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Abstract Fe;0,4 nanoparticles immobilized on porous
titania in micron-size range were decorated with small-
sized gold nanoparticles and used as a plasmonic catalyst
for the reduction of 4-nitrophenol. Monodisperse-porous
magnetic titania microspheres were synthesized with
bimodal pore-size distribution by the sol-gel templating
method. Small-sized gold nanoparticles obtained by the
Martin method were attached onto the aminated form of
the magnetic titania microspheres. A significant enhance-
ment in the catalytic activity was observed using the gold
nanoparticle-decorated magnetic titania microspheres
compared to gold nanoparticle-decorated magnetic silica
microspheres because of the synergistic effect between
small-sized gold nanoparticles and titania. The synergistic
effect for gold nanoparticle-attached magnetic titania
microspheres could be explained by surface plasmon
resonance-induced transfer of hot electrons from gold
nanoparticles to the conduction band of titania. Using the
proposed catalyst, 4-nitrophenol could be converted to
4-aminophenol in an aqueous solution within 0.5 min. The
4-nitrophenol reduction rates were 2.5-79.3 times higher
than those obtained with similar plasmonic catalysts. The
selection of micron-size, magnetic, and porous titania
microspheres as a support material for the immobilization
of small-sized gold nanoparticles provided a recoverable
plasmonic catalyst with high reduction ability.
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1 Introduction

Literature surveys reveal that catalysts based on gold
nanoparticles (AuNPs) can be used for many reactions,
including the oxidation of carbon monoxide, alcohols, and
diols, and the reduction of organic compounds [1-3].
Although AuNPs can perform their plasmonic catalytic
activity without a solid support, their agglomeration in the
reaction medium is a major disadvantage. To overcome
this instability, different approaches, such as stabilization
of AuNPs with polymers, dendrimers, and ligands [4], or
their immobilization on porous solids like polymers,
carbon-based materials, and metal oxides, have been
attempted [4-10]. In addition to the colloidal stability,
the immobilization of AuNPs on porous solids also allows
easier removal of the catalyst from the reaction medium.

Titania-based nanocatalysts carrying AuNPs have been
successfully used for reduction reactions [11-14]. Damato
and co-workers described a facile approach for the
immobilization of AuNPs on titania nanospheres and
investigated the activity of the composite nanocatalyst as a
function of its composition and particle size in the
reduction of 4-nitrophenol (4-NP) [15]. Yazid et al. also
prepared a catalyst for the reduction of 4-NP, in the form of
AuNPs supported on titania, by the deposition-precipita-
tion method [16]. The effect of AuNP size and pH on the
catalytic activity were investigated [16]. Hyuntae et al.
have synthesized a hybrid core—shell titanium glycolate-
thiol-functionalized graphene composite for the immobi-
lization of AuNPs [17].

In this study, the plasmonic catalytic activity of AuNP-
decorated magnetic, monodisperse, and porous titania
(AuNP@Mag-TiO,) microspheres were prepared and
utilized as a recoverable, efficient, synergistic catalyst for
the reduction of 4-NP in batch fashion. The effects of
AuNP size, AuNP loading, catalyst concentration, and
4-NP initial concentration on the catalytic activity were
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investigated using excess sodium borohydride (NaBH,) in
the reaction medium.

