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Highlights

e ZnO wide bandgap is limited by high e’/h* recombination rate and UV light activation.

e Ag,S narrowed the bandgap and SPR effect of Ag* ion activates the optical
properties.

e Forensic investigation identify holes and superoxides as the main degradation
drivers.

e Declining stability performance of the composite during five recycle runs.

e eVisible light absorption enhancement by the proposed composite mechanism.
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Abstract

Ag/Ag,S-Zn0O nanocomposites were prepared via a simple hydrothermal process followed by
a plasmonic Ag* reduction through a photo-deposition method. Ag,S was introduced to
narrow the overall composite bandgap and activate the surface plasmon resonance (SPR)
effect of the Ag* cation present. The physicochemical properties of the as-synthesised
catalysts were characterised by X-ray diffraction (XRD), scanning and transmission electron
microscopies (SEM and TEM), Brunauer-Emmett-Teller (BET) analysis. Fourier-transform
infrared spectroscopy (FTIR), Ultraviolet diffuse reflectance spectroscopy (UV-vis DRS),
photoluminescence emission spectra (PL) and X-ray photoelectron spectroscopy (XPS) was
conducted to investigate the photo-absorption and emission spectra of the nanocomposites.
The degradation efficiency of all the synthesised catalysts (ZnO, Ag,S, Ag/Zn0O and Ag,S/Zn0)
prior to the final product, Ag/Ag.S/Zn0O was tested and compared. Results showed that the
ternary Ag/Ag2S/Zn0 achieved a 98 % phenol removal compared to 50 %, 11 %, 64 % and 93
% for ZnO, Ag2S, Ag/ZnO and binary Ag2S/ZnO, respectively. The degradation kinetics
followed the Langmuir-Hinshelwood model, which typically describes heterogeneous
photocatalytic surface reactions. The linear fits had R? values higher than 0.97, which confirms
the degree of accuracy or statistical fitness to the kinetic model. Degradation scavenger test
confirmed the holes (h*) as the main inhibitor and identified the superoxide O;¢" radical as
the main active specie responsible for the degradation. Total organic carbon analysis using
the ternary Ag/Ag,S-Zn0 catalyst only achieved a 74% phenol mineralization after 24 hours of
photocatalysis. Recyclability tests showed good phenol removal stability of Ag/Ag;S-Zn0 at 41
% after five recycle runs. Hence, a synergistic degradation mechanism responsible for the

efficient photo-degradation performance was proposed.
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1. Introduction

Remediation of new classes of organic pollutants is an ever-increasing problem globally due
to the recalcitrant nature and the broad array of compounds being released from industry,
hospitals, homes and agricultural. Over the years, several methods have been developed and
new ones have been proposed to resolve the problem of pollution containing recalcitrant
organics. However, most of the currently used treatment strategies are limited by process
complexity and operational cost. Researchers have therefore extensively explored the
effectiveness of water treatment by advanced oxidation processes (AOPs) due to their great
potential to remove a variety of organic recalcitrants in aqgueous medium [1]. Semiconductor
photocatalysis has proven to be one of the best AOP with great potential to completely
remove micropollutants and organic compound from water leaving little or no traces behind
[2]. Moreover, photocatalytic and photolytic processes have been shown to completely
mineralise organic compounds to CO; and H,O under the right conditions [3]. Commonly used
semiconductor photocatalysts such as TiO», ZnO, FeO, etc., are limited by their fast electron-
hole recombination rate and high consumption of energy in the UV range for efficient
performance [4]. TiOzis a readily available and non-toxic semiconductor photocatalyst with a
wide bandgap energy of 3.2 eV but can only utilize UV light, which constitutes 4 - 5 % of the
entire solar energy [5-7]. ZnO semiconductor photocatalysts has been extensively

investigated as a substitute to TiO; owing to their similar properties [8]. Their large surface



area and high photosensitivity is an added advantage however, it is still limited to the UV

range [9].

Strategies have been proposed to overcome these limitations through the development of a
new generation semiconductor photocatalysts with the potential of harnessing solar visible
light and inhibiting recombination rate [10]. The development of novel visible-light active
composites using various approaches including the use of metal organic frameworks (MOFs),
metal and/or non-metal doping, surface-dye sensitization, plasmonic deposition, has been
pivotal in improving degradation performance [6]. Oxidised states of base and earth metals
such as Fe, Mn, Co, Cu, Ga, Ce, Ni promote surface charge separation/transfer and also act as
traps to capture photo-generated e’/h* pairs. However, since some of these metals are not
thermodynamically stable, researchers have proposed the use of non-metal ions like C, N

which can be used in combination with oxidized base metals [11].

Recent studies have reported the use of MOFs photocatalysts, a green technology in the
treatment of wastewaters [12, 13, 14]. They are mesoporous metal based crystalline
adsorbents, which are characterised by wide bandgap energy, high surface reaction,
selectivity and stability. However, they are limited by poor recyclability due to high sludge
generation [15]. Like several powdered semiconductors, MOFs can be modified with precious
metals and incorporated into film membranes to inhibit electron-hole recombination,
increase photosensitivity and improve recyclability [16]. Ag, Pd metals grown into a crystalline
MIL-125-NH; disc within cellulose acetate catalysts, exhibited high visible light photo-
reduction of 2-nitrophenol solutions (80.6 - 93.5 %) and good showed stability (54.4 - 62.0 %)

after five recycling runs [17].



