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Coating metal—organic frameworks on plasmonic
Ag/AgCl nanowire for boosting visible light
photodegradation of organic pollutants
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Photoactive metal—organic frameworks, MIL-100(Fe), with controllable thickness are coated on plasmonic
Ag/AgCl nanowire, for boosting visible light photodegradation of rhodamine B and tetracycline
hydrochloride. The morphology and composition of the obtained nano-heterostructure were
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1. Introduction

With the progress of science and technology, the human living
environment contains a lot of organic pollutants, especially
from pesticides, dyes, leather, medicine, oil refining, metal-
lurgy, paper, various chemical productions and wastes, etc.,
greatly threatening human health and ecological environ-
ments."? Therefore, the efficient degradation of organic
pollutants in water environment has become an important
research problem in environmental treatment. The commonly
used methods for degrading organic pollutants include physical
methods,** advanced oxidation methods,*” biological treat-
ment methods,*® electrochemical degradation,'®'* etc. Particu-
larly, photodegradation by using inorganic semiconductors
such as TiO, and CdS benefits from low cost, no secondary
pollution and high efficiency, suggesting a kind of environ-
mentally friendly method."”* However, nonporous inorganic
semiconductors with low specific surface area usually present
poor ability in adsorbing organic pollutants, which limits their
application to a large extent. Therefore, the research and
development of new high efficiency photocatalysts have become
an important research direction.

In recent years, metal-organic framework materials (MOFs),
assembled and extended by the coordination of organic ligands
and metal ions, have become promising porous materials due
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MIL-100(Fe) and plasmonic Ag/AgCl nanowire.

to their characteristics of structure and function controllability,
regular arrangement of pores and high specific surface area.'***
Recently, MOFs have become recognized as efficient photo-
catalytic materials due to the generation of charge carriers
under irradiation.”?' For example, MOF-5,** ZIF-67,> MIL-
88(A),** ZIF-8 (ref. 25) etc. have already been used in the pho-
todegradation of organic pollutants. However, pure MOFs
exhibit fast combination of electrons and holes during the
catalytic process, rendering a low catalytic efficiency. Therefore,
to efficiently separate electrons and holes is quite important for
boosting the catalytic efficiency of MOF photocatalysts. In
recent years, some methods including modification of ligands,
use of multiple metal centers, doping and building composites
have been adopted to promote the photocatalytic behavior of
MOFs.>%%8

Plasmonic metals including platinum (Pt) and gold (Au) are
favored to promote the catalytic performance of MOFs by con-
ducting electrons, taking advantage of the local surface plas-
mon resonance (SPR).>>*' As a plasmonic metal, silver (Ag)
stands out due to the high conductivity and low cost.>*>*
Particularly, AgCl is always accompanied with the presence of
Ag to modify MOFs. The lifetime of photogenerated electrons is
prolonged by a good matching of the energy band structure of
MOFs and AgCl, and the SPR effect of Ag. Inspired by the highly
efficient catalysis, a lot of Ag/AgClI/MOFs photocatalytic systems
have been established to photodegrade organic pollutants,
including Ag/AgCl@MIL-88A(Fe),***” Ag/AgCl/NH,-UiO-66,*® Ag/
AgCI@MIL-53-Fe,”>  ZIF-67/AgCl/Ag,”  Ag/AgCl/NH,-MIL-
101(Fe)** etc. In these Ag/AgCl/MOFs photocatalytic systems,
MOFs are excited by light radiation to produce electrons in the
conduction band (CB) and holes in the valence band (VB). The
electrons in the CB of MOFs transfer to the positive sites of Ag
derived from the fluctuation of electrons in SPR, rendering a Z-
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scheme structure. Meanwhile, the fluctuation electrons of Ag
transfer into the CB of AgCl, further prolonging the photo-
generated electron lifetime and initiating reduction reaction in
the reaction system.

From the perspective of nanostructures, the Ag/AgCl is
coated on MOFs in the above Ag/AgCl/MOFs photocatalytic
systems. To the best of our knowledge, little attention has been
paid to the opposing situation, coating MOFs on Ag/AgCl, to
catalyze the photodegradation of organic pollutants. Obviously,
as the main component to generate photogenerated holes and
electrons, MOFs can exhibit better light absorption when
distributed externally. In addition, the surface of MOFs is
considered as the main place where organic pollutants are
degraded, not only due to the oxidizing ability of the holes in the
VB of MOFs, but also because of the strong interactions between
MOFs and organic pollutant molecules. Therefore, the surface
effects of MOFs are expected to be enhanced without any
surface covering. Inspired by these advantages, covering MOFs
on plasmonic Ag/AgCl nanowire to research the photo-
degradation of organic pollutants represents attractive and
significant work.

