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ABSTRACT

In this study, the synthesis of a highly hybrid, heterogeneously structured nanocomposite catalyst con-
sisting of Ag,S nanoparticles dotted on a Co304 microrod array is reported. The average diameter and
length of the Co304 microrods was optimized to be approximately 300 nm and 20 wm, respectively,
and the average size of the Ag,S nanoparticles was approximately 10 nm. When the Ag,S nanoparticles
were deposited on the Co304 microrods, the characteristic optical band gap energy of Co304 decreased
from 1.26 eV to 1.23 eV, and the intensity of the absorbance peak at 650 nm increased significantly. The
catalytic activity of nanosized Ag,S/Co3 0,4 for the photodegradation of organic contaminants with potas-
sium hydrogen persulfate (PMS) or ozone (03) was evaluated using basic green 1 dye (BG1) as a model
pollutant. In the presence of the hybrid Ag,S/Co304 catalyst developed in this study, the complete pho-
todegradation of the BG1 solution was achieved in 20min and 6 min when PMS and Os; were used,
respectively. In addition, the experimental results suggest that the catalytic photodegradation of BG1
using the Ag,S/Co304/PMS and Ag,S/Co304/03 processes was dominated by the *OH and *O,~ radicals,

respectively.

© 2015 Published by Elsevier B.V.

1. Introduction

Transition metal oxides have attracted increasing attention over
the past several decades because they are significantly cheaper than
noble metals and possess excellent electric, optical, and catalytic
properties [1,2]. Anarea of particular interest is their applications to
the photodegradation of organic pollutants in wastewater. Several
metal oxides including TiO,, ZnO, and Cu,0 act as photocatalysts
for decomposing organic compounds [3-5]. Among the many tran-
sition metal oxides, tricobalt tetraoxide (Co304) is increasingly
studied as a non-noble catalyst or a support for noble metal cat-
alysts [6-8]. Intrinsically, Co304 is a p-type semiconductor with
two characteristic optical band gaps at 1.27eV and 2.11eV [9] and
a spinel crystal structure consisting of AB,04 (B-Co3*, A-Co%*), in
which the Co3* ions occupy 1/2 octahedral B sites and the Co?*
ions occupy 1/8 tetrahedral A sites [10]. Due to these structural
characteristics, Co304 has been extensively studied for its various
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catalytic applications. For example, Xie et al. [11] fabricated Co304
nanorods with high reaction rates for CO oxidation at low tem-
peratures, and Ma et al. [12] prepared reversible oxygen evolution
electrodes based on hybrid Co304-carbon porous nanowire arrays.
However, a major drawback that limits the catalytic application of
Co304 is related to the facile combination of the electrons and the
electron holes in Co304 during catalytic reactions, which reduces
the catalytic efficiency. This drawback is more significant when
its absorption abilities in the visible wavelengths are concerned
[13].

In addition, Ag,S, which is a narrow band-gap semiconduc-
tor, is also becoming increasingly popular in photocatalysis [14]
and bioimaging [15] applications. Ag;S is an indirect gap semi-
conductor with a bulk band gap of ~1eV at room temperature, a
high absorption coefficient, and excellent optical limiting proper-
ties [16]. Based on these properties, the Ag,S nanoparticles have
been tested for catalytic applications. For examples, Zhuand Xu [17]
fabricated heterogeneously structured semiconductor mediated by
Ag,S nanoparticles for the catalytic degradation of organic species,
and Jia et al. [18] prepared CdS and Ag,S micro-nano structures for
the photocatalytic degradation of rhodamine B.
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Because the heterogeneity of the structure has been reported
to lower band gap energy and increase oxidative activity of
Co304 [19,20], the combination of Co304 microrods and Ag,S
nanoparticles to form a hybrid, heterogeneous structure would lead
to improved catalytic properties that are better than those of either
catalyst functioning alone. However, to the best of our knowledge,
this information is scarce. Therefore, a two-step hydrothermal
method was developed to synthesize the nanosized Ag,S/Co304
catalyst on a Ti foil substrate. The photocatalytic property of
the synthesized Ag,S/Co304 and the degradation mechanisms for
organic species using PMS and ozone were explored using BG1 as
a model compound.

2. Experimental
2.1. Materials

Ethyl alcohol, acetone, cobalt nitrate hexahydrate
(Co(NO3)-6H,0), ammonium nitrate (NH4NOs3), ammonium
hydroxide (NH4OH 30 wt%), silver nitrate (AgNO3), sodium sulfide
nonahydrate (Na;S-9H,0), and potassium hydrogen persulfate
(KHSOs) were purchased from the Mike Chemical Company in
China. Basic Green 1 (BG1) was purchased from the Aladdin
Reagent Company in China. All of the chemicals were of analytical
grade and used without any further purification.