A review on the versatility of doping different transition metals including other metal oxides
on ZnO nanoparticles revealed the possibility bandgap tailoring and optical/magnetic
property enhancement [18]. The doping effects of 3 wt% Cu on ZnO thin films resulted in
narrowing of bandgap energy from 3.03 to 2.7 eV as well as a red-shift of absorption band
edge to about 450 nm to the visible light region [19]. Fe and Co optimally co-doped on ZnO
mesocrsytals resulted in higher photocatalytic activity by 145 % owing to the multivalent
ferromagnetic state of the Fe and Co ions [20]. Some noble metals like Ag and Au can exhibit
strong surface plasmonic resonance (SPR), which can be mechanised by photo-deposition to
enhance its unique optical properties and visible light absorption [21, 22]. Upon illumination,
the electromagnetic rays cause a collective oscillation of electrons at the conduction band of
the photocatalyst and amplifies its optics for visible light absorption [23]. Using the glancing
angle deposition method, the SPR emission of ZnO was enhance with plasmonic Ag nanorods
from 384 nm (3.23 eV) to 396 nm (3.13 eV) [24]. The SPR enhancement of ZnO was found to
be dependent on its surface morphology and Ag deposition interlayers which match the
surface plasmons to the emission band energies [25]. The SPR of the Au nanoparticles capped
on ZnO nanorods showed a remarkable enhancement of the UV emission intensities and
complete suppression of a defect related emission as observed on a time-resolved
photoluminescence [26]. The bandgap energy of crystalline (GaN)1«x(ZnO)x nanowires was
tailored from 3.08 to 2.77 eV using Au-assisted VLS mechanism for solar light induced

photoelectrochemical splitting of water [27].

In this study, Ag,S nanoparticles are incorporated in ZnO nanospheres via a hydrothermal
synthesis method in order to improve its photo-absorption and inhibit electron-hole pair

recombination rate. Furthermore, as-synthesised binary Ag,S-ZnO is photo-deposited to



activate the SPR effect of the Ag constituent photocatalyst into ternary Ag/Ag:S-ZnO. The
prepared nanocomposites are investigated in the degradation of phenol, a common toxic
organic recalcitrant present in industrial wastewaters under visible-light irradiation. It is
expected that the plasmonic effect and metal doping of ZnO may significantly improve the
visible-light absorption, separation of charges and overall degradation performance of the
catalyst. A possible mechanism to account for the improved photocatalytic activity based on

the combined effort of metal doping and SPR were explored in detail.

2. Experimental

2.1.  Synthesis of photocatalyst materials

The nanocomposites were prepared through a simple hydrothermal method followed by
photo-deposition to activate the plasmonic effect of the Ag particles. ZnO was prepared by
dissolving 4.46 g of Zn (CH3C0O0);.2H;0 in 100 mL of 0.2 M NaOH and distilled water. The
mixture was autoclaved at 120 °C for 2 h to form a white precipitate. The precipitate was
washed 3 times each with distilled water and ethanol, every time, it was centrifuged, and the
supernatant discarded before drying in an oven. In order to eliminate all the volatile
substances present in the catalyst, ZnO was calcined in a furnace at 900 °C for 3 h and then
ground to powder. Ag-ZnO was synthesised by suspending 3 g of the as-prepared ZnO and
0.24 g of AgNOs in 150 mL of 60/40 % methanol/distilled water mixture. The mixture was
placed in an ultrasonicator for 40 minutes to rigorously shake the particle mixture; it was
labelled as the composite precursor. To activate the plasmonic effect of the Ag constituent,
one-quarter portion of precursor solution was stirred under visible light for 2 hours and

labelled as sample A.



0.18 g of Na,S was added with constant stirring, to the remaining three-quarter portion of the
composite precursor and divided into halves. For the binary Ag,S-ZnO composite, one half of
the solution was magnetically stirred in the dark for 8 h to prevent a SPR photo-reduction of
the Ag constituent and labelled as sample B. Ternary Ag/Ag,S-ZnO composite was prepared
by stirring the other half under visible light for 2 hours. A color change from brown to purple
indicated that the Ag* cation has been photo-reduced to Ag® as previously reported in

literature [28].

The precipitates formed in sample A, B, and C were collected by centrifugation at 9000 rpm
and dried overnight at 70 °C in an oven. All the samples were ground to fine powder using a
mortar and pestle before they were used. A pictorial summary of the synthesis procedure is

illustrated in Fig 1.
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Fig. 1: Pictorial illustration of Ag/Ag,S-ZnO composites synthesis



2.2. Material Characterization

X-ray diffraction (XRD) spectra of all the catalysts were obtained using a PANalytical X'Pert Pro
powder diffractometer in 6-8 configuration with an X'Celerator detector, a variable
divergence and fixed receiving slits with Fe filtered Co-Ka radiation (A =1.789A). The
crystallinity of the samples was determined by selecting the best-matching patterns from an
X'pert Highscore plus software database. Scanning electron microscope (SEM) images were
captured using a Zeiss Ultra PLUS FEG SEM installed with an Oxford instruments detector and
AZtec 3.0 software SP1. Prior to the analysis the samples powders were dispersed on a carbon
tape, stripped firmly to and aluminium plate and coated with carbon in a SEM auto-coating
unit E2500. High-resolution transmission electron microscopy (HRTEM) imaging was captured
using a JOEL JEM 2100F, 200 kV analytical electron microscope. The sample powders were
meshed to a Formvar film and layered with a light carbon for stability upon exposure to the
electromagnetic beam. Brunuaer-Emmett-Teller (BET) surface areas of the materials were
determined using a micrometrics TriStar 11 3020 Version 3.02 BET system. The sample powders
were outgassed overnight to remove all the absorbed gases and moisture content using pure
nitrogen flow at 100°C. The N; adsorption-desorption isotherms were obtained at a boiling
temperature of 77.350K liquid nitrogen at 5secs equilibration interval. A PerkinEImer 100
Fourier-transform infrared (FTIR) spectrometer, MIRacle Zn/Se instrument was used to
identify the chemical and functional groups present in the samples. The samples spectra scan
for the samples were detected within a wavelength range from 4000 to 400 cm. Ultraviolet-
visible diffuse reflectance spectra (UV-vis DRS) to determine the absorption and bandgap
energy of the materials were obtained from a Hitachi U-3900 double-beam single-