2 Experimental
2.1 Materials

The chemicals used in the synthesis of monodisperse-
porous poly(3-chloro-2-hydroxypropyl methacrylate-co-
ethylene glycol dimethacrylate) (poly(HPMA-Cl-co-
EDMA) microspheres and poly(methacrylic acid-co-ethy-
lene dimethacrylate) poly(MAA-co-EDMA) microspheres
were purchased from Sigma-Aldrich Chemical Co., St.
Louis, MO, USA, as reported earlier [18,19]. For the
synthesis of polymethacrylate microspheres with amine
groups starting from poly(HPMA-Cl-co-EDMA) micro-
spheres, ethylene diamine (EDA, Sigma Chemical Co.)
was used. Iron(Il) chloride tetrahydrate (FeCl,-4H,0),
iron(IIl) chloride hexahydrate (FeCls-6H,0), and ammo-
nium hydroxide solution (NH4OH, 26% w/w) used for the
magnetization of both amine-attached poly(HPMA-Cl-co-
EDMA) and poly(MAA-co-EDMA) microspheres were
purchased from Sigma-Aldrich Chemical Co. Titanium
chloride, hexadecyltrimethylammonium bromide (CTAB),
and tetrabutylammonium iodide (TBAI) were also pur-
chased from Sigma-Aldrich Chemical Co. 3-Aminopro-
pyltriethoxysilane (APTES) and triethylamine (TEA) used
for the functionalization of magnetic titania microspheres
were supplied from Sigma-Aldrich Chemical Co. For the
synthesis of AuNPs, all chemicals were procured from
Sigma-Aldrich Chemical Co. [20]. 4-Nitrophenol and
NaBH, used in the catalytic activity runs were purchased
from Aldrich Chem. Corp., WI, USA. Distilled deionized
(DDI) water (Direct-Q 3 UV (Type 1), Millipore, USA)
with a resistivity of 18 MQ-cm was used in all runs.

2.2 Synthesis of magnetic titania (Mag-TiO,) and magnetic
silica (Mag-SiO,) microspheres

Monodisperse, porous poly(HPMA-Cl-co-EDMA) micro-
spheres and poly(MAA-co-EDMA) microspheres were
utilized as the starting materials for the synthesis of
magnetic titania (Mag-TiO,) and magnetic silica (Mag-
Si0,) microspheres, respectively, and were synthesized by
a multi-step microsuspension polymerization reaction
[18,19,21,22].

The chemical route used for the synthesis of Mag-TiO,
microspheres is given in Fig. 1(a). Typically, poly(HPMA-
Cl-co-EDMA) microspheres (2.0 g) were treated with
aqueous EDA solution (12.5 mL, 60% v/v) in a sealed
reactor. The attachment of EDA onto poly(HPMA-Cl-co-
EDMA) microspheres was performed in a shaking reactor
at 80°C for 12 h. Subsequently, the EDA-attached poly
(HPMA-Cl-co-EDMA) microspheres were washed with

DDI water by centrifugation and decantation. The
magnetization of EDA-attached poly(HPMA-Cl-co-
EDMA) microspheres was performed according to the
protocol described elsewhere [23]. Briefly, EDA-attached
poly(HPMA-CI-co-EDMA) microspheres (0.7 g) were
dispersed in DDI water (100 mL) by ultrasonication for
1 min. The dispersion was stirred magnetically in an ice-
bath for 15 min under a nitrogen blanket. FeCl;-6H,0
(0.8 g) and FeCl,-4H,0 (0.54 g) were dissolved in DDI
water (20 mL) and this solution was added to the aqueous
dispersion of EDA-attached poly(HPMA-Cl-co-EDMA)
microspheres. The flask was evacuated under magnetic
stirring after removing the ice-bath. The evacuation was
continued until the dispersion stopped foaming and the
flask was then immersed into an oil bath at 85°C. When the
temperature of the solution reached 85°C, concentrated
ammonia solution (25 mL, 25% w/w) was added to the
dispersion, which immediately turned black. The resulting
dispersion was stirred at 85°C for 1 h. After the dispersion
was cooled to room temperature, the magnetic polymer
microspheres were collected using a magnet and rinsed
several times with water. The magnetic polymer micro-
spheres were used as a template for the synthesis of
monodisperse porous Mag-TiO, microspheres.

