laboratory Ltd. ET-3000).

Measurement of PEC performance

The PEC performances were measured using a photocurrent
response with on/off light irradiation. The PEC measurements
were performed in a three-electrode cell with a flat quartz
window to facilitate illumination of the photoelectrode surface.
The ZnO or Ag-ZnO films on FTO glass (active area: 1cm?2) were
used as the working electrodes. A Platinum wire and Ag/AgCl
electrode (with saturated KCI) were used as a counter and a
reference electrode, respectively. A 0.5M Na,SO; aqueous
solution was used as the electrolyte. The PEC responses were
measured using a Xe lamp (Light source, ABET technologies LS-
150, 150W). The light intensity of 100 mW/cm? is calibrated by
a power meter (Powermeter, Newport 1918-R). The current-
voltage performances under the chopped light On/Off
illumination were measured with a scan rate of 10mV/s during
the potential sweep. Photocurrent curves with respect to time
were also measured under light on/off illumination at a
constant potential of 0.3V.

This journal is © The Royal Society of Chemistry 20xx
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Figure 2. Characteristic results of the Ag-ZnO nanocomposite films: SEM image of (a) pristine flower ZnO, (b) pristine NR ZnO array, (c) flower-like nanocomposite film, (d) NR
nanocomposite film, (e) XRD spectra of the nanocomposite films (*:silicon peak), and (f) optical properties of the pristine ZnO films and the nanocomposite films. (scale bar:

500 nm)

Results and discussion

Figure 1 shows the schematic diagram of the MASD process for
the fabrication of the Ag-ZnO nanocomposite film. In a previous
study, we demonstrated the controlled morphology of ZnO NPs
in a continuous flow microreactor by tailoring their growth
kinetics, and theses ZnO NPs were directly utilized to form ZnO
films with various morphologies.?! In another study, colloidal Ag
NPs were also synthesized in a similar microreactor system and
served as a silver ink for the patterning of a highly conductive
silver feature.?2 By in-situ tuning the growth kinetics of Ag NPs,
the stable Ag NPs were formed without using any surfactant at
room temperature and then immediately supplied for the Ag
film formation. From our previous studies, the flow rate of
solution was found to be a key parameter in governing the
growth kinetics, morphology, and stability of the nanoparticles.
An amorphous ZnO film, flower-like ZnO film, and ZnO NR arrays
were formed at a flow rate of 28.1 mL min, 14.7 mL min1, and
6.8 mL min-1, respectively.?! For the synthesis of Ag NPs, a flow
rate of 0.4 mL min! was determined as an optimal flow rate. At
a flow rate exceeding 0.4 mL min-1, the primary Ag NPs could
not be formed due to extremely short residence time, and a
flow rate lower than 0.4 mL min? led to the aggregation of
colloidal Ag NPs, causing the clogging of a microreactor.22 Based
on the previous studies, it is reasonable that directly integrating
a microreactor for ZnO synthesis with another microreactor for
growing colloidal Ag NPs would give rise to the synthesis of Ag-
ZnO nanocomposite NPs, and these nanocomposite NPs could
serve as building blocks to form the Ag-ZnO nanocomposite

This journal is © The Royal Society of Chemistry 20xx

films. Also, by appropriately adjusting the flow rate of the
microreactor responsible for the ZnO synthesis, the morphology
of the Ag-ZnO nanocomposite film could be controlled. The
flower-like Ag-ZnO nanocomposite film was prepared at a flow
rate of 14.7 mL min-! while the NR Ag-ZnO nanocomposite film
was fabricated at a flow rate of 6.8 mL min-1. The flow rate effect
on the film morphology is attributed to the fact that the flow
rate determines the structure of building blocks that constitute
the ZnO films.2! Therefore, the microreactor in charge of
forming ZnO NPs plays two crucial roles; constituting the ZnO
matrix (host) and determining the morphology of the Ag-ZnO
nanocomposite film. The total process time from the NP
synthesis to the film fabrication is 6 min., proving that our
system enables the rapid production of the nanocomposite film
in a cost-effective manner. Besides, both ZnO NPs and colloidal
Ag NPs are simultaneously synthesized at the individual
microreactor in a single process, and thus no additional
apparatus is required for the nanocomposite manufacturing.
Lastly, the Ag-ZnO nanocomposite film with a different
morphology could be obtained by simply adjusting the flow rate
of the microreactor, providing the convenience to readily
engineer the nanocomposite structure.