monochromatic system with a UV-solutions software program. The sample powders were



suspended in distilled water to a known concentration and placed in a clean cuvette for
analysis. The absorption spectra were detected at a scan speed of 600 nmmin? and
wavelength range from 1100 to 350 nm. Photoluminescence spectra to determine the
emission potential of the materials was conducted using a FlouroMax-4 spectrofluorometer
series, HORIBA scientific, installed with a FluorEssenceTM software for data analysis. The
monochromators are Czerny-Turner design with plane gratings for optimized focus at all
wavelengths and minimum stray light. The base detector is a Photomultiplier R928P with
spectral coverage ranging from 200 — 870 nm. X-ray photoelectron spectroscopy (XPS) analysis
to determine the elemental compositions and electrochemical states of constituents at the
surface was done using a Thermo Fisher scientific ESCALAB 250Xi with a monochromatic Al Ka
X-ray source (1486.7 eV) operated at 300 W. To determine the thermal stability and volatility
of the samples TGA5500 from TA instruments was used at a heating rate of 10 °Cmin™! ranging

from 25 - 1000°C under inert nitrogen gas

2.3. Experimental

2.3.1. Reactor setup

The experimental setup consisted of a wooden box fitted with three Philips 18 W fluorescent
day light lamps to simulate visible light irradiation as shown in Fig 2. The luminous flux of the
lamp according to the product specification is 1200 Im each. The box was inner lined with
aluminium foil paper to support even distribution and reflection of the light. Three magnetic
stirrers were placed inside the box about 10 cm from the lamps to continuously stir three

batches of the slurry solution. The light intensity was calculated using the wattage and



distance of the reactor from the lamp and found to be 142.857 W/m?2. The temperature of the
reaction was monitored with a thermometer placed in the box and it was found to be 30 °C

(£5). A triplicate of runs was performed for the purpose of averaging results.

UWVisible simulation
Eghi Lamg

Reactor vessed

Polluted wader wilh
photocatatyst

Magnetsc stinmer bar

Magnetic shrrer

Fig. 2. Schematic batch reactor set-up

2.3.2. Degradation experiments

All the tests were conducted by dispersing 0.4 g/L catalyst in a 100 mL synthetic phenol in
water of 10 mg/L concentration. The solutions are magnetically stirred at 190 rpm under
visible light irradiation for 3.5 hours. At every 30 minutes interval, 2 mL samples were
withdrawn from the reaction and centrifuged. The supernatant is drawn with a syringe and
passed through a 0.45 um Millipore filter into HPLC sample vial bottles for analysis. The
photolysis (with light only) and adsorption (with catalyst in the dark) tests were conducted in
the same procedure and conditions. For the photocatalysis tests, the solution was first stirred
in the dark for 30 minutes to reach adsorption-desorption equilibrium before the illumination

for 3.5 hours. Optimization studies to determine the optimum degradation conditions was



carried out while varying factors like pH, initial concentration, and catalyst dosage. The initial
pH of the solution was adjusted with either HCl or NaOH and measured using a Celsius
scientific PL-700AL pH meter with glass electrode. The percentage of photo-degradation

achieved for each experiment is determined following the expression;

Co-G)
o * 100 (1)

(
Percentage Degradation =

where Cp is the initial phenol concentration before and C: the final phenol concentration after

irradiation time, t.

The progressive degradation of phenol was monitored using a Waters 2695 HPLC with a 2996
Photodiode Array detector and Empower software. Phenol was detected in a PAH C18 (4.6 x
250 mm, 5 pum) column at an injection volume of 10 pL, a flow rate of 1.0 mLmin? and
wavelength of 283 nm. The mobile phase was a mixture of 1 % acetic acid in water and
acetonitrile at 50 % elution each. Degradation intermediates were identified using a
PerkinElmer GC-MS — Clarus 600 T MS system compactible with a Clarus 600 GC with Elite 5MS
GC capillary column with dimensions, 250 um x 30 m. A Shimadzu TOC-V analyzer instrument
was used to quantitatively analyze the extent of phenol mineralization before and after

photocatalysis.

In order to determine the dominant reacting species, various scavenging tests were
performed. This was conducted by adding 5 x 103 mol/dm?3 of isopropyl alcohol (IPA for the
OHe radicals), p-benzoquinone (pBZQ for the O2¢~ radicals), triethanolamine (TEA, for the h*
Vg) and Cupper (Il) nitrate (C2N for the e™ Cg). Recyclability tests to investigate the stability of
the ternary Ag/Ag,S-Zn0 catalyst were also conducted. After each run, a sample is withdrawn

and set aside for analysis while the rest of the solution is centrifuged at 9000 rpm for 10
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minutes followed by decantation. The catalyst particles are dried and re-dispersed into a fresh

phenol solution for another run.

