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Plasmonic Zr-Based Metal-Organic Frameworks for Accelerated De-Colorization of
Methylene Blue Under LED Light Irradiation

LED Isik Isinimi Altinda Metilen Mavisinin Hizlandirilmis Renksizlestirilmesi igin
Plazmonik Zr-esasli Metal-Organik Cergeveler
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ABSTRACT

W ell-defined photocatalyst with 3D morphologies have attracted the attention of scientists due to the more accessible
reactive surfaces, easy to recover from reaction medium, and low aggregation. Within this scope, photocatalysis
based on plasmonic metal-organic frameworks (MOFs) were synthesized and utilized as an alternative reactive platform
for visible-light degradation of methylene blue (MB) under green LED irradiation for the first time. In order to reduce the
recombination between electron-hole pairs, a stable oxidant, namely sodium persulfate (PS) was employed to accelerate
the photocatalytic decolorization of MB. These feasible strategies demonstrated that a bleaching degree of 91% (i.e., in the
presence of PS) within 120 min was achieved compared to the bare Au@UiO-66@Pdop NPs (bleaching degree 31%). The
obtained results from this study highlighted the superior properties of the newly synthesized core-shell Au@UiO-66@Pdop
photocatalysts and clearly declared the great potential of the photo-responsive MOFs for organic pollutant degradations
as well.
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0z

boyutlu morfolojiye sahip iyi tanimlanmis fotokatalizorler, daha erisilebilir reaktif ylzeyler, reaksiyon ortamindan kolay

bir sekilde elde edilebilmeleri ve dislik agregasyona sahip olmalarindan dolayi bilim adamlarinin dikkatini ¢ekmistir.
Bu kapsamda, plazmonik metal organik cerceve (MOF’ler) esasli fotokatalizor sentezlendi ve ilk kez yesil LED isik 1sinimi
araciligiyla metilen mavisinin (MB) gorindr i1sik altindaki degradasyonu igin alternatif bir reaktif platform olarak kullaniimis-
tir. Elektron-bosluk ciftleri arasindaki rekombinasyonu azaltarak MB’nin fotokatalitik renksizlestirilmesini hizlandirmak igin
istikrarl bir oksidan olan sodyum persulfat (PS) kullaniimistir. Uygulanan stratejiler araciligiyla ¢iplak Au@UiO-66@Pdop
NP’lere kiyasla (yikim derecesi %31) PS kullanilarak 120 dakika iginde %91’lik bir degredasyon derecesinin eldesi gosterilmis-
tir. Bu ¢alismadan elde edilen sonuglar, yeni sentezlenmis ¢ekirdek kabuk (core-shell) yapisindaki Au@UiO-66@Pdop foto-
katalizorinun tstin ozelliklerini vurgulamis ve 1sik duyarli MOF’lerin organik kirleticilerin degradasyonu igin de mikemmel
potansiyelini agik sekilde ortaya koymustur.
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INTRODUCTION

ecently, visible light sensitive photocatalysts (i.e.,
RGaP, WO,, Cds, ZnS, and etc.) have attracted the
attention of related communities due to their narrow
band gap compared to conventional UV-light respon-
sive TiO, based materials [1-3]. However, this inorganic
photocatalysts showed some drawbacks like low light
conversion efficiency, hard desorption/separation from
reaction media, as well as strong tendency for agglo-
meration [4]. This issue places the demand for the fab-
rication of a new class of photocatalysts with potential
application in organic pollutant degradations.

Metal—organic frameworks (MOFs) are a class of porous
coordination polymers constructed by strong chemical
bonding of metal nodes and organic linkers [5, 6]. The
unigue chemical composition and diverse structural and
functional features (i.e., large surface area, easy in-pore
and surface functionalization) make them an extraordi-
nary material for various applications including carbon
dioxide capture, catalyst, separation science, sensing,
biomedical, and analytical sciences [7-12]. Owing to the
absorption of the irradiated light, MOFs were carried
out as a significant photocatalyst for environmental fi-

elds [4, 13]. Xamena et al. reported the application of
MOF-5 in photocatalytic degradation of phenols un-
der UV-light irradiation [14]. Das et al. investigated a
Zn,0-containing doubly interpenetrated MOF for pho-
tocatalytic degradation of methyl orange using UV or
visible light source [15]. More recently, reduced energy
demand of photocatalytic degradation processes and
optimizing of the photocatalytic parameters increased
the use of LED photoreactors [16]. These photoreactors
provided high energy efficiency, long lifespan, as well
as low power consumption compared to the conventi-
onal light sources [16]. In this context, MIL-53 (Fe) was
developed for accelerated photocatalytic degradation
of acid Orange 7 (AO7) using visible LED light irradiation
[16]. They provided an accelerated photocatalytic per-
formance by reducing the charge carrier recombination
using persulfate as an oxidant [16].