First of all, the pristine flower and NR ZnO film were prepared
to compare their characteristics and PEC performances to those
of the Ag-ZnO nanocomposite counterparts. The highly dense
flower structure was deposited on the substrate, and the NR
arrays were also grown on the substrate with high density
(Figure 2a and b). The XRD pattern exhibits the ZnO NR arrays
with a [001] preferred orientation while the flower-like
structure was formed in random orientation (Fig.S2). All of the
peaks in the XRD spectra are consistent with the reported

J. Name., 2013, 00, 1-3 | 3

Please do not adjust margins




A2 ArystEngCommi = el

ARTICLE

pristine ZnO film, indicating that the highly pure ZnO films could
be prepared by using the microreactor process.?! The SEM
images of the Ag-ZnO nanocomposite films are displayed in
Figure 2c and d. Even after incorporating Ag NPs into the ZnO
matrix, the morphology of the ZnO matrix was found to remain
similar. The presence of Ag NPs onto the ZnO structure was
clearly seen onto the ZnO surface. (Figure 2c). The incorporation
of Ag NPs onto the ZnO structure led to an increase of petal
density of the flower. Since the majority of colloidal Ag NPs

Journal Name

flower-like film exhibits the thickness of 563 nm, and for the NR
nanocomposite film the thickness of 567 nm was measured.
Based on our previous study, it is presumed that the nanorod
constituting the NR nanocomposite film has approximately 570
nm and 80 nm in length and diameter, respectively.2?> The
optical properties of the nanocomposite films were investigated
(Figure 2f). The nanocomposite films exhibit the broad
absorption at the visible wavelengths between 400 nm to 800
nm owing to the surface plasmon resonance effect of Ag NPs.16

Zn0 matﬁx ; _

Figure 3. (a) STEM image of a cross-sectional flower-like nanocomposite film (arrows indicate Ag NPs), (b) EDS mapping of the flower-like nanocomposite film,
(c) TEM image of a cross-sectional flower-like nanocomposite film, and (d) close view of individual Ag NP onto the ZnO matrix with FFT images.

synthesized at the microreactor system are very small with the
size of 2~10 nm in diameter,?2 the flower ZnO morphology
would not alter significantly. However, Ag NPs may serve as
nucleation sites for ZnO growth during the fabrication of the
nanocomposite, resulting in the high population of the petals as
compared to the pristine ZnO. The incorporation effect on the
morphological alteration was also observed for the Ag-ZnO NR
nanocomposite film (Figure 2d). One interesting finding is that
Ag NPs somewhat disrupt the preferential growth of ZnO NR
arrays, as confirmed by the XRD analysis (Figure 2e). While a
peak for the (002) plane is exclusively prominent for the pristine
ZnO NR array, other peaks at 32° and 36° appear for the Ag-ZnO
NR nanocomposite film, which corresponds to (100) and (101)
plane of ZnO, respectively. It is speculated that during the
formation of the Ag-ZnO nanocomposite, the preferential order
of the crystalline ZnO NPs may be impeded by the incorporation
of Ag NPs. Although Ag NPs cause a little change on the ZnO
matrix morphology, the crystallinity of both ZnO and Ag in the
nanocomposite film is high. Very sharp diffraction patterns only
attributed to ZnO and Ag are presented, and no other peaks
were detected in the XRD spectra. The film thickness of the Ag-
ZnO nanocomposite films is provided in Fig.S3. The Ag-ZnO

4| J. Name., 2012, 00, 1-3

The bandgap of the pristine ZnO films and the nanocomposite
films were estimated by using a Tauc plot method (Fig. S4). The
pristine ZnO films exhibit the band gap of 3.2~3.3 eV that agrees
well with the reported one.! For the nanocomposite films, the
band gap value depends on the morphology, showing
approximately 2.75 eV and 1.90 eV for Ag-ZnO NR and Ag-ZnO
flower-like structure, respectively. A typical flower-like Ag-ZnO
nanocomposite film was analyzed by using STEM and EDS after
a focused ion beam (FIB) lithography (Figure 3). The cross-
sectional view of the nanocomposite film displays the petals of
the flower and Ag NPs depositing onto the surface of the petals.
In addition to Ag NPs onto the petal surface, Ag NPs were also
embedded inside the petals of the flower (Figure 3a). The size
of individual Ag NPs approximately ranges from 5 nm to 10 nm,
and some aggregated Ag NPs were also presented. The
corresponding EDS mapping image of the flower petals confirms
the synthesis of ZnO and Ag NPs and the incorporation of Ag
NPs onto the ZnO surface and inside the ZnO matrix (Figure 3b).
The inclusion of Ag NPs into the ZnO matrix was further
evidenced by the TEM image (Figure 3c). Consistent with the
analysis of the STEM image, Ag NPs are randomly distributed
onto and inside the ZnO matrix. An individual Ag NP attached to

