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Metal nanoclusters have shown great potential in photocatalysis, while simultaneous removal of both
inorganic and organic contaminants by metal nanoclusters under visible light is less explored. Here, we
synthesized Ag,,(SR), (SR represents 3-mercaptopropyltriethoxysilane ligand) nanoclusters (~1 nm) via
a reduction of silver triphenylphosphine under ambient conditions in the presence of 3-mercaptopro-
pyltriethoxysilane. The nanocluster was characterized by UV-vis spectroscopy, high resolution
transmission electron microscopy (HRTEM), Fourier transform infrared spectrum (FTIR), and X-ray
photoelectron spectroscopy (XPS). Under 5W blue LED, the Ag,,(SR),/P25 exhibits enhanced catalytic
activity for simultaneous methyl orange (MO) oxidation and Cr(VI) reduction, and also for synchronous 4-
chlorophenol oxidation and Cr(VI) reduction. Mechanism studies by electrochemical impedance
spectroscopy (EIS), photoluminescence (PL), electron spin resonance (ESR) etc. and control experiments
reveal that the unique structure of silver nanoclusters with thiolate ligands is vital to the high catalytic
performance, and both the photo-generated holes and superoxide radicals are responsible for the
decomposition of MO.
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Metal nanoclusters (NC, < 2 nm), usually consisting of a few to a
hundred atoms, and the sizes of which are comparable to the Fermi
wavelength of electrons, have attracted special attention in
catalysis, bioimaging, and many other areas due to their unique
physicochemical properties [1-6]. Such materials exhibit molecu-
lar-like properties originating from quantum confinement effects,
which manifest HOMO-LUMO gap. The energy gap of nanoclusters
generally falling into visible light energy region makes them
appropriate candidates for visible light photocatalysis.

Due to intentional industrial dumping and agricultural activity,
water pollution, including both inorganic metal ions (such as
Cr(VI)) and organic compounds (such as phenols), has become one
of the primary environmental problems that human being is facing
and straightly harms the Earth’s health of life [7,8]. To eliminate
these contaminants, visible light-driven photocatalysis, which is
one of the most promising and eco-friendly method [9,10], has
drawn increasing attention for water purification and environ-
mental protection because of low energy consumption [11,12]. In
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order to maximize the solar energy conversion efficacy, efficient
and stable nanomaterials are needed to collect visible light [13].
Apart from semiconductor photocatalysts, well-dispersed noble
metal nanoparticles with unique surface plasmon resonance
(LSPR) were explored as visible light response assistant in
photocatalysis [14-17]. Recently, it was found that hot carriers
generated from interband transitions are more efficient than those
carriers generated merely by LSPR in catalysis [18], especially
thiolate protected nanoclusters with discrete energy structure
have attracted mustard interest and used as photosensitizers in
light harvesting and conversion process [19-21], which may
provide an alternative route to the development of photocatalysts.

As for the photocatalytic degradation, inorganic and organic
pollutions usually coexist in waste water, thus harnessing them
simultaneously should be more efficient and convenient. Notably,
elongated TiO, prepared by Zheng’'s group showed good perfor-
mance for simultaneous photocatalytic phenol oxidation and
Cr(VI) reduction under UV light [22]. Zhang et al. achieved visible
light photocatalytic degradation of phenol and chromium through
doping bismuth into TiO, [23]. Li et al. using hydroxylated Fe,03
realized 70.2% ratio of Cr(VI) reduction and 47.8% ratio of 4-
chlorophenol oxidation synergistically under high power Xe lamp
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Fig.1. (a) UV-vis absorption spectra. (b) TEM image and size distribution histogram
(insert) of Agmn(SR),. (c) TEM image and size distribution histogram (insert) of
Agm(SR),/P25. (d) HRTEM image of Ag,,(SR),/P25. (e) EDX mapping of the Ag,(SR),/
P25.

[24]. However, most of the above studies either carried out under
UV light or could not achieve high degradation efficiency for both
organic and inorganic pollutants simultaneously.

