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Abstract: With the continuous advancement of high-tech industries, how to properly handle pollu-
tants has become urgent. Photocatalysis is a solution that may effectively degrade pollutants into
harmless molecules. In this study, we synthesized single crystalline Zn;SnO4 (ZTO) nanowires
through chemical vapor deposition and selective etching. The chemical bath redox method was
used to modify the ZTO nanowires with Ag nanoparticles to explore the photocatalytic properties
of the nanoheterostructures. The combination of the materials here is rare. Optical measurements
by photoluminescence (PL) and UV-Vis show that the PL spectrum of ZTO nanowires was mainly
in the visible light region and attributed to oxygen vacancies. The luminescence intensity of the
nanowires was significantly reduced after modification, demonstrating that the heterojunction could
effectively reduce the electron-hole pair recombination. The reduction increased with the increase in
Ag decoration. The conversion from the UV-Vis absorption spectrum to the Tauc Plot shows that
the band gap of the nanowire was 4.05 eV. With 10 ppm methylene blue (MB) as the degradation
solution, ZTO nanowires exhibit excellent photodegradation efficiency. Reusability and stability
in photodegradation of the nanowires were demonstrated. Photocatalytic efficiency increases with
the number of Ag nanoparticles. The main reaction mechanism was confirmed by photocatalytic
inhibitors. This study enriches our understanding of ZTO-based nanostructures and facilitates their
applications in water splitting, sewage treatment and air purification.

Keywords: zinc tin oxide; nanowires; chemical vapor deposition; surface modification; photocatalysis;
reactive radical species

1. Introduction

Previous studies indicate that industrial dyes and textile dyes are the largest organic
pollutants, causing increasing environmental pollution [1,2]. About 10-20% of the world’s
dye production is lost during the dying process and discharged into textile wastewater. Due
to water pollution, advanced oxidation processes (AOPs) have been rapidly developed as
an innovative water treatment technology [3,4]. The principle of AOPs is to generate highly
reactive transition substances based on the catalytic properties of materials, such as HyO,,
‘OH™ and -O,~ for organic compounds which are difficult to decompose. Semiconductors
are often used as catalysts in AOPs, such as TiO,, ZnO and Fe,O3, which have been
demonstrated to degrade organic compounds effectively, finally mineralizing them into
harmless carbon dioxide and water [5].

Zinc tin oxide, also known as ZTO, is a non-toxic ternary oxide semiconductor (A;BOy,
inverse spinel structure) with high conductivity, low visible light adsorption, high electron
mobility and excellent thermal stability. Ternary metals have higher chemical stability as
compared to binary metal oxides. ZTO nanostructures have been fabricated for various
important applications, including optical sensors [6,7], gas sensors [8,9], dye-sensitized
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solar cells [10,11] and photocatalysts [12-14]. In the past few years, different techniques
have been applied in synthesizing one-dimensional ZTO nanostructures, including the
hydrothermal method [15,16], CVD [7,17] and the template method [18], among which
CVD is the best choice since it is more economical and environmentally friendly [19,20].

In terms of photocatalytic applications, surface modification of precious metals is
frequently used to increase photocatalytic efficiency, such as Ag [21-23], Pd [24] and Pt [25],
which can form Schottky contact through the junction between the metal and semiconductor
and lower the recombination efficiency of electron-hole pairs to enhance photocatalytic
properties.

In this work, we studied ZTO NWs and Ag-ZTO NWs as efficient photocatalysts in
water treatment for environmental pollution. We synthesized ZTO NWs by the chemical
vapor deposition (CVD) method via the vapor-liquid-solid (VLS) route and modified the
nanowires using the chemical bath redox method. The 1 at% Ag-ZTO NWs and 3 at% Ag-
ZTO NWs were fabricated with different amounts of AgNOs. All three kinds of nanowires
were characterized by SEM, TEM, XRD, EDS, XPS and PL to identify their structures
and phases.

2. Materials and Methods
2.1. Synthesis of ZTO and Ag-ZTO Nanowires

ZTO NWs were synthesized with a three-zone tube furnace via catalyst-assisted
chemical vapor deposition (CVD) through a vapor-liquid-solid (VLS) growth mechanism.
The mixture of zinc oxide powder (0.12 g) (Alfa Aesar, Ward Hill, MA, USA purity 99.9%)
and active charcoal (0.12 g) (Sigma-Aldrich, St. Louis, MO, USA) was loaded into an
alumina boat and placed in the second heating zone. Tin oxide powder (0.03 g) (Alfa Aesar,
Ward Hill, MA, USA purity 99.9%) and active charcoal (0.03 g) were mixed with the same
ratio and placed in the third heating zone. A 10 nm-thick Au layer on the silicon substrate
was deposited by the E-beam evaporation system. Nanowire growth was based on the
vapor—liquid—solid (VLS) mechanism with Au as catalyst. The alumina boat of sonically
cleaned Si (100) substrates with a 10 nm thin Au layer was placed downstream outside the
third heating zone. The temperatures of the second and third heating zones were raised
to 955 and 905 °C for 1.5 h, respectively. Argon gas was introduced with the flow rate of
100 sccm. After the reaction, the furnace was cooled down to room temperature naturally.
The single phase ZTO NW substrate was immersed in 12 mM sodium borohydride (NaBH,)
(98+%, Acros Organics, Morris Plains, NJ, USA) solution, which was then titrated with
silver nitrate solution (0.01 and 0.03 g) of deionized water (pH = 7, ionic strength = 0.001 M)
and AgNOj to form Ag-ZTO NWs as shown in Figure S1.