This journal is © The Royal Society of Chemistry 20xx
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Figure 4. XPS analysis of the nanocomposite films: (a) Zn2P spectra, (b) O1s spectra, (c) fit spectra of Ols, and (d) Ag3d spectra.

the ZnO surface was thoroughly examined by HRTEM (Figure
3d). It was found that the ZnO matrix is composed of
polycrystalline ZnO NPs with a d-spacing of 2.36 A (111) and 2.0
A (200) whereas the Ag NP shows the single crystalline nature
with a d-spacing of 2.0 A (100) and 1.6 A (002).2426 We
performed XPS analysis to study the chemical composition of
the Ag-ZnO nanocomposite film (Figure 4). As compared to the
pristine ZnO films, Zn and O binding energy shift to higher
binding energy for the Ag-ZnO nanocomposite films. The Ols
profile in the Ag-ZnO nanocomposite films is asymmetric and
could be deconvoluted, as shown in Figure 4c, which indicates
the existence of two different O species in the nanocomposite
films. The peak at approximately 531.3 eV is attributed to the
lattice oxygen of ZnO, and another peak at a higher binding
energy of 532.3 eV is associated with the oxygen of the surface
hydroxyls.?” No peak appeared at 529.0 eV, which corresponds
to O in Ag>0.28 This result confirms that the Ag NPs incorporated
into the ZnO matrix are pure metallic. A remarkable shift of
Ag3ds/; and Ag3ds/; component to lower binding energy was
also observed for the nanocomposite films, as compared to
pristine Ag NPs (Figure 4d) (The binding energy of Ag3ds,; and
Ag3ds/; for the pristine Ag are around 368.2 eV and 374.2 eV,
respectively).?? The shift of O1s and Ag3d component to higher
and lower binding energy is associated with the strong
interaction between Ag NPs and the ZnO matrix. It is known that
at the Ag-ZnO interface, electrons transfer from Ag to the
conduction band (CB) of ZnO due to the smaller work function
of Ag than Zn0.15> Thus, a new Fermi energy level is formed,

This journal is © The Royal Society of Chemistry 20xx

resulting in the higher valence of Ag. All of these characteristic
results strongly support the ability of the MASD process to
rapidly produce high-quality Ag-ZnO nanocom-posite films with
controlled morphologies in a facile manner.

Photocatalytic activity of the Ag-ZnO nanocomposite films was
evaluated by employing the nanocomposite films as
photoanodes in PEC experiment. Figure 5a shows linear sweep
voltammograms (LSVs) of the pristine flower ZnO and Ag-ZnO
nanocomposite photoanode under dark and light conditions
between potential windows of -0.2 to 0.5 V at a scan rate of 10
mV/s in a 0.5M Na,SO, electrolyte. The photocurrent of the
illuminated ZnO film is determined by the efficiency of
transferring excited electrons from the ZnO film to the FTO layer
over their recombination rate at the film surface or
electrolyte/film interface. Under illumination, the apparent
increment in the photocurrent density relative to the dark state
was observed for all the tested photoanodes, indicating that the
ZnO films showed the solar light collection to convert it into a
photoelectric current. The photocurrent onset potential was at
around -0.2 V versus RHE for the pristine and Ag-ZnO
nanocomposite films. The photocurrent of the Ag-ZnO
nanocomposite films continued to increase with an increase of
positive potential and became saturated at around 0.3 V. The
photocurrent density of the Ag-ZnO nanocomposite films at 0.2
V is 204.2 pA/cm? and 123.5 pA/cm? for the flower and NR
structured nanocomposite film, respectively, which is much
enhanced photocurrent density as compared to the pristine
flower-like ZnO film with 86.3 pA/cm? at the same potential.

J. Name., 2013, 00, 1-3 | 5
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Figure 5. (a) Photocurrent density vs. voltage curves for pristine ZnO, flower nanocomposite film and NR nanocomposite film measured in 0.5M Na,SO,
at 100 mW/cm? solar simulating light (b) Photocurrent curves with as time measured under light on/off illumination at constant voltage of 0.3V. (c) The
photocatalytic stability of the pristine ZnO films and nanocomposite films. (d) PL spectra of pristine ZnO and nanocomposite films at room temperature.