3. Results and discussion

3.1. Material characterization

The crystallinity and structural phase of the synthesised composites were examined by XRD
and the spectra are shown in Fig 3. ZnO naturally exist as a hexagonal wurtzite structure with
the lattice constants a = b =0.3249 nm, ¢ =0.52042 nm and specific mass density of 5.68 gcm-
3 at ambient conditions [29]. The patterns and values of the as-prepared ZnO composites
matches precisely with standard data (JCPSD card #36-1451) indicating that the desired
powders were purely synthesised. The peaks were intense and sharper at (100), (002), (101),
(102), (110), (103) and (112) planes which shows the high purity of hexagonal wurtzite crystals
of the ZnO catalyst [29]. All the XRD patterns of the catalysts reflect the existence of ZnO
peaks; however, a new peak was noticed at 45° in the ternary Ag/Ag,S-ZnO spectra signifying
the presence of Ag [30]. The typical size of silver sulphide (2 — 5 nm) is much smaller than the
minimum penetration depth of the XRD beam (approx. 2 — 3 um) [31]. Furthermore, the low
crystallinity of Ag,S and high difference between the metallic properties of Zn and Ag may be

a reason for little/no detection.
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Fig. 3. XRD Spectra for ZnO, Ag/Zn0, Ag,S-Zn0O and Ag/Ag,S-ZnO composites.

The morphology of the composites was analysed by SEM and the captured images are
presented in Fig 4a - d. ZnO resembles a flower-like structure with flakes of approximately 50
nm thick while Ag/ZnO showed clusters of spherical nanoparticles. The SEM images for Ag,S-
ZnO and Ag/Ag;S-Zn0 revealed a mixed agglomerate with angular/cube like structures with
wide particle size distribution about 100 nm and reduced to approximately 50 nm upon photo-
deposition. The change in morphology can be attributed to effect of the Ag,S doping and
plasmonic of Ag as literature reported [32]. The SPR effect of Ag causes clusters of grains

deposits to form on the surface composite [33].
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10 um

Fig. 4. SEM images for synthesised (a) ZnO; (b) Ag/ZnO; (c) Ag.S-Zn0O; (d) Ag/Ag.S-ZnO composites;
High-resolution TEM images for synthesised (e) ZnO; (d) Ag/ZnO; (f) Ag>S-ZnO and (g) Ag/Ag>S-ZnO

composites.



High-resolution TEM images of the composites are revealed in Fig 4e - h. Rod-like structure
decorated with spherical and hexagonal structures stacked layer by layer was detected for
ZnO ranging from 10 — 30 nm. The metallic Ag clusters formed on the exterior of the silver
modified composites indicated and interlayer d-spacing of 0.25 nm corresponding to the (111)
plane of Ag in JCPDS card #87-0597 [32]. The images showed good dispersion of the Ag,S
particles even though some layers were overlapping. A trigonal planar geometry was
identified in TEM images of Ag,S-ZnO and Ag/Ag,S-ZnO, the darker portion represents the

electron-dense region.

Surface area width plays an important role in photocatalytic degradation since larger surface
areas will have more active sites for reaction. The specific surface area and micropore size
distribution of all composites was calculated by N; adsorption isotherms and summarized in
Table 1. An insignificant reduction in the surface area of ZnO to Ag>S-ZnO from 4.95 to 4.62
m2g was attributed to the doping effect of a low surface area Ag,S material [34]. This resulted
to the collapse of pores and reduction of particles sizes; however, the surface area was
regained upon photo-reduction of the Ag particles due to the effect of SPR of the photo-
excited electrons at the surface [30]. The external surface area was observed to have
increased consistently with a decrease in micropore area for all the composites. The BET
isotherm for ternary Ag/Ag,S-ZnO in Fig. 5a is identified as a type IV according to IUPAC with
an H3 hysteresis loop indicating that microporous material was synthesised [35]. The step-
down in adsorption-desorption isotherm curves is as a result of the spontaneous evaporation

of metastable pore liquid known as “Cavitation” [36].
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Table 1: BET surface area charateristics

Catalyst BET surface Relative surface area Ext. surface area Micropore area
Area (%) (m?g?) (m’g?)
(m’g?)
Zn0 4.948 100 2.754 2.194
Ag/Zn0O 4.689 95 2.621 2.069
Ag>S/Zn0 4.622 93 3.061 1.561
Ag/Ag,S/Zn0O 4.954 100 3.226 1.728

The FTIR data of the composites were collected in the range of 500 to 4000 cm™ and shown
in Fig 5b. The band of peaks formed in the ZnO spectra between 1850 and 2500 cm™ were
apportioned to the C-H bond stretching by vibration of the alkane groups while the broad
band between 3527 and 3960 cm™ was due to the vibration stretching of the OH group. The
reoccurring peaks observed at 760 and 1048 cm™ in all the composites were ascribed to the
asymmetrical and symmetrical stretching of the zinc carboxylate and C=0 group of esters,
respectively. The optical photo-absorption bands observed at 608 and 726 cm™ is
corresponding to the E2 mode of hexagonal ZnO (Raman active) and 1330 cm™ may be
associated with oxygen deficiency and/or oxygen vacancy (VO) defect complex in the ternary

composites [37].