2.2. Electrical Measurements

To fabricate the nanodevice for single nanowire electrical resistivity measurements,
ZTO NWs and Ag-ZTO NW substrates were immersed into deionized water (pH =7,
I=0.001 M) and sonicated to separate the nanowires from the substrate. The solution with
nanowires was dripped on an as-prepared Si/SiO; substrate with four independent Ag
electrodes with 400 nm-thick platinum to which the nanowire was connected by a focus
ion beam (FIB, FEI Nova-200 NanoLab Compatible, Hillsboro, OR, USA). The electrical
m easurements of a single nanowire here were based on the method previously reported
by Gu et al. [26], which can eliminate the voltage drop and contact resistance during
measurement to obtain more accurate results. The schematic illustration and setup of the
electrical measurements are shown in Figure S5.

2.3. Photodegradation

The photodegradation performance of ZTO and Ag-ZTO NWs was evaluated with
10 ppm methylene blue (0.5 g/100 mL) (Sigma-Aldrich, St. Louis, MO, USA) in deionized
water (pH = 7,1 =0.001 M) as shown in the experimental setup of Figure 5g. The sample
was placed at the bottom of a beaker perpendicular to the simulated solar light lamp. We
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stirred 5 mL MB in the beaker using a magnetic stirrer in the darkroom for 30 min to reach
an adsorption—desorption balance for UV-Vis absorption measurement as the MB initial
concentration Cy. During the illumination of the Xe lamp (105 W/m?, Oriel® LCS-100™
Small Area Soll1A), we took 0.5 mL MB per 30 min for the UV-Vis absorption measurement
as Ci. The photodegradation efficiency was then calculated according to Equation (1) [27]:

Degradation (%) = (1 - (Cjt> -100% 1)
0

2.4. Radical Trapping Experiment

To understand the major reactive species in the MB photodegradation experiment, rad-
ical scavengers were added to inhibit different radical work during the photodegradation
process. In this study, 1 mM ethylenediaminetetraacetic acid (EDTA) was used to inhibit h+,
1 mM tert-butanol (TBA) was used to inhibit -OH and 1 mM 1,4-benzoquinone (BQ) was
used to inhibit -O, ™. Other procedures were the same as the photodegradation experiment.
Lower photodegradation efficiency after adding a specific scavenger corresponds to higher
importance of the reactive species.

2.5. Characterization

Morphologies and structures of ZTO and Ag-ZTO NWs were characterized by field-
emission scanning electron microscopy (FESEM, Hitachi SU8000, Tokyo, Japan ), X-ray
di ffractometry (XRD, Bruker D8 Discover with GADDS, Fitchburg, WI, USA), transmis-
sion electron microscopy (TEM, JEOL-2100F, CS STEM, Tokyo, Japan), Energy-dispersive
X-ray spectroscopy (EDS) and X-ray photoelectron spectroscopy (XPS, PHI 5000 Ver-
saProbe, ULVAC-PHI, Kanagawa, Japan). Photoluminescence (PL, HORIBA LabRAM
HR, Longjumeau, France) and UV-Vis spectrophotometry (PerkinElmer LAMBDA 950,
Waltham, MA, USA) were utilized for optical and photocatalysis properties.

3. Results and Discussion
3.1. Morphology and Structure Analysis of ZTO NWs and Ag-ZTO NWs
3.1.1. SEM and XRD Analysis

It has been difficult to fabricate pure ternary nanowires with a furnace; for example,
synthesis of Zn,SnO4 (ZTO) nanowires frequently comes with simultaneous synthesis of
ZnO and SnO; [28]. Therefore, ZnO/ZTO NWs were chosen for synthesis, and we used
12.5 mM aqueous hydrochloric acid (HCI) to remove the ZnO phase. Figure S2a,b show the
SEM images of before and after the selective etching process; Figure Slc shows the XRD
pattern after the selective etching process, indicating that we successfully obtained single
phase ZTO NWs. Figure 1a,b show the high-density ZTO NWs had a length of over 10 um
and diameter of about 40-80 nm. Figure 1c is the SEM image after modification of Ag
nanoparticles. Figure 1d shows the XRD patterns for ZTO NWs, 1 at% Ag-ZTO NWs and
3 at% Ag-ZTO NWs; the peaks located at 17.7° (111), 29.2° (220) and 34.4° (311) correspond
to ZTO (JCPDS no.74-2184), while the peaks at 38.3° (111) and 44.5° (200) correspond to Au
(JCPDS 1n0.99-0056) because of the VLS growing mechanism. Since the diffraction peaks of
Ag (JCPDS no. 87-0719) and Au are almost the same, the diffraction peaks of Au appear
wider after modification of Ag.
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Figure 1. Morphologies of ZTO NWs and Ag-ZTO NWs. (a) Low magnification SEM image of ZTO
NWs. (b) High magnification SEM image of ZTO NWs. (c¢) Low magnification SEM image of Ag-ZTO
NWs. (d) XRD pattern of ZTO NWs and Ag-ZTO NWs.