In this study, plasmonic zirconium-based metal—orga-
nic frameworks (Au@UiO-66@Pdop) were utilized for
de-colorization of methylene blue (MB) under green
LED light irradiation for the first time in the literature.
Plasmonic photo-responsive catalyst was synthesized
using polydopamine nanoparticles (Pdop NPs) as star-
ting template. Thanks to the catechol groups of the

Figure 1. Schematic illustration of the synthetic pathway of Au@Ui0-66@Pdop MOFs.
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Figure 2. SEM and EDX analysis of A-B) Ui0-66@Pdop, and C-D) Au@UIO-66@Pdop NPs.

Pdop, quite stable core-shell catalyst NPs with desired
spherical morphologies and good localized surface
plasmon resonance (LSPR) properties were obtained.
Additionally, a home-made green LED light source was
employed to investigate the performance of the pho-
to-responsive Au@UiO-66@Pdop NPs for an efficient
decolorization of organic pollutant. An excellent pho-
tocatalytic performance was recorded using sodium
persulfate (PS) with important reduction in the charge
carrier recombination. Finally, the effect of different re-
action conditions on the variation of MB concentration
(C/C0) and reaction time were reported.

MATERIALS and METHODS

Synthesis Methods

Polydopamine nanoparticles (Pdop NPs) were synthesi-
zed according to the literature with some modifications
[17]. Briefly, an agueous solution containing ammonia
(3.5 mL, 2.5 %), ethanol (2 mL), and DDI water (6 mL)
were stirred at room temperature for 5 min followed by
the addition of dopamine hydrochloride (1 mgin 1 mL
DDI water). The resulting dispersion was stirred at room
temperature for 8 h. Finally, Pdop NPs were centrifuged
and washed with DDI water several times.

A well-defined core shell structure between Pdop
NPs and Zr-based MOFs (UiO-66) was achieved in the
presence of metal nodes and organic building blocks
[18]. Typically, Pdop NPs (1 mg) were dispersed into
N-N,dimethylformamide (DMF, 10 mL) and ultraso-

nicated for 10 min using an ice-bath. Then, zirconium
chloride (ZrCl,, 1 mg) and 1,4-benzenedicarboxylic acid
(H2BDC, 10 mg) were introduced into the as-prepared
solution and stirred at 140°C for 100 min. MOF shell co-
ated Pdop NPs (UiO-66@Pdop) were isolated from re-
action media and washed with methanol and DDI water,
respectively.

For the synthesis of plasmonic Zr-based MOFs (Au@
UiO-66@Pdop), MOF coated Pdop NPs were dispersed
into an aqueous solution of chloroauric acid (30 mg, 50
mL) and vigorously mixed at 50°C for 2 h. Then, the so-
lution was heated to boiling and the boiling was conti-
nued for 5 min. Subsequently, an aqueous solution of
tri-sodium citrate (2 mL, 0.035 g) was introduced into
the as-prepared solution and the boiling was further
continued for 30 min. The resulting nanostructures
were cooled down to room temperature and finally
washed with DDI water for three times using centrifuga-
tion method. Finally, Au NPs embedded Zr-based MOFs
(Au@UiO-66@Pdop) were kept in DDI water for further
usage.

Characterization of Au@UiO-66@Pdop MOFs

The surface morphology and size distribution of na-
nostructures were determined by a scanning electron
microscope (Hitachi, SU5000, Japan) which is equip-
ped with an Energy Dispersive X-Ray spectrometry
(EDX). The surface chemistry of plasmonic MOFs were
analyzed using X-ray photoelectron spectroscopy (XPS,
Thermo-K-Alpha-Monochromatic  high-performance
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Figure 3. UV-vis spectra of the aqueous solution of Ui0-66@Pdop and Au@UiO-66@Pdop NPs.

XPS Spectrometer, source gun: Al K-Alpha at 1.4 kV fo-
cus voltage, beam current: 6 mA). The UV-vis measu-
rement of devices was performed by Schimadzu 3600
spectrophotometer.