Herein, we report a simple and effective strategy to synthesize
ultrasmall Ag,(SR), nanoclusters. The Ag.,(SR), loaded on P25
shows excellent photodegradation performance on methyl orange
(MO) under low power LED lamp (5W), which is a long life span,
high energy efficiency, cost effective, and mercury free lamp
compared to mercury lamp or high-energy xenon lamp. Moreover,
this Ag,(SR),/P25 catalyst also exhibits high photocatalytic
activity for the simultaneous degradation of two kinds of
pollutants, i.e., one organic (MO, 4-chlorophenol) being oxidized
and the other inorganic (Cr(VI)) being reduced.

Thiolate protected Ag.,(SR), (SR presents 3-mercaptopropyl-
triethoxysilane) nanoclusters were prepared by a modified size
focusing method (details in Supporting information). Briefly, 3-
mercaptopropyltriethoxysilane was added to etch Ag(PPhs)s;Cl
followed by reduction using NaBH, [25]. The UV-vis absorption
spectrum in Fig. 1a showed an absorption peak at 480 nm, which is
different from the surface plasmon absorption of Ag nanoparticles
(NP) [26-30], indicating the possibility of non-metallic nature of
the silver clusters [31]. The morphology and size of Ag,(SR),
nanoclusters were analyzed by transmission electron microscopy
(TEM). As shown in Fig. 1b, the Ag,,(SR), nanoclusters are almost
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monodisperse with an average size of 1.20 nm, which shows that
the particles synthesized are very small and may only consist of a
few atoms (less than 100) [32]. Then, Ag,(SR),, was supported on
P25 by co-hydrolyzing thiolate ligands 3-mercaptopropyltriethox-
ysilane with the surface hydroxyl of P25 to improve its stability. To
acquire comprehensive understanding of the structure of
Ag(SR),/P25 catalysts, high-resolution transmission electron
microscopy (HRTEM) was used to characterize Ag,,(SR),/P25. As
can be seen from Figs. 1c and d, the silver clusters were uniformly
distributed on the surface of P25 with an average size of 1.5 nm (in
accordance with that of unsupported clusters). Energy dispersive
X-ray (EDX) spectroscopy analysis of the catalysts showed that
silver and sulfur species were uniformly distributed on the P25
(Fig. 1e). The results illustrate that being loaded onto P25 can
prevent Ag,,(SR), nanoclusters with thiolate ligands from aggre-
gating effectively. To further confirm the structure of the silver
cluster, the Fourier transform infrared spectrum (FTIR) was
conducted for both P25 and Ag,,(SR),/P25 (Fig. S1 in Supporting
information). The stretching vibration peaks of C—H at 2977 cm ™!
and 2923cm™! of Agn(SR)./P25 demonstrated that the 3-
mercaptopropyltriethoxysilane ligands of Ag,(SR), still existed
after being loaded on P25, indicating the intact loading of Ag,,,(SR),..

The optical properties of the as-prepared samples were
investigated by UV-vis diffuse reflectance spectroscopy, which
was shown in Fig. S2 (Supporting information). The absorption
peak of Ag.,(SR),/P25 gave a red shift to 490 nm, indicating the
interaction between silver nanoclusters and P25. For comparison,
we prepared Ag nanoparticles (Ag NP) with an average size of
8.0 nm supported on P25 by a photo-reduction method (Fig. S3 in
Supporting information). AgNP/P25 had an absorption peak at
around 400~600 nm, which is caused by LSPR effect.