3.1.2. HRTEM and EDS Analysis

Figure 2a is a HRTEM image of the ZTO nanowire, where the interplanar spacings, 0.5
and 0.31 nm, correspond to (111) and (220) planes of Zn,;SnO;, and the inset is the selected
area electron diffraction (SAED) pattern corresponding to the diffraction peaks in the XRD
analysis. Figure 2b,c are SEM images of 1 at% Ag-ZTO NWs and 3 at% Ag-ZTO NWs,
respectively; more Ag nanoparticles with a diameter of 5-20 nm were on the surface of the
latter. Figure 2d is a HRTEM image of Ag-ZTO NW, where the interplanar spacings of the
nanowire are the same as those of the ZTO NW in Figure 2a; additionally, attached on the
surface is a particle with an interplanar spacing of 0.24 nm, corresponding to the (111) plane
of Ag. Based on the XRD and TEM analysis, the nanoparticles were confirmed to be Ag.
Figure S4a,b show the EDS studies of 1 at% Ag-ZTO and 3 at% Ag-ZTO NW; Figure S4c,d
show the mapping of 1 at% Ag-ZTO and the 3 at% Ag-ZTO NW. EDS analysis indicates
that ZTO NWs are nonstoichiometric compounds, but XRD and XPS studies confirm that
the structure and valence of elements are correct.
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Figure 2. Morphology and structure analysis of ZTO NWs and Ag-ZTO NWs. (a) HRTEM image of
ZTO NWs. (b) SEM image of 1 at% Ag-ZTO NWs. (c) SEM image of 3 at% Ag-ZTO NWs. (d) HRTEM
image of Ag-ZTO NWs.
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3.1.3. XPS Analysis

XPS analysis was conducted to further investigate the composition of Ag-ZTO NWs.
The valence states of the elements in the nanowires can be confirmed by XPS curve fitting
as shown in Figure 3a—d. Figure 3a shows the 2p; /, and 2p;, orbitals of zinc, the binding
energies of which were 1021.7 and 1044.7 eV, coherent with the previously reported energy
difference of 23 eV [29]; the two characteristic peaks correspond to two valence states, Zn’
and Zn?*. Figure 3b reveals two characteristic peaks of 3ds,, and 3d3,, orbitals of tin,
which were from Sn?* and Sn**, the binding energies of which are about 486.7 and 495.1 eV,
respectively. The binding energy of the 3d orbitals between Sn?* and Sn** states is very
close. It is known from the previous report [30] that the binding energy for Sn** is bigger
than that for Sn?*, demonstrating that the blue line denotes Sn**, while the red line denotes
Sn?*. Figure 3c indicates that the oxygen binding energy of ZTO NWs mainly resulted from
oxygen in the lattice and oxygen vacancies, the binding energies of which were 530.8 and
532 eV, respectively [31]. After surface modification, Figure 3d shows the binding energies
of 3ds,, and 3d3, orbitals of silver were 367.6 and 373.6 eV, respectively [32].
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Figure 3. XPS analysis for Ag-ZTO NWs. (a) Zn 2p, (b) Sn 3d, (c) O 1s, (d) Ag 3d.

3.1.4. UV-Vis and PL Analysis

To explore the optical properties of ZTO NWs and Ag-ZTO NWs, it is important to
determine the band gap. Figure 4a is the room temperature UV-Vis absorption spectra
of ZTO NWs and 3 at% Ag-ZTO NWs; both had a significant increase in absorption at a
wavelength less than 325 nm. The absorption spectrum feature at 350-450 nm corresponds
to impurities or oxygen vacancy levels. The band gap of the nanowires was calculated with
Tauc’s equation [12]:

(ahv)!/™ = A(hv — Eg) ©)

where o is the adsorption coefficient of the material, A is a proportionality constant and n
is a constant exponentially different based on the types of semiconductors, being 1/2 for
direct bandgap semiconductors. The inset of the UV-Vis spectra is the Tauc Plot. According
to the tangent of the diagram, the band gaps of ZTO NWs and 3 at% Ag-ZTO NWs were
4.05 and 4.04 eV, which are close to the previously reported value (3.92 eV). The wider band
gap for the ZTO NWs may be attributed to their smaller sizes [14]. The similar absorption
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edges before and after Ag modification indicate that their bandgap energy difference is
negligible [22,23].

Figure 4b shows the PL spectra for a 325 nm laser for ZTO NWs and Ag-ZTO NWs
at room temperature, exhibiting a wide emission band from 425 to 750 nm with a central
wavelength of 580 nm. Various emission peaks might contribute to the wide PL spectrum.
The green fluorescent signal around the 560 nm peak was emitted from the conduction
band (CB) to oxygen vacancies (V*() [33]. The orange fluorescent signal around the 590 nm
peak was attributed to oxygen vacancies and interstitial tin vacancies. The red fluorescent
signal around the 650 nm peak resulted from interstitial zinc and tin vacancies [34]. In
the PL analysis, oxygen vacancies mostly resulted from the large surface area of nanowire
and lack of oxygen due to nanowire growth by three zone furnaces; thus, many oxygen
vacancies existed in the nanowires. During nanowire growth, oxygen vacancies tended
to diffuse from the interior to the surface; thus, the oxygen vacancy concentration on the
surface was greater than that in the interior of the nanowires [35]. The excited electrons
were captured by the metastable energy band caused by the oxygen vacancies and then
released to recombine with holes [29]. Therefore, oxygen vacancies improved photocat-
alytic performance by reducing the recombination rate of electron-hole pairs. After Ag
modification, the photoluminescence intensity decreased dramatically, the reason behind
which is discussed in the photodegradation section.
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Figure 4. Optical properties of ZTO NWs and Ag-ZTO NWs. (a) UV-Vis spectra (b) PL spectra.