In this work, a MOF is uniformly coated on plasmonic Ag/
AgCl nanowire to research the photodegradation of rhoda-
mine B (Rh B) and tetracycline hydrochloride (TC-HCI). MIL-
100(Fe), an Fe-based MOF built of trimesic acid (Hzbtc) and
Fe®* ions,? is selected here not only due to the high activity
under visible light,** but also because of the strong interaction
between organic pollutant molecules and benzene rings on the
MOF pore wall.** Ag nanowire is selected here as the platform
on account of its unique catalytic, thermal, optical, and elec-
tronic properties.**® To adjust the MOF thickness on the
plasmonic Ag/AgCl nanowire, a uniform MOF coating method
reported in our previous work*’ is used here. The prepared Ag/
AgCl/MOFs core-shell nanowire (ACN) was characterized with
detailed morphology study, component analysis and photo-
catalytic evaluation. A synergistic mechanism among Ag, AgCl
and MOFs was proposed for boosting visible light photo-
degradation of organic pollutants. Moreover, the ACN series
showed excellent durability.

2. Experimental
2.1 Synthesis of Ag nanowire

The synthesis of Ag nanowire was according to a previous
procedure.*” Typically, 3.5 g of 0.6 mM FeCl;-6H,0 ethylene
glycol solution was mixed with 0.2 g of polyvinylpyrrolidone,
0.25 g of AgNO; and 25 ml of ethylene glycol. The solids in the
mixture were dissolved completely by magnetic stirring to form
a uniform solution. The uniform solution was kept for 5 h at
130 °C. After cooling down to room temperature, the product
was centrifuged and washed with ethanol three times. The final
Ag nanowires were dispersed in 20 ml of ethanol.

2.2 Synthesis of Ag/AgCl nanowire

5 ml of the above Ag nanowire dispersion liquid after ultrasonic
uniform dispersal was taken off immediately and added into
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10 ml of FeCl;-6H,0 ethanol solution with a concentration of
5 mM. The mixture was kept at 60 °C for 30 min to form Ag/AgCl
nanowires. The Ag/AgCl nanowires were centrifuged and
washed with ethanol several times.

2.3 Synthesis of ACN series

The obtained Ag/AgCl nanowire was mixed with 5 ml of FeCl,-
-4H,0 aqueous solution with a concentration of 8 mM and 5 ml
of aqueous solution with Hzbtc concentration of 8 mM and
NaOH concentration of 24 mM. The mixture was kept for 30 min
at room temperature to complete one time coating of MOFs,
and ACN-1 was obtained. Repeating the coating of MOFs twice
and thrice, ACN-2 and ACN-3 were obtained, respectively. The
obtained ACN series were centrifuged and washed with ethanol
several times.

2.4 Photodegradation of Rh B

A 500 W Xe arc lamp was used to investigate the photo-
degradation of Rh B under visible light irradiation at 420-
780 nm. Typically, 10 mg of the photocatalyst was added into
50 ml of Rh B aqueous solution with a concentration of
10 mg L' The adsorption equilibrium was achieved by
magnetic agitation for 30 min in a dark chamber. 2 ml of the
photocatalytic reaction mixture was taken every 5 min, the
concentration of which was determined at the maximum
absorption wavelength of 554 nm with a UV-visible
spectrophotometer.

2.5 Photodegradation of TC-HCI

A 500 W Xe arc lamp was used to investigate the photo-
degradation of TC-HCI under visible light irradiation at 420-
780 nm. Typically, 10 mg of the photocatalyst was added into
50 ml of TC-HCIl aqueous solution with a concentration of
50 mg L '. The adsorption equilibrium was achieved by
magnetic agitation for 60 min in a dark chamber. 2 ml of the
photocatalytic reaction mixture was taken every 10 min, the
concentration of which was determined at the maximum
absorption wavelength of 350 nm wusing a UV-visible
spectrophotometer.

3. Results and discussion
3.1 Morphological study of ACN series

In order to facilitate the study of morphology, a schematic
diagram of the morphology associated with the synthesis
procedure was drawn, as illustrated in Scheme 1.