To reveal the surface chemical compositions of the photo-
catalysts, X-ray photoelectron spectroscopy (XPS) analysis was
conducted on both AgNP/P25 and Ag.,(SR),/P25. The full-scan
spectra revealed that Ti, O and Ag elements co-exist in the AgNP/
P25, while Ag,,(SR),/P25 composite contained not only Ti, O and Ag
elements, but also S (Fig. 2a). These results agree well with the EDX
analysis, further confirming the successful loading of silver
nanocluster on P25. For an in-depth analysis of the Ag 3d peaks,
the corresponding high-resolution XPS spectra of the Ag,,(SR),/
P25 and AgNP/P25 were shown in Figs. 2b and c, respectively. Two
distinct peaks centered at 368 eV and 374eV binding energies
correspond to Ag 3ds;, and Ag 3ds, of Agm(SR), respectively,
which indicates Ag existed in the form of Ag" on the surface of
Agnm(SR),/P25. The positive charge of Ag arises from the intact
thiolate ligands of silver clusters and the existence of thiolates
ligands has already been verified by IR results. The S signals of
Agn(SR),/P25 XPS spectra (Fig. 2d) further demonstrates the
presence of mercapto ligands [33]. The peaks centered at 162.9 eV
is in good agreement with the thiolates species, which indicates
the formation of S-Ag bond. Another peak at 168.5eV can be
attributed to sulfonates generated due to X-ray beam induced
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Fig. 2. (a) XPS survey spectra of Ag,,(SR),/P25 and AgNP/P25. High-resolution XPS spectra of (b) Ag 3d of Ag,,(SR),/P25, (c) Ag 3d of AgNP/P25, (d) S 2p of Ag,,(SR),/P25.
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Fig. 3. (a) Photocatalytic degradation efficiencies of MO and (b) pseudo-first-order kinetic model with different catalysts under 465 nm blue light. Pseudo-first-order kinetic of
different catalysts for photocatalytic degradation (465 nm blue-light) of (c) MO and Cr(VI) simultaneously, (d) 4-CP and Cr(VI) simultaneously.

oxidation of thiolates [34]. It should be note that two peaks
centered at 368 eV and 374 eV binding energies in Fig. 2b attributed
to Ag®, indicating the core of the silver clusters were not bound to
thiolates. This core-shell structure of silver nanocluster may
contribute to its photocatalytic activity [3]. To be contrast, the
signals of Ag in Fig. 2c manifest the presence of Ag" species in
AgNP/P25. The formation of positive charge silver is ascribed to the
Ag particles binding strongly to P25 surfaces instead of a simple
adsorption on P25 surfaces, which has been reported by Huang
et al. [35] and Cheng et al. [36].

The photocatalytic activities of the as-prepared samples were
evaluated using methyl orange (MO) as a model contaminant
under a 5W blue LED lamp (460—470 nm). As shown in Fig. 3a, the
dark region signified that the system was stirred in the dark for 1 h
to assure the establishment of adsorption-desorption equilibrium
between the catalysts and reactant. The degradation of MO can be
neglected under visible light in the absence of the catalyst. The
pure P25 sample exhibited low photocatalytic degradation activity
with 27.9% MO decomposed. The photo catalytic efficiency of
AgNP/P25 was only about 18.9% under identical conditions, which
showed no obvious improved catalytic activity compared with P25,
indicating inconspicuous photosensitized degradation. However,
the degradation activity of Ag,,(SR),/P25 significantly improved to
99.2%, indicating the distinct role of silver nanoclusters. It should
be note that the stronger adsorption of Ag,,(SR),/P25 (10.7%) on
MO than that of AgNP/P25 (1.2%) was facilitated to the high
catalytic activity and all the degradation data was the average of
repeating for three times. In addition, the pseudo-first-order
kinetic model was expressed by Eq. 1 to describe the photocatalytic
degradation process of MO, where k is the rate constant of pseudo-
first-order kinetics and t was the irradiation time. Fig. 3b displayed
a nearly straight line for the plots of irradiation time versus the
—In (C¢/Co), and the k for Ag,,(SR),/P25 was 0.4090 h~!, which was
about 14 times of pure P25 and 19 times of AgNP/P25.