3.2. Growth Mechanism

Figure S3 is the schematic illustration of the ZTO NW growth mechanism. Zinc oxide
powder and tin oxide powder were reduced to Zn(,) and Sn through the carbothermic
reduction method based on Equations (3) and (4). At 900 °C, the Au catalyst on the surface
of the silicon substrate was transformed to liquid and reacted with Zn and Sn,) to form
an Au-Zn-5n liquid alloy. As the carrier gas delivered more precursors to the substrate, the
Au—Zn-5n liquid alloy was supersaturated, precipitated and oxidized into ZTO NWs. The
ZTO nanowires grew longer with the continuous precipitation of the droplets according to
Equation (5):

ZnOyq) + Cpg) > Zn(y) +COyy, 3)
SnOZ(s) + C(s) A> Sn(v) + COZ(V) (4)
A
Au(l) + ZZn(V) + Sn(v) + ZOZ(V) — ZnZSnO4(S) + Au(s) (5)

3.3. Electrical Measurements of Single ZTO NW and Ag-ZTO NW

Figure S5a shows the schematic illustration of the electrical measurements and
Figure S5b—d are SEM images of ZTO NW, 1 at% Ag-ZTO NW and 3 at% Ag-ZTO NW con-
nected to Ag electrodes, respectively. Each single nanowire was measured 8 times, including
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R13, R14, R23 and R24, by applying positive and negative voltages. The I-V measurements
for ZTO NW, 1 at% Ag-ZTO NW and 3 at% Ag-ZTO NW are shown in Figures S6-S8§,
respectively. Based on Table 1, the resistivity of ZTO NW here was 6.01 x 10~> Q3-m, which
is better than previous studies [36]; the resistivity of 1 at% Ag-ZTO NW and 3 at% Ag-ZTO
NW was 2.1 x 107* and 4.3 x 10~* Q-m, indicating the resistivity increase after surface
modification.

Table 1. Electrical resistivity measurements of ZTO NW, 1 at% Ag-ZTO NW and 3 at% Ag-ZTO NW.

ZTO NW 1at% Ag-ZTO NW 3 at% Ag-ZTO NW
Resistivity 6.01 x 107> O-m 21 %1074 Q'm 43 x 1074 O-m

3.4. Photocatalytic Properties of ZTO NWs and Ag-ZTO NWs
3.4.1. Photodegradation Activities

Methylene blue (MB) is a heterocyclic dye with wide industrial applications, being fre-
quently used for coloring paper, as a temporary hair colorant and for dyeing cottons, wools
and so on. Additionally, it has been extensively used in human and veterinary medicine
for several therapeutic and diagnostic procedures. It cannot be degraded through the
conventional water treatment process due to its complex aromatic structures, hydrophilic
nature and high stability against light, temperature, water, chemicals, etc.; thus, it may
cause substantial environmental pollution. Although MB is not considered to be a very
toxic dye, it can result in very harmful effects on living things, such as breathing difficulties,
vomiting, diarrhea and nausea. Therefore, many efforts have been made to remove MB
from water [37,38], and we chose it to investigate the photodegradation activities of ZTO
NWs and Ag-ZTO NWs. MB has a very strong characteristic peak at 663 nm [39]; the
efficiency of photodegradation can be calculated based on the change of the absorption
peak of MB. Figure 5a shows the UV-Vis absorption spectra of MB degraded by ZTO
NWs, while Figure 5b,c show the UV-Vis absorption spectra of MB degraded by 1 at%
Ag-ZTO NWs and 3 at% Ag-ZTO NWs. It can be seen that the absorption spectra of 3 at%
Ag-ZTO NWs have the most obvious change; therefore, 3 at% Ag-ZTO NWs have the best
degradation efficiency. Figure 5d reveals the change of MB concentration versus time. The
red line denotes ZTO NWs, which degraded 85% of MB in 120 min; the blue line denotes
1 at% Ag-ZTO NWs, which degraded 94% of MB in 120 min and the green line denotes
3 at% Ag-ZTO NWs, degrading 80% of MB in the first 60 min and degrading 96% in 120 min.
To obtain a better understanding of the kinetics of photodegradation, pseudo-first-order
equation was used as shown in Equation (6) [40]:

Co

1
n(Ct

) =kt (6)
where « is the rate constant and t means time. Figure 5e shows the comparison of the
rate constants for ZTO NWs, 1 at% Ag-ZTO NWs and 3 at% Ag-ZTO NWs, which were
0.0157, 0.023 and 0.025 min~!, respectively. These results demonstrate the enhanced
photodegradation performance with the silver modification.
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Figure 5. Photocatalytic properties of ZTO NWs and Ag-ZTO NWs were evaluated with 10 ppm
methylene blue in deionized water (pH =7, 1= 0.001 M). The UV-Vis absorbance spectra of (a) ZTO
NWs, (b) 1 at% Ag-ZTO NWs, () 3 at% Ag-ZTO NWs towards MB dye. (d,e) Comparison of photo-
catalytic activities between ZTO NWs and Ag-ZTO NWs. (f) Comparison of photocatalytic activities
among different scavengers for 3 at% Ag-ZTO NWs. (g) Schematic illustration of photodegradation
experimental setup. (h) Schematic illustration for photodegradation mechanism of Ag-ZTO NWs.

3.4.2. Effect of Reactive Free Radicals

To understand the influence of different reactive free radicals in the photodegradation
process, the reaction of each free radical was inhibited by adding scavengers [41,42]. The
3 at% Ag-ZTO NWs were added to ethylenediaminetetraacetic acid (EDTA), tert-butanol
(TBA) and benzoquinone (1,4-benzoquinone, BQ) as the scavengers of h*, -OH and -O, 7,
respectively. EDTA was used as a scavenger of h*. The reaction between h* and EDTA is as
follows: EDTA + h* — CO, + HyO. TBA was used as a scavenger of -OH. BQ was used as
a scavenger of -O,~, which can trap superoxide anions via an electron transfer mechanism:
BQ +-O;™ — -BQ™ + Oy,. Figure 5f shows the change in the photodegradation efficiency
after adding different scavengers. The original efficiency of 3 at% Ag-ZTO NWs was 96% in
120 min; after adding EDTA, TBA and BQ), the efficiency was reduced to 15%, 52% and 63%,
respectively. The results indicate that adding EDTA led to the highest inhibition, followed
by TBA and BQ. The degree of effects for reactive species in photodegradation is h* >-OH
>-O,~ with the major mechanisms shown in Equations (7)—(9):