The morphology of Ag nanowires is presented via SEM
imaging in Fig. 1la. The surface of the Ag nanowires was
observed clearly to be very smooth. After reacting with FeCls, the
surface of the Ag nanowires was attached with nanoparticles
(Fig. 1b). HR-TEM observation suggested that both Ag and AgCl
existed in the nanoparticles due to the presence of Ag lattice
plane (111) with lattice distance of 0.24 nm and AgCl lattice
plane (111) with lattice distance of 0.28 nm (Fig. 1c). The
evolution from Ag to AgCl was contributed by the reactions
between Ag and FeCl;. On the one hand, FeCl; can oxidize Ag to

© 2022 The Author(s). Published by the Royal Society of Chemistry
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Scheme 1 Illustration of the morphology of the products associated
with the synthesis procedure.

AgCl, a thermodynamically spontaneous process represented as
FeCl; + Ag — FeCl, + AgCl. On the other hand, AgCl decom-
poses in the presence of light represented as 2AgCl + hy — 2Ag +
Cl, 1. Under the combination of these two reactions, AgCl was
produced; meanwhile, a portion of Ag migrated from the Ag
nanowire to the nanoparticles. Thus, the plasmonic Ag/AgCl
nanowire is not only a good electron transfer system, but also
a structured platform for MOF coating.

After coating the MOF on the Ag/AgCl nanowire, ACN was
obtained. The crystals of the MOF were arranged densely on the
surface of the nanowire, forming a uniform coating layer
(Fig. 2a). The thickness of the MOF coating layer increases with
increasing coating time during the preparation process. TEM
images showed three different samples of ACN-1 (Fig. 2b), ACN-
2 (Fig. 2¢) and ACN-3 (Fig. 2d) with MOF coating layer thickness
of about 100 nm, 150 nm and 200 nm, respectively. The nano-
particles containing Ag and AgCl were sandwiched between the
Ag nanowire and the MOF coating layer. The distribution of
elements evaluated by TEM-EDX further exhibited the structure
and components of the core-shell hybrid material (Fig. 2e-i): Ag
and Cl centered in the core area, while Fe, C and O spread all
over the sheath area, rendering plasmonic Ag/AgCl nanowire
core with MOF sheath.

3.2 Chemical and physical properties of ACN series

To identify the crystal phase of ACN, XRD patterns of the
products were obtained. From the observation of Fig. 3a, the
peaks of plasmonic Ag/AgCl nanowire, ACN-1, ACN-2 and ACN-3
well matched those of standard AgCl (JCPDS no. 31-1238) and
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Ag (JCPDS no. 04-0783), suggesting the crystal components. In
addition, there were relatively weak peaks below 25° present in
the XRD patterns of ACN-1, ACN-2 and ACN-3, which were
observed to be associated with MIL-100(Fe) by magnifying the
view of the XRD patterns below 25° (Fig. 3b). The obvious peaks
at 11° (428) and 20.1° (4814) corresponded to the intrinsic MIL-
100(Fe) crystals as reported previously.** Moreover, FT-IR
spectra demonstrated the successful coating of MOFs on the
plasmonic Ag/AgCl nanowire (Fig. 3c). Peaks at 760 cm ™' and
710 cm ™" are in the fingerprint region, associated with the C-H
vibration of benzene ring. The asymmetric and symmetric
vibration peaks of -COO~ are present at 1625 cm ' and
1375 ecm™ ', respectively. A bridging coordination between
oxygen atoms of btc®~ ligand and Fe*" with the mode of p,-n",
n' was proven.*

The BET surface areas of plasmonic Ag/AgCl nanowire, ACN-
1, ACN-2 and ACN-3 are 9.36 m* g~ ', 126.57 m* g~ ', 161.63 m>
¢ ' and 206.23 m> g™, respectively. With the thickness of the
MOF layer increasing, the BET surface area of the hybrid
increased, contributed by the mesopore structure and large
specific area of the MOF. As illustrated in Fig. 4a, the N,
adsorption-desorption isotherms of ACN-1, ACN-2 and ACN-3
present type I and type IV behavior, suggesting the presence
of multilevel pores. Moreover, the H; and H, hysteresis loop
mode indicated that the MOF coating layer is assembled of the
aggregated crystals of the MOF. The thermogravimetric analysis
(TGA) curves also identified the components of ACN series.
From the observation of Fig. 4b, the weight loss in the first step
before 120 °C is related to the release of guest molecules on the
outer surface or in the pores of the MOF. The weight loss in the
second step beginning at approximately 380 °C is associated
with decomposition of the MOF. Accordingly, the second step
weight loss percentage increased with the thickness of MOF
coating layer increasing. In addition, no obvious weight loss was
observed for the plasmonic Ag/AgCl nanowire before 800 °C.