Photocatalytic Activity Tests

The photocatalytic degradation of methylene blue (MB)
was carried out using a home-made green-LED photo-
reactor equipped with a cylinder type aluminium which
containing 237 LED lamps. Typically, 20 mL of dye so-
lution (3.125x10° M) containing 20 mg of plasmonic
photocatalyst was magnetically stirred in the dark for
30 min in order to reach an adsorption-desorption equ-
ilibrium as well. Then, the light was irradiated onto the
solution in which the sampling was carried out in spe-
cific time intervals. For this purpose, 2.0 mL of sample
solution was taken from the reactor and centrifuged at
5000 rpm for 5 min. The real-time concentration of MB
molecules in the supernatant was measured at 610 nm
using the UV-vis spectrometer. The same procedure
was repeated when the PS (2.0 mM) was introduced in
the reaction medium.

RESULTS and DISCUSSION

The synthetic pathway for the fabrication of plasmonic
core-shell Au@UiO-66@Pdop MOFs is represented in
Figure 1. Firstly, Pdop NPs were synthesized by poly-
merization of dopamine in alkaline medium using am-
monia, ethanol, and DDI water. After that, the one-pot
synthesis of well-defined Zr-based MOF shell onto Pdop
NPs was carried out using DMF, H_BCD, and ZrCl4. The
presence of strong diol groups (-OH) onto Pdop NPs led
to the enrichment of Zr** ions as well as chelate forma-
tion while the organic building blocks (H,BCD) initiated
the nucleation of UI0-66 MOF. This technique preven-
ted the independent formation of MOFs in the reaction
medium. Additionally, once the nucleation of MOF onto
Pdop NPS was started, the layer-by-layer shell growth
realized without free MOF particles in the reaction me-
dium. Finally, Au@UiO-66@Pdop MOFs were achieved
using a simple solution impregnation method, in which
Au NPs were successfully embedded into the pores of
MOF shell as well.
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Figure 4. XPS spectra of A) UI0-66@Pdop and B) Au@UiO-66@Pdop NPs.

The SEM images and EDX analysis of the UiO-66@Pdop
and Au@UIiO-66@Pdop NPs are presented in Figure 2.
As seen here, all of the NPs were demonstrated narrow
size distribution with no significant change in the sphe-
rical morphology of the starting Pdop nanoparticles (Fi-
gure 2A and 2B). Additionally, Zr-based MOFs were suc-
cessfully coated onto the Pdop templates without free
MOF aggregates (Figure 2 A, B). Furthermore, the SEM
images and EDX mapping of the Au@UiO-66@Pdop

NPs clearly showed that the solution impregnation of
Au as well as Au NPs embedding were also successfully
synthesized. Moreover, from the EDX analysis, Zr Lal
(17.5 Wt%), O Kal (38.9 Wt%), C Kal (43.6 Wt%), and
Au Mol (53.5 Wt%), C Kal (42.2 Wt%), N Kal (4.3 Wt%)
elemental compositions related to the Ui0-66@Pdop
and Au@UiO-66@Pdop NPs were achieved with quite
clear photographs, respectively.
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Figure 5. A, B) photographs of the designed home-made green LED photo-reactor, C) The variation of MB concentration (C/CO) and
reaction time at different catalytic conditions (Reaction parameters: MB initial concentration: 3.125x10° M; Au@UiO-66@Pdop: 20
mg; PS: 2.0 mM), and D) The changes in the UV-vis spectra of MB during the decolorization process using plasmonic catalyst (Reaction
parameters: MB initial concentration: 3.125x10° M; Au@UI0-66@Pdop: 20 mg; PS: 2.0 mM).

Figure 3 showed the UV-vis spectra of the aqueous so-
lution of Ui0-66@Pdop and Au@UiO-66@Pdop NPs.
As seen here, appearance of a new peak around 554
nm obviously demonstrated the embedding of the Au
NPs into the pores of UIO-66@Pdop NPS as well. This
peak indicated the localized surface plasmon resonan-
ce (LSPR) properties of Au NPs in which no peak was
observed around 500-600 nm in the case of UIO-66@
Pdop NPS. Moreover, the related LSPR peak are in good
agreement with the obtained EDX results in which the
dense elemental composition of the Au NPS were suc-
cessfully identified.