ZnZSnO4 + hv (zEg) — Zn28n04 (thJr) + Zn28n04 (e*) (7)
ZnySnOy (hg*) + OH™ — -OH ®)
(hg™, -OH) + Dye (MB) — CO, +H,0 + degraded products 9)
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3.4.3. Reliability and Stability

To study the stability of ZTO NWs and Ag-ZTO NWs, three consecutive cycles of MB
degradation were conducted. Figure S9¢ shows that the photodegradation efficiencies were
96%, 84% and 82%, respectively. The decrease in degradation rate may be attributed to
the photo-corrosion of the nanowire surface or the accumulation of contaminants on the
nanowire surface; however, the degradation efficiency of the second and third times tends
to be stable. As previously reported [12-14], the degradation efficiency of MB decreases by
10-20% before the photocatalyst is reused, while our degradation efficiency dropped about
14% and became stable following the typical curve, indicating that 3 at% Ag-ZTO NWs
are expected to be a reusable photocatalyst. Additionally, the XRD pattern in Figure S9d
reveals that the ZTO NWs still had great crystallinity after multiple cycles.

3.4.4. Photodegradation Mechanism

Figure 5h is the schematic illustration for the photodegradation mechanism of Ag-
ZTO NWs. As the ZTO NWs were illuminated, the electrons in the valence band were
excited to the conduction band to form electron-hole pairs at the NW surface. Electrons
in the conduction band reacted with oxygen to form superoxide radicals (-O, ), while
the holes in the valence band could react with pollutants and the hydroxide ions (OH") to
generate hydroxyl radicals (-OH), thereby degrading the pollutants. With the ZTO NWs
modified with silver, the excited electrons diffused to the silver particles [43], reducing the
recombination rate of electron-hole pairs. The PL intensity is proportional to the electron-
hole recombination rate; thus, the PL intensity decreased after Ag modification. When the
recombination efficiency of electron-hole pairs was reduced, the electrons and holes had
more opportunities to react with pollutants, increasing the degradation rate.

4. Conclusions

Single crystalline Zn,SnOy4 (ZTO) nanowires were successfully synthesized by chem-
ical vapor deposition and selective etching. Silver nanoparticles were modified on the
surface of ZTO nanowires using the chemical bath redox method to fabricate 1 at% Ag-ZTO
NWs and 3 at% Ag-ZTO NWs. The structures of ZTO NWs and Ag-ZTO NWs were con-
firmed by EDS, XRD, XPS and HRTEM. The PL intensity decrease after surface modification
reflects the decrease in the electron-hole pair recombination efficiency, which is beneficial
for photocatalysis. The single ZTO NW shows low electrical resistivity of 6.01 x 107> Q-m.
A total of 96% of MB was degraded by 3 at% Ag-ZTO NWs in 120 min. h* and -OH were
the main reactants of photodegradation. After multiple cycles, the nanowires maintained
degradation efficiency well without apparent change in terms of structure and morphology,
showing reliability in photocatalysis.

Supplementary Materials: The following supporting information can be downloaded at: https://
www.mdpi.com/article/10.3390/nano12071201/s1, Figure S1: Schematic illustration for fabrication
of Ag-ZTO NWs. Figure S2: SEM images and XRD pattern of ZTO NWs before and after selective
etching. (a) SEM image before selective etching (b) SEM image after selective etching (c) comparison
of XRD patterns before and after selective etching. Figure S3: Schematic illustration of growth
mechanism for ZTO NWs. Figure S4: EDS and mapping images of 1 at% Ag-ZTO NW and 3 at%
Ag-ZTO NW. (a) EDS analysis of 1 at% Ag-ZTO NW (b) EDS analysis of 3 at% Ag-ZTO NW (c)
mapping images of 1 at% Ag-ZTO NW (d) mapping images of 3 at% Ag-ZTO NW. Figure S5:
Electrical measurement setup for ZTO NWs and Ag-ZTO NWs. (a) Schematic illustration of the
electrical measurements. SEM images of (b) ZTO NW (c) 1 at% Ag-ZTO NW (d) 3 at% Ag-ZTO NW
connected to 4 electrodes. Figure S6: I-V measurements of single ZTO nanowire (a) Ry34 (b) Ri3—
(c) Ryas (d) Rya— (e) Rozy (f) Roz— (g) Roay (h) Rps—. Figure S7: I-V measurements of single 1 at%
Ag-ZTO nanowire (a) Ryz+ (b) Ri3- (c) Ryg+ (d) Rys— (€) Rozs () Roz— () Roas (h) Rog—. Figure S8:
I-V measurements of single 3 at% Ag-ZTO nanowire (a) Ry3; (b) Ri3_ () Ryay (d) Rya— () Ros. ()
Rps— (g) Roas (h) Rpy—. Figure S9: Photocatalytic reliability of ZTO NWs and Ag-ZTO NWs. (a)
Degradation behaviors of ZTO NWs for three repeated cycles (b) degradation behaviors of 1 at%
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Ag-ZTO NWs for three repeated cycles (c) degradation behaviors of 3 at% Ag-ZTO NWs for three
repeated cycles (d) XRD pattern after the third cycle of degradation.

Author Contributions: Conceptualization, J.-C.S. and K.-C.L.; Data curation, J.-C.S.; Formal anal-
ysis, J.-C.S.; Supervision, K.-C.L.; Writing—original draft, ].-C.S.; Writing—review and editing,
T-L.H., S.-M.Y,, S.-C.C. and K.-C.L. All authors have read and agreed to the published version of the
manuscript.