In(Cy/Co) = —kt (1)

To further test the applicability of Ag,,(SR),/P25 catalysts, green
LED light (505nm) was applied to conducted the degradation.
Fig. S4 (Supporting information) showed that the degradation rate
of Ag»(SR),/P25 on MO were 5 and 10 times higher than those of
P25 and AgNP/P25. Moreover, simultaneous photocatalytic MO
oxidation and Cr(VI) reduction, 4-chlorophenol oxidation and
Cr(VI) reduction, were conducted since the inorganic and organic
pollutions usually co-exist in waste water. The degradation rate of
MO was increased steeply to 0.273 min~! (vs. 0.409h~', Figs. 3b
and c¢) when Cr(VI) existed in the system, in which situation both
electrons and hole can be consumed, and the consumption of
electrons by Cr(VI) reduction further promoted photo-generated
carriers separated efficiency of Ag,,(SR),/P25. It should be pointed
that MO oxidation and Cr(VI) reduction rates catalyzed by
Agm(SR),/P25 were 1.6 and 4.4 times higher than that of P25,
respectively (Fig. 3c). Similar situation also occurred for 4-

chlorophenol oxidation and Cr(VI) reduction, where 4-chlorophe-
nol oxidation and Cr(VI) reduction rates catalyzed by Ag,,(SR),/P25
were 1.8 and 7.5 times higher than that of P25, respectively
(Fig. 3d). No pollutants were diminished without catalysts for all
the systems under LED irradiation.

In order to investigate the influence of structural variation of
silver nanocluster on the catalytic activity of Ag,,(SR),/P25, the
catalysts was treated at different temperature. After the calcina-
tion, the size of the silver nanocluster gradually grew up (Figs. S5a-
¢ in Supporting information). The XPS spectrum of S signals of
Ag(SR),/P25 calcined at 500°C (Fig. S5d in Supporting informa-
tion) demonstrates that almost no thiolate ligands existed after the
calcination. The ligands are very vital to the metal nanoclusters to
sustain their structures and the corresponding chemical nature
[37,38]. The removal of SR ligands would result in Ag cores exposed
and then agglomerated to larger ones. Fig. S6a (Supporting
information) showed that the photocatalytic activity of the
calcined Ag,(SR),/P25 was gradually decreased. Thus, sustaining
the intact structure of Ag,,(SR), with thiolate ligands is essential to
the catalytic activity of the catalysts.

To further investigate the photocatalytic degradation mecha-
nism of Ag,(SR),/P25 and reveal the contribution of the primarily
active radical species during the degradation reaction, different
charge scavengers were introduced into the degradation of MO
[39,40]. Ignorable inhibition to the degradation was shown by
isopropanol (IPA), indicating that the '‘OH almost does not
contribute to the degradation of MO (Fig. 4a). This is different
from the degradation mechanism of P25 on organic compounds, in
the system of which "OH is usually the main active species [41],
indicating the decisive role of Ag.,(SR), nanoclusters. The
degradation efficiency of MO was significantly inhibited to only
34.7% using ammonium oxalate (AO) as a scavenger compared
with 99.2%, indicating the indispensable role of holes generated by
Ag nanoclusters. Moreover, the degradation efficiency of MO was
significantly increased to 96.8% by adding K,S,0g, which is an
electron scavenger. It is noteworthy that K;S,0g itself can only
degrade 9.1% of MO under visible, while adding K,S,0g into
Agn(SR),/P25 can degrade 28.5% of MO under dark conditions
(Fig. 4b), indicating that K»S,0g had almost no degradation activity
on MO. Therefore, there is a synergistic effect between Ag,,,(SR),/
P25 and K,S,0g under visible light. The main reason is that the
addition of K,S,0g can capture e, thus inhibiting the recombina-
tion of electron hole pairs and increasing the availability of h*
species in the reaction system [42].