The optical and photo-absorption properties of the synthesized catalysts were examined by
UV-vis DRS and the results are revealed in Fig 5¢c. ZnO showed absorption in the UV range at
340 nm, but a red-shift towards the visible light region is observed about 400, 420 and 435
nm for Ag/Zn0O, Ag.S-ZnO and Ag/Ag.S-Zn0 respectively. The red-light shifting of ZnO can be
ascribed to the improvement of shallow bandgap levels caused by external atoms in the lattice

of ZnO and SPR effect of the Ag particles [38]. The shift in light absorption peak and



wavelength range confirms that the optical bandgap has be reduced and this can be estimated

with as;

Eg (eV) = (hc/A) (2a)

Where Egis the optical bandgap energy, h is Planck’s constant, c is the speed of light and A is
the maximum absorption wavelength. From the absorption spectrum data obtained in Fig 5c,
the bandgap energy of each composite was estimated using Tauc plots of absorbance, as

obtained from the Kubelka-Munk expression;

2= (he—Eg i (2b)
(hc) ’
(ahc)? = A (hc — Eg)n (2¢c)

From literature, the direct band transition known for semiconductors is, n = % and the photon
energy, hc = 1240 nm™ [39, 40]. The optical band gap for each composite was calculated by
extrapolating a linear intercept with the hc axis as seen in Fig 5d. The tailored optical bandgap
energy of ZnO, Ag/Zn0O, Ag.S-ZnO and Ag/Ag,S-ZnO were estimated to be 3.2, 2.72, 2.5, and

2.4 eV respectively, indicating that, the bandgap energy has been narrowed by 0.8 eV.
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Fig. 5. (a) N, adsorption-desorption isotherm for Ag/Ag>.S-ZnO; (b) FTIR spectra of all as-prepared
catalyst composites; (c) UV-vis absorption spectra and (d) bandgap estimation by Tauc plots of all the

composites.

The emission potential and movement of electrons in the catalysts were investigated at an
excitation wavelength of 325 nm, corresponding to ZnO bandgap energy of ~ 3.4 eV under
room temperature [41]. In Fig 6a, the PL spectra shows a consistent violet UV emission band
peak at around 393 nm and another band around 486 nm which increased in intensity for the

modified ZnO catalysts. This can be attributed to several intrinsic defects such as oxygen —



vacancies, interstitials and antisites, a further confirmation of its red-shift to visible light
region. The band edge emission at 393 nm is commonly ascribed to the recombination of
exciton levels [42]. Ag>2S-Zn0O and Ag/Ag,S-ZnO composites is observed to have lost intensity
in the UV region and subsequent gain in the visible light region suggests that, the

recombination of photo-generated electron-hole pair has been significantly suppressed [43].

The surface elemental composition and electrochemical states of the composites were
investigated using XPS and the results are presented in Fig 6b - f. The survey scan of Ag/Ag,S-
ZnO revealed the presence of Zn, O, Ag, C, Cl and S in Fig 5b. The Ag3d spectrum identified
two major peaks consistent at binding energy of 367.1 eV and 373.03 eV, which corresponds
to the reported values for Ag3ds,,, and Ag3ds,; signals of Ag* in Ag,S compound [44, 45]. The
smaller peaks at 367.3 eV and 347.4 eV are ascribed to the photo-reduced Ag® form of the Ag
compound. It was noticed that the intensity of the Ag peaks increased upon photo-reduction
in agreement with the color change that was observed during the composite synthesis. The
Zn major peak is identified at a binding energy of 1021.4 eV and another characteristic peak
at 1045.3 eV conforming to Zn2ps/2 and Zn2p1/> which implies that the zinc element is in a Zn?*
chemical state [31]. The O1s and C1s spectrum of Ag/Ag>S-ZnO in Fig 6e and f respectively,
showed fitted peaks of C=0, C-O, C-C, and O-C=0 bonds identified as water and radicals. Ag°
photo-reduction improves photocatalytic degradation efficiency following the adopted

expression [46];
Ag®+e” > Ag™ (3a)

Ag~+ 0, - 05 + Ag° (3b)
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composites; (d) Zn2P, (e) O1s, and (f) C1s XPS spectra for all the as-prepared composites.



3.2.  Photolysis, adsorption and photocatalytic degradation activity

Preliminary degradation investigations were carried out by conducting control experiments.
Here, visible light alone (photolysis) and the catalysts alone in the absence of light (adsorption)
were exposed to the phenol solution of the pollutant and adsorption capacity of the catalyst
composites, and the results are presented in Fig 7a. The Photolysis test recorded negligible
phenol removal (5 %) while adsorption using Ag/Ag,S-Zn0O resulted in 14 % phenol removal.
removal of phenol with light irradiation only. This was attributed to the adsorption of the
phenol molecules on to the active sites present on the surface of the catalyst. However, the
same Ag/Ag,S-ZnO composite had a near complete degradation of 98 % under visible light
irradiation. The increase in performance was assumed to be attributed to the photo-
generated degradation species that enhances the rate of the reaction. These tests, therefore,
confirm that both light and catalyst must combine under the right conditions for an effective

photocatalytic degradation.

3.2.1. Individual catalyst composite

As indicated in Fig 7b, each of the synthesised catalyst has its own unique bandgap energy,
which can be activated by different types of light based on the spectrum wavelength. The
efficiency of the each of the catalyst composites was compared in the degradation of phenol.
Fig 7c, shows that ZnO had the least activity (50 %) compared to the binary Ag/ZnO and Ag,S-
ZnO composites that achieved 64 % and 93 % phenol removal efficiency, respectively. As
expected the ternary catalyst Ag/Ag>S-ZnO recorded the highest phenol degradation of 98 %.

The improvements in degradation efficiency were ascribed to the effect of bandgap narrowing
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by metallic doping and SPR dipolar effect of Ag* ions of Ag/Ag,S on the overall composite.
However, excess Ag photo-deposition on the composite surface may lead to light hindering
and low degradation activity [22]. In comparison, investigations revealed an improved
performance in a visible-light driven photoreduction of 2-nitrophenol using Ag and Pd doped
in MIL-125-NH,@CA matrix film. This attributed to overall bandgap reduction of the
composite film due to the doping effect of Pd and Ag metals [17]. Other photocatalytic
investigations using the ZnO, Ag,S and Ag, modified with other semiconductor materials as

catalyst are reviewed in Table 2.