Funding: This research was supported by the Ministry of Science and Technology of Taiwan through
Grant MOST 108-2221-E-006-139-MY3. The research was also supported in part by Higher Education
Sprout Project, Ministry of Education to the Headquarters of University Advancement at National
Cheng Kung University (NCKU).

Data Availability Statement: Not applicable.

Acknowledgments: The authors gratefully acknowledge the use of EM000800 of MOST 110-2731-M-
006-001 belonging to the Core Facility Center of National Cheng Kung University.

Conflicts of Interest: The authors declare that they have no competing interests.

References

1. Konstantinou, L.K.; Albanis, T.A. TiO;-assisted photocatalytic degradation of azo dyes in aqueous solution: Kinetic and mechanis-
tic investigations: A review. Appl. Catal. B 2004, 49, 1-14. [CrossRef]

2. Neppolian, B.; Choi, H.C.; Sakthivel, S.; Arabindoo, B.; Murugesan, V. Solar light induced and TiO, assisted degradation of textile
dye reactive blue 4. Chemosphere 2002, 46, 1173-1181. [CrossRef]

3. Chong, M.N; Jin, B.; Chow, C.W.; Saint, C. Recent developments in photocatalytic water treatment technology: A review. Water
Res. 2010, 44, 2997-3027. [CrossRef] [PubMed]

4. Cheng, M.; Zeng, G.; Huang, D.; Lai, C.; Xu, P; Zhang, C.; Liu, Y. Hydroxyl radicals based advanced oxidation processes (AOPs)
for remediation of soils contaminated with organic compounds: A review. Chem. Eng. ]. 2016, 284, 582-598. [CrossRef]

5. Chan, S.HS.; Wu, T.Y,; Juan, ].C.; Teh, C.Y. Recent developments of metal oxide semiconductors as photocatalysts in advanced
oxidation processes (AOPs) for treatment of dye waste-water. J. Chem. Technol. Biotechnol. 2011, 86, 1130-1158. [CrossRef]

6. Li L, Lou, Z; Shen, G. Flexible broadband image sensors with SnS quantum dots/Zn,SnO4 nanowires hybrid nanostructures.
Adv. Funct. Mater. 2018, 28, 1705389. [CrossRef]

7. Li, L, Gu, L; Lou, Z,; Fan, Z.; Shen, G. ZnO quantum dot decorated Zn,SnO4 nanowire heterojunction photodetectors with
drastic performance enhancement and flexible ultraviolet image sensors. ACS Nano 2017, 11, 4067—4076. [CrossRef]

8.  Tharsika, T.; Haseeb, A.S.M.A.; Akbar, S.A.; Sabri, M.EM.; Wong, Y.H. Gas sensing properties of zinc stannate (Zny;SnOy)
nanowires prepared by carbon assisted thermal evaporation process. J. Alloys Compd. 2015, 618, 455—-462. [CrossRef]

9. Thanh, HX,; Trung, D.D.; Trung, K.Q.; Van Dam, K.; Van Duy, N.; Hung, C.M.; Hoa, N.D.; Van Hieu, N. On-chip growth of
single phase Zn,SnO,4 nanowires by thermal evaporation method for gas sensor application. J. Alloys Compd. 2017, 708, 470-475.
[CrossRef]

10. Lana-Villarreal, T.; Boschloo, G.; Hagfeldt, A. Nanostructured zinc stannate as semiconductor working electrodes for dye-
sensitized solar cells. J. Phys. Chem. C 2007, 111, 5549-5556. [CrossRef]

11. Tan, B.; Toman, E; Li, Y.; Wu, Y. Zinc stannate (ZnySnO,) dye-sensitized solar cells. |. Am. Chem. Soc. 2007, 129, 4162-4163.
[CrossRef] [PubMed]

12.  Jain, S.; Shah, A.P,; Shimpi, N.G. An efficient photocatalytic degradation of organic dyes under visible light using zinc stannate
(Zn;SnO4) nanorods prepared by microwave irradiation. Nano Struct. Nano Objects 2020, 21, 100410. [CrossRef]

13.  Shi, L.; Dai, Y. Synthesis and photocatalytic activity of Zn,SnO4 nanotube arrays. J. Mater. Chem. A 2013, 1, 12981-12986.
[CrossRef]

14. Rovisco, A.; Branquinho, R.; Deuermeier, J.; Freire, T.; Fortunato, E.; Martins, R.; Barquinha, P. Shape Effect of Zinc-Tin Oxide
Nanostructures on Photodegradation of Methylene Blue and Rhodamine B under UV and Visible Light. ACS Appl. Nano Mater.
2021, 4, 1149-1161. [CrossRef]

15. Zhu, H,; Yang, D.; Yu, G.; Zhang, H.; Jin, D.; Yao, K. Hydrothermal synthesis of Zn,SnO,4 nanorods in the diameter regime of
sub-5 nm and their properties. J. Phys. Chem. B 2006, 110, 7631-7634. [CrossRef] [PubMed]

16. Zhao, Q.; Deng, X.; Ding, M.; Huang, J.; Ju, D.; Xu, X. Synthesis of hollow cubic Zn;SnO, sub-microstructures with enhanced
photocatalytic performance. J. Alloys Compd. 2016, 671, 328-333. [CrossRef]

17.  Zeng, ].; Xin, M.D,; Li, K,; Wang, H.; Yan, H.; Zhang, W.]J. Transformation process and photocatalytic activities of hydrothermally
synthesized Zn,SnO4 nanocrystals. . Phys. Chem. C 2008, 112, 4159-4167. [CrossRef]