The p-benzoquinone (BQ) significantly inhibited the degrada-
tion efficiency to 10% (Fig. 4a), indicating that the O, ~is involved in
the catalytic degradation process [43,44]. Further, Fig. 4c exhibited
that when the Ag,,(SR),/P25 was exposed to visible light, six
typical O, " signals were detected by electron spin resonance (ESR),
while in the dark there was no signal, demonstrating that O, is
formed in the process. However, pure P25 did not track significant
signals in both dark and light conditions. These results clearly
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Fig. 4. (a) Photocatalytic degradation of MO with different scavengers under 465 nm blue light. (b) Photocatalytic degradation of MO by Ag;,(SR),/P25 and K,S,0g under

465 nm blue light. (c) ESR spectra (white light), (d) cycling runs (465 nm blue-light),

P25.

demonstrated that O, is also the main active specie in the
photocatalytic degradation process of Ag.,(SR),/P25. Fig. 4d
showed that after five consecutive cycles in the presence of
K5S,0g, the photocatalytic activity of Ag.,(SR),/P25 on MO
degradation can also be maintained at a high level, indicating
the good photo-stability of the as-prepared samples.

To reveal the origin of the higher catalytic activity of Ag,,(SR),/
P25, photocurrent response, electrochemical impedance spectros-
copy (EIS) and photoluminescence were used to evaluate the
separation efficiency of the photogenerated electron and hole
pairs. As shown in Fig. 4e, the photocurrent density of Ag,,(SR),/
P25 was significantly higher than those of AgNP/P25 and pure P25,
exhibiting an enhanced photocurrent density. The arc radius of the
EIS Nyquist plot of the Ag,,(SR),/P25 was the smallest among all of
the catalysts (Fig. 4f), verifying that the Ag,(SR),/P25 had the
lowest electron transfer resistance. The photoluminescence
spectroscopy in Fig. S7 (Supporting information) showed that
Agn(SR),/P25 gave a lower fluorescence intensity, implying the
lower electron and hole recombination efficient of Ag,,(SR),/P25.
All the above results indicated that Ag,,,(SR),/P25 exhibited an
enhanced separation efficiency of charge carrier, which could be

i

Fig. 5. The proposed mechanism for photocatalytic degradation catalyzed by
Agm(SR),/P25.

(e) photocurrent responses (white light) and (f) EIS of the P25, AgNP/P25 and Ag,,,(SR),/

attributed to the core-shell structure and quantum confinement
effects of Ag,,(SR), with discrete electronic structure.

According to the experimental results and analyses, the
probable mechanism thus is proposed and shown in Fig. 5. The
role of Ag,(SR), nanoclusters is similar to that of narrow band gap
semiconductors, and its LUMO energy level is equivalent to the flat
band potential of semiconductors, which can be measured by
Mott-Schottky plots [45]. The photo-generated electrons of
Agn(SR), are injected into P25 because the LUMO energy level
of Ag;u(SR), (—0.58V vs. Ag/AgCl) is higher than the conduction
potential (—0.26V vs. Ag/AgCl) of P25 determined by the Mott-
Schottky plots (Fig. S8 in Supporting information). The excited
electrons can reduce the O, to O, species and also reduce Cr(VI) to
Cr(III) in the simultaneous degradation both organic and inorganic
pollutants system. The MO and 4-chlorophenol are oxidized by
0, in addition to holes.

In summary, we developed an effective method to synthesize
ultrasmall Ag,,(SR),, which exhibited outstanding photocatalytic
activity for the photocatalytic degradation of MO under both blue
and green light. Moreover, simultaneous oxidation of MO/4-
chlorophenol and reduction of Cr(VI) are smoothly achieved by
Ag.(SR),/P25. The ultra-high photocatalytic activity of the nano-
cluster was mainly attributed to the core-shell structure, quantum
size effect and high photo-generated carriers’ separation efficiency
of silver nanoclusters. The Ag,;,(SR),/P25 also exhibited excellent
recycling stability. This work demonstrates the great potential of
nanoclusters for visible light-driven environmental remediation
ability with high performance.
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Appendix A. Supplementary data

Supplementary material related to this article can be found, in
the online version, at doi:https://doi.org/10.1016/].
cclet.2020.06.002.
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