3.3 Photocatalytic activities of ACN series

Rh B, a typical organic dye, and TC-HCI, a typical antibiotic,
were selected here as degradation models to investigate the
photocatalytic activities of ACN. From the observation of Fig. 5a,
after 30 min of dark adsorption, the decrease of Rh B concen-
tration due to adsorption is different according to the surface

Fig. 1 SEM images of (a) Ag nanowire and (b) Ag/AgCl nanowire and (c) HR-TEM image of Ag/AgCl nanowire.

© 2022 The Author(s). Published by the Royal Society of Chemistry
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Fig. 2 (a) SEM image of ACN-2. TEM images of (b) ACN-1, (c) ACN-2 and (d) ACN-3. (e—i) TEM-EDX mapping images of ACN-1.
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Fig.3 (aandb) XRD patterns of simulated MIL-100(Fe), standard Ag and AgClL, plasmonic Ag/AgCl nanowire, ACN-1, ACN-2 and ACN-3. (c) FT-IR

spectra of pure MOF, ACN-1, ACN-2 and ACN-3.

properties of the catalysts. There is almost no adsorption of Rh
B on Ag and Ag/AgCl nanowires because of the low specific
surface area. However, coating with MOF enhanced the dark
adsorption of Rh B due to the high specific surface area and the
strong intermolecular forces between the MOF and Rh B. The
equilibrium adsorption capacity of Rh B increased with
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increasing amount of MOF coating layer on the surface of Ag/
AgCl nanowire, which is in accordance with our previous
work.*® Under visible light irradiation, Rh B degraded imme-
diately under the catalysis of ACN-1, ACN-2 and ACN-3.
However, Ag nanowires have little catalytic activity. Although
the degradation of Rh B could be observed under the catalysis of
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(a) N> adsorption—desorption curves and (b) TGA patterns of plasmonic Ag/AgCl nanowire, pure MOF, ACN-1, ACN-2 and ACN-3.
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Fig. 5 Photocatalytic degradation of (a) Rh B and (b) TC-HCl using diff

Ag/AgCl nanowires and pure MOF, the trend towards Rh B
degradation is not encouraging. Obviously, coating of the MOF
on Ag/AgCl nanowire could boost the photocatalytic activity.
The boosting is from the mutual effect among Ag, AgCl and
MOF, possibly including the optical excitation of the MOF,
plasmonic response of Ag nanowire and the corresponding
electron transfer on AgCl. Moreover, the thickness of the MOF
coating layer has an effect on the photocatalytic activity. ACN-2
showed the highest catalytic activity and a near complete
degradation of Rh B was reached after 75 min. An appropriate
coating thickness of MOF can harmonize the Ag SPR, electron
transfer ability on AgCl, the Rh B adsorption and the optical
excitation of the MOF, which promotes the charge separation
efficiency. The degradation tendency of TC-HCI is similar to
that of Rh B under the different catalysts (Fig. 5b). The fastest
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degradation rate occurred for ACN-2, a degradation of about
93% being achieved after 220 min.

A kinetic study based on the Langmuir-Hinshelwood model
of photodegradation of Rh B and TC-HCI using different cata-
lysts suggested that the degradation kinetics data could be fitted
with pseudo-first-order kinetic equation of In(C,/C,) = kt, where
Cy and C, are the initial concentration after the dark adsorption
and the concentration at any time ¢ after catalyst addition into
the mixture solution, and k is the apparent rate constant. As
illustrated in Fig. 6a and b, the kinetic rate constants & in the
photodegradation of Rh B are 0.068 min™", 0.107 min~" and
0.060 min~" for ACN-1, ACN-2 and ACN-3, respectively. The
kinetic rate constants k in the photodegradation of TC-HCI are
0.005 min~?, 0.014 min~" and 0.006 min~" for ACN-1, ACN-2
and ACN-3, respectively. To investigate the durability, five
cycles of the photodegradation of Rh B and TC-HCl were
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Fig. 6 Kinetics study of the degradation of (a) Rh B and (b) TC-HCL Durability test of ACN-2 in the photocatalytic degradation of (c) Rh B and (d)

TC-HCL
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conducted by taking ACN-2 as the catalyst. From the observa-
tion of Fig. 6¢ and d, the degradation rate of Rh B and TC-HCl
remained at about 91.3% and 91.0%, respectively, after five
catalytic cycles.