18. Shi, J.B.; Wu, PE; Lin, H.S,; Lin, Y.T,; Lee, HW.; Kao, C.T,; Liao, W.H.; Young, S.L. Synthesis and characterization of single-
crystalline zinc tin oxide nanowires. Nanoscale Res. Lett. 2014, 9, 1-6. [CrossRef]

19. Shen, C.L; Yang, SM.; Lu, K.C. Single Crystalline Higher Manganese Silicide Nanowire Arrays with Outstanding Physical

Properties through Double Tube Chemical Vapor Deposition. Nanomaterials 2020, 10, 1880. [CrossRef]


http://doi.org/10.1016/j.apcatb.2003.11.010
http://doi.org/10.1016/S0045-6535(01)00284-3
http://doi.org/10.1016/j.watres.2010.02.039
http://www.ncbi.nlm.nih.gov/pubmed/20378145
http://doi.org/10.1016/j.cej.2015.09.001
http://doi.org/10.1002/jctb.2636
http://doi.org/10.1002/adfm.201705389
http://doi.org/10.1021/acsnano.7b00749
http://doi.org/10.1016/j.jallcom.2014.08.192
http://doi.org/10.1016/j.jallcom.2017.03.014
http://doi.org/10.1021/jp0678756
http://doi.org/10.1021/ja070804f
http://www.ncbi.nlm.nih.gov/pubmed/17371032
http://doi.org/10.1016/j.nanoso.2019.100410
http://doi.org/10.1039/c3ta12388j
http://doi.org/10.1021/acsanm.0c02782
http://doi.org/10.1021/jp060304t
http://www.ncbi.nlm.nih.gov/pubmed/16610852
http://doi.org/10.1016/j.jallcom.2016.01.264
http://doi.org/10.1021/jp7113797
http://doi.org/10.1186/1556-276X-9-210
http://doi.org/10.3390/nano10091880

Nanomaterials 2022, 12, 1201 11 of 11

20.

21.

22.

23.

24.

25.

26.

27.

28.

29.

30.

31.

32.

33.

34.

35.

36.

37.

38.

39.

40.

41.

42.

43.

Huang, WJ.; Yang, S.M.; Liao, T.T.; Lu, K.C. Synthesis of morphology-improved single-crystalline iron silicide nanowires with
enhanced physical characteristics. CrystEngComm 2021, 23, 3270-3275. [CrossRef]

Yao, Y.C; Dai, X.R,; Hu, X.Y.; Huang, S.Z,; Jin, Z. Synthesis of Ag-decorated porous TiO; nanowires through a sunlight induced
reduction method and its enhanced photocatalytic activity. Appl. Surf. Sci. 2016, 387, 469-476. [CrossRef]

Wang, F.; Yang, H.; Zhang, Y. Enhanced photocatalytic performance of CuBi, Oy particles decorated with Ag nanowires. Mater.
Sci. Semicond. Process. 2018, 73, 58—66. [CrossRef]

Ye, Y,; Yang, H.; Li, R.; Wang, X. Enhanced photocatalytic performance and mechanism of Ag-decorated LaFeO3 nanoparticles. J.
Solgel Sci. Technol. 2017, 82, 509-518. [CrossRef]

Zhang, L.; Du, L.; Yu, X;; Tan, S.; Cai, X.; Yang, P.; Gu, Y.; Mai, W. Significantly enhanced photocatalytic activities and charge
separation mechanism of Pd-decorated ZnO-graphene oxide nanocomposites. ACS Appl. Mater. Interfaces 2014, 6, 3623-3629.
[CrossRef] [PubMed]

Simon, T.; Carlson, M.T.; Stolarczyk, ].K.; Feldmann, J. Electron transfer rate vs recombination losses in photocatalytic H;
generation on Pt-decorated CdS nanorods. ACS Energy Lett. 2016, 1, 1137-1142. [CrossRef]

Gu, W.; Choi, H.; Kim, K. Universal approach to accurate resistivity measurement for a single nanowire: Theory and application.
Appl. Phys. Lett. 2006, 89, 253102. [CrossRef]

Korbahti, B.K.; Rauf, M.A. Application of response surface analysis to the photolytic degradation of Basic Red 2 dye. Chem. Eng.
J. 2008, 138, 166-171. [CrossRef]

Arafat, M.M.; Ong, J.Y.; Haseeb, A.S.M.A. Selectivity shifting behavior of Pd nanoparticles loaded zinc stannate/zinc oxide
(ZnySnO4/ZnO) nanowires sensors. Appl. Surf. Sci. 2018, 435, 928-936. [CrossRef]

Lin, J.H.; Huang, Y.J.; Su, Y.P; Liu, C.A; Devan, R.S.; Ho, C.H.; Wang, Y.P; Lee, HW.; Chang, C.M.; Liou, Y.; et al. Room-
temperature wide-range photoluminescence and semiconducting characteristics of two-dimensional pure metallic Zn nanoplates.
RSC Adv. 2012, 2,2123-2127. [CrossRef]

Jie, L.; Chao, X. XPS examination of tin oxide on float glass surface. J. Non Cryst. Solids 1990, 119, 37-40. [CrossRef]

Bai, S.; Chen, C,; Tian, Y.; Chen, S.; Luo, R,; Li, D.; Chen, A ; Liu, C.C. Facile synthesis of x-MoO3 nanorods with high sensitivity
to CO and intrinsic sensing performance. Mater. Res. Bull. 2015, 64, 252-256. [CrossRef]

Han, SW.; Kim, Y.; Kim, K. Dodecanethiol-derivatized Au/Ag bimetallic nanoparticles: TEM, UV /VIS, XPS, and FTIR analysis. J.
Colloid Interface Sci. 1998, 208, 272-278. [CrossRef] [PubMed]

Arooj, S.; Xu, T.; Hou, X.; Wang, Y.; Tong, J.; Chu, R.; Liu, B. Green emission of indium oxide via hydrogen treatment. RSC Adv.
2018, 8, 11828-11833. [CrossRef]

Ali, M.B.; Barka-Bouaifel, F.; Elhouichet, H.; Sieber, B.; Addad, A.; Boussekey, L.; Férid, M.; Boukherroub, R. Hydrothermal
synthesis, phase structure, optical and photocatalytic properties of ZnySnO4 nanoparticles. J. Colloid Interface Sci. 2015, 457,
360-369.