Table 2: Literature review of Ag, Ag,S, and ZnO constituents in photocatalysis

Catalyst UV-Vis Pollutant/Dye Degradation Reference
composite wavelength
range

Zn0/GO 430 nm Vanillic acid 35% [47]
Zn0/Ag,S@rGO >375 nm Acetaminophen 47 % [48]
Zn0O/Ag,S 700 nm Methylene blue 90.5% [49]
Zn0O/Ag 446 nm Methylene blue 95 % [50]
Ag,S - SERS detection 78 % [51]
GO/Ag/Ag,S-TiO, 584 nm Crystal violet 80.01% [52]
Ag/Ag,S/rGO - Ciprofloxacin 87.6% [53]
Ag/Ag>.S/Bi;MoOg 465 nm Levofloxacin 87.3% [54]

Ag/Ag,S-Zn0O 435 nm Phenol 98 % Current work




3.2.2. Effect of catalyst dosage

The amount of catalyst loading is one of the major parameters that affects the efficiency of
degradation. This investigation was carried out by varying the amount of the ternary Ag/Ag,S-
ZnO catalyst from 0 to 1 g/L at a 10 mg/L of phenol in water. The results in Fig 7d revealed
good photocatalytic activity with 0.4 g/L being the optimum degradation at 98 % degradation.
However, a gradual decrease in performance was observed as the catalyst dose was increased
to 1 g/L. The decline in reaction rate can be attributed to high turbidity of the suspension and
agglomeration of catalyst particles in the reactor. As a result, there is blockage of active sites
on the catalyst surface as well as restriction of light penetration for catalyst activation.
Likewise, a smaller dosage of the catalyst 0.2 g/L had a lower degradation efficiency at 75 %
due to an insufficient number of active sites, less production of free radicals and increased
light scattering [55]. Catalyst loading of 0.6, 0.8 and 1 g/L achieved 96, 91 and 83 %

degradation respectively.
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The results from using the various synthesised composites and the varying catalyst dosages
were found to follow the Langmuir-Hinshelwood degradation kinetics model for

heterogeneous photocatalytic surface reactions [56], expressed in equation 4a;

dc _ k maxK Cphenol (4 )
_——_— e —_— a
dt 1+K Cphenol

where kmax (Min) is the reaction rate constant at maximum experimental conditions. K is the
Langmuir-Hinshelwood adsorption coefficient and Corenor (mg/L) is the phenol concentration
with respect to time, t, during degradation. Equation 4a can be simplified by integration into

a pseudo-first-order equation as;

Ct
In(=—
ky = — (—(:0)> (lim: C¢ = Co = Cohenol Gt t = 0 = t; given ki = kmaxK) (4b)

The degradation kinetic model was selected since it can be applied for various photocatalytic
systems irrespective of the difference in concentrations and adsorption potential [57]. The
rate constants were calculated using Eqg. 4b and the comparison of degradation linearity value
is fitted in Fig 7e and f. The high degradation rate constant of the ternary Ag/Ag,S-ZnO (Ki-
value = 0.01987 min!) composite corresponds with it being the highest efficient degradation
performance. Likewise, as the catalyst loading is increased from 0 to 0.1 g/L the Ki-values
increased and was optimum at 0.04 g. A steady decline above 0.04 g loading was noticed,
which is due to particle agglomeration and turbidity in the reactor leading to the blocking of

active sites and light penetration.

Chi-square test, (x2c), was calculated for the pseudo first order kinetic to check the best fitting
data and test the uniform distribution of a “no hypothesis” or “alternative hypothesis” fit. It

is expressed as:
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5 _ Y(Observed—Expected)?

X, = 5
¢ Expected )

This was done using experimentally observed data and an expected complete degradation at
a 5 % significance level. For each kinetic study, the degree of freedom, (df = n — 1) was
calculated based on the number of categories (n) and the area to the right of the critical value,

(Cv), was obtained from the chi-square distribution table.

The parameters for the reaction kinetics which includes the rate constants of reaction, chi-

square test and regression coefficient (R?) are shown in Table 3 and 4.

Table 3: Parameters for the reaction kinetic modelling based on catalyst dosage

Catalyst dosage Kix 103 Observed Data x? R?
Ag/Ag>S-Zn0O (min?) % Degradation Cy =11.071

(g/L)

0.2 6.54 75 6.25 0.98

0.4 19.66 98 0.04 0.93

0.6 14.79 96 0.16 0.90

0.8 11.24 91 0.81 0.98
1 8.57 83 2.89 0.98

The lower x% values and higher R? values of both kinetic studies confirm the degree of
accuracy or statistical fitness of the degradation efficiency to the applied pseudo first order
kinetic model [16]. From Table 3, all the calculated chi-square lies in the “do not reject” region
which confirms a “no hypothesis” that the experimental data was observed with relatively
equal frequencies. Hence the variation in results obtained is not significant to accept an

“alternative hypothesis”.



Table 4: Table 2: Parameters for the reaction kinetic modelling based on individual catalysts

Individual catalyst K:x 10?3 Observed Data x2 R?
(0.4 g/L, 10 ppm) (min?) % Degradation Cy = 9.488
Photolysis 0.23 5 90.25 0.98
Zn0O 3.29 50 25 0.97
Ag/ZnO 4.83 64 12.96 0.99
Ag2S-ZnO 12.63 93 0.49 0.98
Ag/Ag,S-Zn0 19.87 98 0.04 0.98

In contrast, the calculated chi-square values for photolysis, ZnO and Ag/ZnO lies to the right
area of the critical value and rejects the “no hypothesis” as seen in Table 4. However, the
binary and targeted ternary catalysts area, lies deep to the left of the critical value and fully

satisfy the fitting analysis.