The improved photocurrent of the Ag-ZnO nanocomposite films
results from the enhanced separation of photo-induced
electron and hole pair, the extended light absorption into visible
wavelengths by the surface plasmon resonance (SPR) effect of
Ag NPs, and lastly enhanced charge transfer kinetics between
Ag and Zn0.' The on-off cycle polarization was also performed
at a constant voltage of 0.3 V versus RHE (Figure 5b). All of the
films exhibited instantly increased photocurrent with the light
on, indicating the fast light response and electron transfer
under illumination. The flower-like Ag-ZnO nanocomposite film
showed the highest values of 187.1 pA/cm?, followed by 107.8
HA/cm? for NR nanocomposite and 81.9 uA/cm? for the pristine
flower-like ZnO, and 56.3 pA/cm? for the pristine ZnO NR film.
The flower-like nanocomposite film performed more effectively
than the NR nanocomposite counterpart. This is related to the
bandgap of the flower-like nanocomposite film. As mentioned
before, the bandgap of the flower-like nanocompsite film is
lower than that of the NR nanocomposite film, indicating that
the flower-like nanocomposite film absorb wider wavelength of
visible light as compared to the NR nanocomposite one. Surface
area may be also involved in the enhanced PEC performance of
the flower-like nanocomposite film. The flower structure may
have a larger surface area than the NR structure due to the fact
that flower structure grows in a random orientation while the
NR one mainly forms in a vertical direction. The PEC activity of
the compared with reported
nanocomposite films prepared by a CSD process. Lin et al.

nanocomposite films is

6 | J. Name., 2012, 00, 1-3

reported the fabrication of a nanocomposite film with NR
structure by combining hydrothermal reaction and photo-
reduction treatment.3° The photocurrent density of the
nanocomposite film reached to around 380 pA/cm?at 0.2V. A
conventional hydrothermal reaction was used to fabricate a Ag-
implemted ZnO hierarchical nanoflowers that shows the
phtocurrent density of approximately 95 yA/cm?at 0.3V.12 Kale
et al. also fabricated a similar Ag-ZnO hierarchical structure by
using a hydrothermal method.** The photocurrent density of
around 310 pA/cm? at 0.3V was obtained from the Ag-ZnO
hierarchical structure. The comparison results of the PEC
performances confirm that the MASD process enables to
fabricate the Ag-ZnO nanocomposite film with comparable PEC
activity of 204 pA/cm?2. We believe that the PEC activity could
be further improved by optimizing the concentration ratio
between ZnO and Ag NP. The aim of this study is to demonstrate
the facile and efficient fabrication of the Ag-ZnO
nanocomposite film by using the MASD process. It is
noteworthy that a conventional hydrothermal process typically
requires prolonged reaction time with at least several hours for
fabricating Ag-ZnO nanocomposite film whereas the MASD
process allows for manufacturing of the nanocomposite film
within 10 min.

The photocatalytic stability of the nanocomposite films was
investigated by extending the PEC experiment up to 1200 s
(Figure 5c). The stability results exhibit that the photocurrent
density of all the tested films is consistent without any

This journal is © The Royal Society of Chemistry 20xx
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noticeable deterioration, indicating that the Ag-ZnO 3.
nanocomposite films prepared by the MASD process is
photocatalytically stable. 4.
Figure 5(d) compares the room temperature PL spectra
between the pristine ZnO films and the Ag-ZnO nanocomposite >
films. Four emission peaks appeared at 383, 410, 540, and 592 6
nm. The UV emission at 383 nm could be attributed to the near
band edge emission (NBE) of ZnO, and a broad violet emission 7
at 410 nm could be assigned to the electron transition from
shallow donor level of neutral zinc interstitial to the top level of 8.
the valence band.3! The other two emission peaks at the visible
region corresponds to bound excitons and defect states located
at the surface of Zn0.31.32 As compared to the pristine ZnO films, 9
the emission intensity of the nanocomposite films is decreased,
which is consistent with Stern-Volmer quenching.3l: 33 The
quenching of UV emission occurs due to the contact of Ag NP to 10.
the ZnO surface where electrons from the conduction band of 11,
ZnO transport to Fermi level of Ag NP.14 The results of the PL
spectra indicate a suppression of electron-hole recombination 1,
rate by the efficient charge separation, resulting in the
enhancement of the PEC activity.34
13.
Conclusions 14.
The Ag-ZnO nanocomposite films with flower and NR structure
were fabricated by using microreactor-assisted solution 15.
deposition (MASD) process that was rationally designed by
using the series of microreactor systems. Two microreactor 1¢.
systems were implemented for separately growing Ag NPs and
ZnO NPs, and later the synthesized Ag NP solution and ZnO NP 17.
solution were combined at a microreactor to synthesize the Ag-
ZnO nanocomposite. The MASD process enabled to fabricate
the nanocomposite films with various morphologies in one-pot 18.
process within 10 min. The enhanced photocatalytic activity of
the Ag-ZnO nanocomposite films over the pristine ZnO film was 19
demonstrated by the PEC experiment. ’
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