Deng, B.; Da Rosa, A.L.; Frauenheim, T.; Xiao, ].P; Shi, X.Q.; Zhang, R.Q.; Van Hove, M.A. Oxygen vacancy diffusion in bare ZnO
nanowires. Nanoscale 2014, 6, 11882-11886. [CrossRef]

Karthik, K.R.G.; Andreasson, B.P.; Sun, C.; Pramana, S.S.; Varghese, B.; Sow, C.H.; Mathews, N.; Wong, L.H.; Mhaisalkar, S.G.
Physical and electrical properties of single Zn,SnOy4 nanowires. Electrochem. Solid State Lett. 2010, 14, K5. [CrossRef]

Bayomie, O.S.; Kandeel, H.; Shoeib, T.; Yang, H.; Youssef, N.; El-Sayed, M.M. Novel approach for effective removal of methylene
blue dye from water using fava bean peel waste. Sci. Rep. 2020, 10, 7824. [CrossRef]

Hou, C.; Hu, B.; Zhu, J. Photocatalytic degradation of methylene blue over TiO; pretreated with varying concentrations of NaOH.
Catalysts 2018, 8, 575. [CrossRef]

Yao, J.; Wang, C. Decolorization of methylene blue with sol via UV irradiation photocatalytic degradation. Int. ]. Photoenergy 2010,
2010, 1-6. [CrossRef]

Rauf, M.A.; Ashraf, S.S. Fundamental principles and application of heterogeneous photocatalytic degradation of dyes in solution.
Chem. Eng. J. 2009, 151, 10-18. [CrossRef]

Cavalcante, R.P,; Dantas, R.F; Bayarri, B.; Gonzalez, O.; Giménez, J.; Esplugas, S.; Junior, A.M. Photocatalytic mechanism of
metoprolol oxidation by photocatalysts TiO, and TiO, doped with 5% B: Primary active species and intermediates. Appl. Catal. B
2016, 194, 111-122. [CrossRef]

Chen, D.; Ray, A.K. Removal of toxic metal ions from wastewater by semiconductor photocatalysis. Chem. Eng. Sci. 2001, 56,
1561-1570. [CrossRef]

Deng, Q.; Duan, X.; Ng, D.H.L,; Tang, H.; Yang, Y.; Kong, M.; Wu, Z.; Cai, W.; Wang, G. Ag nanoparticle decorated nanoporous
ZnO microrods and their enhanced photocatalytic activities. ACS Appl. Mater. Interfaces 2012, 4, 6030-6037. [CrossRef] [PubMed]


http://doi.org/10.1039/D1CE00267H
http://doi.org/10.1016/j.apsusc.2016.06.130
http://doi.org/10.1016/j.mssp.2017.09.029
http://doi.org/10.1007/s10971-017-4332-0
http://doi.org/10.1021/am405872r
http://www.ncbi.nlm.nih.gov/pubmed/24548106
http://doi.org/10.1021/acsenergylett.6b00468
http://doi.org/10.1063/1.2405400
http://doi.org/10.1016/j.cej.2007.06.016
http://doi.org/10.1016/j.apsusc.2017.10.211
http://doi.org/10.1039/c2ra00972b
http://doi.org/10.1016/0022-3093(90)90238-H
http://doi.org/10.1016/j.materresbull.2014.12.049
http://doi.org/10.1006/jcis.1998.5812
http://www.ncbi.nlm.nih.gov/pubmed/9820774
http://doi.org/10.1039/C8RA00654G
http://doi.org/10.1039/C4NR03582H
http://doi.org/10.1149/1.3505875
http://doi.org/10.1038/s41598-020-64727-5
http://doi.org/10.3390/catal8120575
http://doi.org/10.1155/2010/643182
http://doi.org/10.1016/j.cej.2009.02.026
http://doi.org/10.1016/j.apcatb.2016.04.054
http://doi.org/10.1016/S0009-2509(00)00383-3
http://doi.org/10.1021/am301682g
http://www.ncbi.nlm.nih.gov/pubmed/23092309

	Introduction 
	Materials and Methods 
	Synthesis of ZTO and Ag-ZTO Nanowires 
	Electrical Measurements 
	Photodegradation 
	Radical Trapping Experiment 
	Characterization 

	Results and Discussion 
	Morphology and Structure Analysis of ZTO NWs and Ag-ZTO NWs 
	SEM and XRD Analysis 
	HRTEM and EDS Analysis 
	XPS Analysis 
	UV–Vis and PL Analysis 

	Growth Mechanism 
	Electrical Measurements of Single ZTO NW and Ag-ZTO NW 
	Photocatalytic Properties of ZTO NWs and Ag-ZTO NWs 
	Photodegradation Activities 
	Effect of Reactive Free Radicals 
	Reliability and Stability 
	Photodegradation Mechanism 


	Conclusions 
	References