3.2.3. Effect of initial phenol concentration

The influence of initial phenol concentration in water was investigated by varying the initial
concentrations (10, 20, 50, 80 and 100 mg/L) while keeping the dosage at 0.4 g/L constant.
Fig 8a shows an increase in the initial phenol concentration from 10 to 100 mg/L resulted in a
decrease from 98 to 42 % phenol removal. Similar photocatalytic degradation trends have
been reported in literature [58-60]. The possible reason for the deterioration in degradation
activity is due to the competitive adsorption of excess phenol molecules to few available
active sites at surface of the catalyst. Additionally, it may be possible that the amount of ¢«OH
radicals generated reduces with an increase in phenol concentration. As a result, the reaction

between the phenolic molecules with the generated electron/hole pairs and hydroxyl radicals
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is inhibited. Also, increase in concentration of pollutant results in fewer transmission of
photons to the surface as reported in the degradation of Rhodamine B dye using

Gelatin/CuS/PVA composite [61].

3.2.4. Effect of pH

Phenol is naturally a very weak acid as it is capable of losing H* ions from its OH functional
groups [62]. The degradation efficiency is highly dependent on the pH as it affects particle
agglomeration, surface properties such as the electrostatic charges and adsorption of
pollutant molecules [63]. The zero proton condition (zpc) for ZnO is basic at pH 10, whereas
Ag,S is an ionic and acidic compound, thus the combination is certain to have reduced the
number of protons of the overall composite [64]. When dispersed in acidic medium, the
surface of the composite tends to be positively charged; likewise, an alkaline solution will
result in negatively charged surface. The phenol solution was adjusted by adding in drops, 0.2
M HCl or NaOH to a pH range of 3 to 11 and tested using the Ag/Ag,S-ZnO catalyst as seen in
Fig 8b. At pH 3, only 17 % phenol was removed, this is due to the electrostatic repulsion
between the phenol molecules and the very positively charged catalyst surface [62]. In
contrast, pH 7 achieved a 97 % degradation since adsorption improved between the
negatively charge phenol molecules and positively charged catalyst surface. High pH values of
9 and 11 supports carbonate ions formation, which are scavengers of the OH radicals. As a
result, the catalyst surface is negatively charged, phenolate ions dominates the reaction,

adsorption becomes weak and degradation efficiency is reduced [65].



3.3.  Role of radical species

Photocatalytic degradation is achieved when the hydroxyl and superoxide free radicals and
the photo-generated electron/hole pairs attack molecules of the pollutant in agueous phase
[66]. The reactive species (¢OH, Oz¢~, h*, and e™ ) are likely to reduce and oxidize phenol
molecules into lower aliphatic/aromatic compounds and less harmful products [66]. In order
to determine the rate-limiting step, scavengers of these photo-induced species were used as
diagnostic trappings of the overall photocatalytic degradation process. Fig 8c, revealed a 52
%, 49 %, 6 % and 50 % phenol degradation efficiency upon the addition of IPA, BZQ, TEA and
C2N scavengers respectively. IPA, BZQ and C2N exhibited an insignificant influence on
photocatalytic activity of Ag/Ag.S-ZnO compared to TEA, which extremely inhibited the
degradation of the pollutant. The dominant quenching effect of the h* scavengers can be
attributed to the excess movement of electrons to the surface to react with oxygen and the
photo-generated superoxide radicals leaving the holes behind. Hence, this investigation has

identified O,¢™ as the main active specie of the degradation.
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(c) Role of photo-generated radical species degradation test using Ag/Ag>S-ZnO composite; (d)

Ag/Ag,S-Zn0 composite reusability test over five consecutive degradation runs.

3.4. Catalyst recyclability

The ternary Ag/Ag,S-ZnO catalyst demonstrated good stability in the degradation of phenol
after five recycling runs as seen in Fig 8d. After each sequential run, the catalyst particles were
recovered by centrifugation followed by decantation before it was re-dispersed into a fresh
phenol solution. A gradual relapse of about 12 % in degradation potency was noticed between

consecutive cycles. This can be attributed to several reasons such as blocking of surface-active




sites by degradation intermediates/products, which has limited the diffusion of the fresh
pollutant molecules through the inner pores to the surface [67, 68]. Reported study on the
adsorption of dimethoate onto a Cu-BTC@CA membrane gradually reduced from 321.9 mg/g
to 249.4 mg/g resulting in 22.5% loss after 5 recycling runs [15]. In addition, the decline in
efficiency may be because of the regression of the catalyst adsorption capacity and/or
incomplete photocatalyst regeneration. The amount of substrate accumulated at the surface
causes saturation that affects the photonic efficiency of the composite [69]. The first cycle had

87 % phenol degradation and could only degrade 41 % after the fifth cycle.