To recognize the chemical states of the UiO-66@Pdop
and Au@UiO-66@Pdop NPs, the XPS analysis techni-
que were employed (Figure 4). As seen here, five main

peaks (i.e., O 1s, N 1s, Cls, Zr 3p1, and Zr 3d) related
to the binding energies of the UI0-66@Pdop NPs were
observed with good intensities (Figure 4A). In Figure
4B, Au 4d3 and Au 4f binding energies were supported
the presence of Au NPs into the pores of UIO-66@Pdop
nanostructures which are in good agreement with EDX
and UV-vis results. Note that, embedding of Au NPs via
solution impregnation method significantly influenced
the XPS results that identified the successful fabrication
of the plasmonic Au@UiO-66@Pdop NPs (Figure 4B).

The photocatalytic decolorization of MB was performed
to study the photocatalytic performance of Au@UiO-66@
Pdop NPs under green LED light irradiation (Figure 5A, B).
For this purpose, the aerobic degradation of MB was car-
ried out in an aqueous solution (20 mL) containing 20 mg
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Figure 6. The plots of pseudo-second-order kinetic model for the photocatalytic degradation of MB.

of plasmonic catalyst. Different catalytic conditions were
employed to investigate the variations of the MB concerta-
tion (C/C0)/reaction time functions (Figure 5C). As seen here,
without light irradiation, no significant degradation was ac-
hieved for 210 min, demonstrated that MB was very stable
toward Au@UIO-66@Pdop/dark or Au@UiO-66@Pdop/PS/
dark conditions. These two important results clearly showed
that plasmonic Au@UIO-66@Pdop NPs neither decolorized
the MB solution nor activated the PS and reactive charge
carries in dark reaction medium. While in the case of Au@
UiO-66@Pdop/LED, a moderate 31% bleaching degree was
recorded. This value might be attributed to the compatibi-
lity between green LED and plasmonic Au@UiO-66@Pdop
absorption wavelength (see Figure 3). In order to achieve a
reasonable bleaching degree, the fast recombination betwe-
en photogenerated electron (e-) and hole (h+) pairs must be
minimized [16, 19]. The introduction of PS into photocatalytic
reaction medium either increased the performance of Au@
UiO-66@Pdop NPs directly or generated reactive charge car-
ries in which 91% decolorization of MB was recorded within
120 min (Figure 5C). Furthermore, PS (i.e., an electron accep-
tor) inhibited the recombination between photogenerated

electron (e-) (i.e., generated electron from Au@UIO-66@
Pdop catalyst) and hole (h+) pairs as well as accelerated the
decolorization of MB under LED light irradiation.

The photocatalytic performance of Au@UIO-66@Pdop NPS
as well as real-time concentration of MB molecules in the
supernatant were measured using the UV-vis spectrometer
(Figure 5D). As seen here, the concentration of the MB was
sharply decreased under green LED irradiation. After 120 min,
approximately 91% of the MB was bleached which corres-
ponds to the structural changes in the chromophoric groups
of the dye molecules [20]. Furthermore, the pseudo-second-
order reaction kinetics of the photocatalysts were calculated
and the obtained results were reported in Figure 6. The reac-
tion rate constants related to the bare (Au@UiO-66@Pdop/
LED) and oxidant containing catalyst (Au@Ui0-66@Pdop/PS/
LED) are obtained to be 0.0001 and 0.0012 min?, respecti-
vely. These results clearly demonstrated the higher catalytic
activity of oxidant containing reaction medium compared to
the bare one.
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CONCLUSION

In summary, plasmonic Au@UiO-66@Pdop NPs were
synthesized for efficient decolorization of MB under
green LED light irradiation. The catechol groups of the
Pdop NPs initiated the Zr (IV) chelate formation in which
the organic building blocks started the nucleation of
the MOF layer. The physico-chemical analysis of the NPs
clearly revealed that stable plasmonic photocatalyst
with desired morphology was obtained. A superior and
satisfied bleaching degree was achieved thanks to the
wavelength compatibility between the irradiated light
source as well as good dispersion of the Au@UIO-66@
Pdop NPs in reaction medium. Moreover, the introduc-
tion of PS accelerated the decolorization via reducing
the charge recombination. The combination between
the Au@Ui0-66@Pdop NPs and green LED light for vi-
sible light degradation of such an organic pollutant co-
uld provide the wide range application of the plasmonic
MOFs.
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