2.2. Co304 microrod array preparation

The Co304 microrod arrays grown on Ti foil were prepared via a
template-free growth method. First, a precursor solution consisting
of Co304 was prepared by dissolving 5 mmol of ammonium nitrate
and 10 mmol of cobalt nitrate hexahydrate in 35 ml of deionized
water, and the solution was magnetically stirred while 15ml of
ammonium hydroxide (30 wt%) was injected. The solution mixture
was stirred for approximately 20 min at room temperature until the
solution color changed from red to black. Then, this mixture was
heated to 90°C and maintained at this temperature for 2 h. Mean-
while, the Ti foil was soaked in a solution containing H,O0, HNO3
(1 M) and HF (AR, 40 wt%) at a volumetric ratio of 5:4:1 for 5 min to
remove the surface oxide layer, followed by thorough washing with
deionized water. Then, the Ti foil was dried at room temperature,
and the upper side was treated with a dielectric barrier discharge
(DBD) plasma for 2 min to form micro-holes; these micro-holes
are beneficial for growing Co30,4 microrods. The treated Ti foil was
immersed in the reaction solution and maintained at 90 °C for var-
ious time periods. After the reaction, the obtain microrods were
washed with deionized water three times and calcined at 300°C
for 2hin air.

2.3. Nanosized Ag,S/Co304 heterogeneous structure preparation

The Ag,S nanoparticles were prepared via a hydrothermal pre-
cipitation process. Briefly, precursor solution A was prepared by
dissolving 0.51 g of AgNO3 in 50 ml of deionized water, and precur-
sor solution B was prepared by dissolving 0.003 mol of Na,S-9H,0
in 50 ml of deionized water. Next, 50 ml of A was added to a beaker,
and the Ti foil with the Co304 microrod arrays was immersed
in solution A. Then, 50 ml of solution B was added dropwise to
the breaker at the rate of six drops per minute under continuous
stirring. After solution B was added, the reaction solution was main-
tained at 70°C for 7 h. The final product was sequentially washed
with ethyl alcohol and deionized water three times and calcined at
300°C for 1 h in air.

Diffraction intensity (a.u.)

20 (degree)

Fig. 1. XRD patterns of the catalysts. Line 1: Ag,S nanoparticles, Line 2: Co304
microrods, and Line 3: Ag>S/Co304.

2.4. Characterization

The morphologies of the Ag,S/Co304 nanocomposite catalysts
fabricated under various conditions were characterized using field
emission scanning electron microscopy (FESEM, JEOL, Japan) and
transmission electron microscopy (TEM, JEOL, Japan). X-ray diffrac-
tion (XRD, Thermo Fisher Scientific, USA) was used to examine the
crystalline phases of Ag,S/Co304 with a Cu Ka radiation source
at 35kV. The diffraction angle (26) was set to 10-90° at a scan
rate of 2.0° per minute with a step width of 0.02°. X-ray photo-
electron spectroscopy (XPS, K-Alpha, USA) was used to investigate
the surface chemical composition of Ag,S/Co304 with the X-ray
source operating at 300 W. Solid-state photoluminescence (PL)
spectra were recorded on a fluorescence spectrophotometer (F-
4600, HITACHI, Japan) with Aex at 490nm, and UV-vis diffuse
reflectance spectra were recorded on a U3900 (Shimadzu) spec-
trophotometer with BaSO4 as the background. The catalytic activity
and degradation mechanism of Ag,S/Co304 were investigated with
the UV-vis spectrum (Hitachi, U-2900, Japan) and a Waters UPLC
Synapt G2-S HDMS, and the detail process was illustrated in the
support information (see S1.1 and S1.2).

3. Results and discussion
3.1. Structure of the Ag,S/Co304 nanocomposite

Fig. 1 shows the crystalline phases of the synthesized
Ag,S/Co304 nanocomposite based on the powder XRD character-
ization. The bottom line 1 (black) shows the diffraction intensity
of the Ag,S nanoparticles, and all of the diffraction peaks were
in good agreement with the Ag,S phase (JCPDS card no. 14-0072)
[21]. The peaks assigned for the Ag,S nanoparticles were primar-
ily in the range of 20=25-50°, and the main sharp peaks were
assigned to the (111),(112),(121),(103),(031),(200),(213),
and (13 4) crystal planes [22]. According to the Scherrer’s Equation
(D=Kvy/Bcos 0, where K is the Scherrer’s constant and B is the half
width of the diffraction peak) [23], the calculated particle diameter
was approximately 15 nm. The crystalline structure of the Co30,4
microrod is shown as the middle line 2 (red), and all of the diffrac-
tion peaks were in good agreement with the cubic Co304 phase
(JCPDS card no. 42-1467) [24]. Four characteristic diffraction peaks
were identified at 20 =19.0° (d=0.4667 nm), 36.8° (d=0.2437 nm),
38.5° (d=0.2333nm), and 69.7° (d=0.1347nm) and assigned to
the (111),(311),(222), and (42 2) planes, respectively [25]. The
top line 3 (blue) depicts the crystal structure of the Ag,S/Co304
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