3.5. Total Organic Carbon (TOC) — Phenol mineralization test

GC/MS analysis of the degradation product identified intermediate peaks with mass/charge
(m/z) ratio of 110 (hydroquinone/resorcinol/catechol), 108 (benzoquinone), 118 (succinic
acid), and 90 (oxalic acid) (refer to supplementary Fig 1. This is similar to reported results in
literature for the photocatalytic degradation of phenol [70]. These intermediate products
undergo further mineralization to form ring cleavages of carboxylic acids and aldehydes,
which further decarboxylases to give CO; and H,O [71]. TOC mineralization test was
conducted using only the ternary Ag/Ag.S-ZnO catalyst under optimum photocatalytic

degradation conditions for 24 hours.
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A back-calculation to determine the mass of carbon per litre from the non-purgeable organic
carbon (NPOC) of each of the sample, using the carbon mass portion for phenol standard
conversion factor (0.766). Fig. 9 showed that the degradation product already had 10 %
mineralization in the normal photocatalytic degradation of 3.5 hours. The extent of
mineralization, increased to 32 % when the residence time was doubled to 7 hours and further
24 hours resulted in approximately 74 % mineralization. These results affirms that a longer
reaction time is needed to achieve a complete mineralization of the phenol intermediates
formed after degradation, as they seem to be more obstinate compounds than phenol itself

under the same photocatalytic conditions.

3.6. Degradation mechanism

According to the results from the material characterisation and degradation tests conducted,
a possible mechanism for the improved photocatalytic degradation was proposed in Fig 10a

and b. Semiconductor photocatalyst composites have been successfully synthesised to



narrow the overall bandgap, inhibit e /h* pair recombination rate, charge separation and
enhance photosensitivity in the visible light region. Upon light irradiation (hv), the
photocatalysts generates electrons and holes (e/h*) pairs at the surface, which are the strong

redox agents responsible for efficient degradation. The reaction proceeds as;

Photocatalyst composite + hv — ¢ OH + H™ (5a)

Some of the photo-generated e /h* pairs react with water and oxygen at the surface, as such;

0,+e” - 05" (5b)
2H,0 + 0, +e~ - 0OH + 20H™ (5¢)
OH™ + ht -« 0H (5d)

In Fig 15a, the conduction and valence bands of ZnO were estimated on the NHE vs eV scale
as 0.0 eV and 3.37 eV, and were narrowed with AgS, estimated as -0.007 eV and 1.09 eV. The
low bandgap energy of Ag (0.799 eV) generated by photo-deposition further increases the

visible light photonic efficiency [72]. These bandgap energies were calculated by the formulas;

Ece=X—Ec—0.5E, (6a)

Evs = Ecg + Eg (6b)

Based on the schematic diagram in Fig 15b, metallic Ag,S had been doped on ZnO to enhance
the separation of e/h* pair such that the electrons are transferred to the metal surface far
from the holes. By photo-deposition with visible light activates, the Ag* state is photo-reduced
to Ag® which polarizes the photo-generated e’/h* by SPR effect. The plasmonic effect of Ag°®
on the composite causes the electron to be farther away from the interface with holes at the

Ag,S-Zn0 surface [73]. Phenol degradation was facilitated by strong oxidizing agents such
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that; at the surface, electrons oxidizes oxygen to form superoxide radicals (O*;) while the
holes oxidizes the S and Zn to SO?; and Zn?* ions in their reduced form respectively [74]. In
reference to the degradation radical forensic test conducted as shown in Fig 8c, the addition
of the triethanolamine (h* scavenger) drastically inhibited the reaction process; suggesting
that the photo-generated holes are the primary drivers for the degradation mechanism.
Generally, the mechanism postulates that while ZnO provides the surface area, photo-
deposition of Ag/AgsS increase the actives sites, as the Ag* tends to contribute to the overall

composite chemical stability [75].
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Fig. 10. (a) Mechanism of Ag/Ag2S-Zn0O photocatalysis and (b) Schematic NHE vs eV bandgap tailoring.

4, Conclusions

An SPR-enhanced composite based on Ag/Ag,S and ZnO for visible light responsiveness were
prepared by a simple hydrothermal method followed by photo-deposition. The composites

were characterised using various techniques to ascertain their crystallinity, purity,



morphology, absorption potential and chemical states. Degradation parameters such as
catalyst dosage, initial concentration, effect of pH were optimized using the target composite,
Ag/Ag,S-Zn0. The as-synthesised composites demonstrated excellent photocatalytic activity
at 0.4 g/L loading for the degradation of 10 mg/L phenol in water under 3.5 hours of visible
light illumination. Investigations on the effect of light intensity under simulated and real solar
(sun) visible light is recommended. The role of the photo-induced radical species was
elucidated through scavenging tests, the holes and superoxide radicals were identified as the
main species for photodegradation. Phenol achieved 74 % mineralization to CO, and H,0 after
24 hours residence time. The recycling test revealed a gradual 12 % loss in activity after
consecutive runs, therefore future work on the recovery method and regeneration of the
catalyst is recommended. This work reports a novel way to develop highly enhanced visible-
light-induced photocatalyst composites, which could be applied in the development of hybrid

materials for polluted water treatment.
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List of Nomeclature

Ag Silver

Ag,S Silver sulphide

BET Brunauer-Emmett-Teller
C2N Cupper () nitrate

Cs Conduction band

e/h* electron/hole

eV electron Volt

FTIR Fourier-Transform Infrared

g/L gram per Litre



HPLC High Performance liquid Chromatography

IPA Isopropyl alcohol

Kmax maximum rate constant

min minutes

mg/L milligram per Litre

mL millilitres

nm nanometre

p-BZQ p-Benzoquinone

PL Photoluminescence

SEM Scanning electron microscope
SPR Surface Plasmon Resonance

TEA Triethanolamine

TEM Transmission electron microscope
uv Ultraviolet

UV-Vis Ultraviolet-Visible

Vs Valence band

XPS X-ray Photoelectron Spectroscopy
XRD X-ray Diffraction

ZnO Zinc Oxide
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