3.4 Photoelectric performance of ACN series

To investigate the photoexcitation of the ACN series, UV-visible
diffuse reflection spectra (DRS) were obtained. As illustrated in
Fig. 7a, pure MOF DRS was similar to the typical DRS reported
previously.®* In contrast to the pure MOF, the ACN series have
an obvious promotion in both visible light and UV absorption,
which is ascribed to the SPR absorption of Ag at wavelengths
above 400 nm and the excitation of AgCl at wavelengths below
400 nm, respectively.>

To evaluate the photoinduced electron and hole separation
and migration efficiency, transient photocurrent response of
the catalysts was measured (Fig. 7b). It could be observed
obviously that the photocurrent response of the ACN series is
higher than that of the pure MOF in several off-on cycles of
visible light irradiation. As is well known, the higher the
photocurrent density, the slower the photoinduced charge
carrier recombination. Therefore, more efficient charge sepa-
ration efficiency is obtained through the combination of Ag,
AgCl and MOF. Interestingly, ACN-2 displayed the highest
photocurrent density, which was in accordance with the results
of organic pollutant photodegradation tests.

In addition, this result could be further evidenced by pho-
toluminescence (PL) tests. Under excitation at 320 nm wave-
length, a band between 620 and 660 nm was presented by the

(a) UV-visible diffuse reflection spectra, (b) transient photocurrent responses and (c) PL spectra of pure MOF, ACN-1, ACN-2 and ACN-3.

MOF with a 645 nm peak (Fig. 7c). In addition, it could be
observed that the PL intensities followed the order of ACN-2 <
ACN-1 < ACN-3 < pure MOF. A lower intensity of PL usually
suggests a lower recombination rate of holes and electrons.
Therefore, it could be concluded that the order of the charge
separation efficiency is ACN-2 > ACN-1 > ACN-3 > pure MOF. The
close interface contact through coating the MOF on Ag/AgCl
nanowire facilitated the separation of photogenerated elec-
trons and holes. What is more, the MOF coating layer with an
appropriate thickness could optimize this tendency, which may
have something to do with the photoexcitation of the MOF, SPR
response of Ag, or charge transfer based on the interface issue
of AgCl. Obviously, ACN-2 has the most appropriate thickness of
the MOF coating layer in this ACN series.

3.5 Proposed mechanism

Ethylenediaminetetraacetic acid disodium salt (EDTA-2Na),
tetrachloromethane (CCl,), p-benzoquinone (p-BQ) and
tertiary butanol (TBA) were used as scavengers for holes, elec-
trons, superoxide radical ("O, ) and hydroxyl radical ("OH),
respectively, to investigate the main radical species involved in
the photocatalytic reaction. From the observation of Fig. 8a,
EDTA-2Na and p-BQ hinder obviously the degradation of Rh B,
while CCl, and TBA hardly affect the photodegradation of Rh B.
Therefore, it could be concluded that holes and O, are of
crucial importance for the photodegradation of Rh B. The CB,
VB and bandgap of the MOF are about —0.53, 2.10 and 2.63 eV
(vs. NHE), respectively, calculated according to Mott-Schottky
plots and bandgap energy (Fig. 8b and c). Obviously, the MOF
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(a) Scavenger influences on the photodegradation of Rh B. (b) Bandgaps and (c) Mott—Schottky plots of MOF and AgCL
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Fig. 9 lllustration of photodegradation of organic pollutants over the ACN series under visible light irradiation.

could be excited by visible light. Moreover, the CB, VB and
bandgap of AgCl are about —0.39, 3.05 and 3.44 eV, respectively.

In consideration of the above discussion, the mechanism of
action of the ACN series in the photodegradation of organic
pollutants is proposed (Fig. 9). On the one hand, electrons from
Ag SPR transfer to the AgCI CB due to the larger work function of
Ag and corresponding positive centers are left in Ag. On the
other hand, the MOF is photoexcited to produce holes and
electrons under the irradiation of visible light. The electrons
produced by the MOF could be captured immediately by the
positive centers in Ag, thus establishing a Z-scheme photo-
catalytic process. In addition, the electrons in the AgCl CB
transfer to O, to generate ‘O, . Therefore, the organic pollut-
ants could be degraded by both the holes of the MOF and ‘O, .

4. Conclusions

MOF was uniformly coated on plasmonic Ag/AgCl nanowire to
build photocatalysts (ACN series) with boosted activity for the
photodegradation of organic pollutants. As the main catalyst,
the MOF not only concentrated the organic pollutant molecules
through its inherent pores filled with benzene pore walls, but
also afforded photogenerated charge carriers to degrade the
organic pollutants. As the cocatalyst, Ag/AgCl transferred elec-
trons from MOF to O,, prolonging the photogenerated charge
carrier lifetime and producing active ‘O,  to degrade the
organic pollutants.
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