Mag-TiO, microspheres were synthesized by a staged-
shape template hydrolysis and condensation protocol using
magnetic, monodisperse poly(HPMA-Cl-co-EDMA)
microspheres as the template material (Fig. 1(A)) [24].
For this purpose, the hydrous titanium dioxide
(TiO,-nH,0) nanoparticles were obtained by hydrolysis
of the selected precursor (TiCly) in an aqueous medium
(60 mL, 0.1 mol-L™). Next, the magnetic monodisperse
poly(HPMA-CI-co-EDMA) microspheres (0.4 g) were
added into the precursor solution. The dispersion was
stirred at 250 r-min~' for 24 h at room temperature for the
adsorption of TiO, - nH,0 nanoparticles onto the magnetic
polymethacrylate microspheres. The microspheres were
then collected by a magnet and washed extensively with
DDI water. In the condensation step, the microspheres
were dispersed in ammonia solution (60 mL, 1 mol-L™)
containing CTAB (0.3 g) as the stabilizer. The dispersion
was stirred mechanically at 250 r-min' for 6 h at room
temperature. The magnetic composite microspheres were
again collected by a magnet and washed with DDI water to
remove the excess chloride ions. These hydrolysis and
condensation steps were performed twice. The magnetic
composite microspheres were dried at 70°C for 12 h.
Monodisperse porous Mag-TiO, microspheres were
obtained after the calcination of the composite micro-
spheres at 450°C for 4 h with a heating ramp of 2°C - min™".

Mag-SiO, microspheres were also synthesized by a
similar staged-shape template hydrolysis and condensation
protocol using magnetic, monodisperse poly(MAA-co-
EDMA) microspheres, as described in Fig. 1(b) [25]. In the
first stage, poly(MAA-co-EDMA) microspheres were



576 Front. Chem. Sci. Eng. 2019, 13(3): 574-585

Magnetization protocol I \

Cl NHZ FCC|3/FCC12
6(OH HN_~NH, 6/ N,/vacuum [O]Fez P>t
Poly(HPMA-Cl-  PA Amine ~ Adsorption and &,
. complex HNY
co-EDMA) carrying f i ) &
microspheres microspheres ormation > 1'2”2‘;3
0
V73 0 O
\ M
oM “o Magnetic
N ﬂ go\ﬂ% polymer
Calcination o NH,OH Q » m'CTSVSiIt)}}lleTCS
- - (
450°C Condensation iron oxide
Magnetic Magnetic ;
TiO, composite nanoparticles
microspheres microspheres
|_| Staged-shape template hydrolysis and condensation protocol I_l
( = Magnetization protocol } \
O, oH l;?SlyFeClz 2 Fe“
vacuum
— > o
Poly(MAA-co-  Adsorption and 4O
EDMA) complex BIHaIy
: formation Precj
microspheres ormatio Pitatioy, Q
\N
‘i%b Magnetic
< & poly-
&S o methacrylate
ng»\‘ microspheres
Calcination Qoi\b with
- 450°C v iron oxide
Magnetic SiO, Magnetic SiO,- nanoparticles
microspheres polymethacrylate
composite microspheres
|—| Staged-shape template hydrolysis and condensation protocol |-'

Fig. 1 Synthesis of monodisperse porous (a) Mag-TiO, and (b) Mag-SiO, microspheres by a staged-shape template hydrolysis and

condensation protocol

magnetized by the binary precipitation of iron salts under
the conditions used for the magnetization of EDA-attached
poly(HPMA-Cl-co-EDMA) microspheres. For the synth-
esis of Mag-SiO, microspheres, the magnetic poly(MAA-
co-EDMA) microspheres (0.4 g) were dispersed in a
solution of 2-propanol (50 mL) and water (5 mL)
containing TBAI (0.25 g), and concentrated ammonia
(0.25 mL, 25% w/w). The silica precursor solution (5 mL)
containing 25% v/v TEOS dissolved in 2-propanol was
added dropwise. The dispersion was agitated at 350 r/min
at room temperature for 24 h. The magnetic composite
microspheres were collected using a magnet and washed
with 2-propanol and DDI water. The washed microspheres
were dried in vacuum at 60°C for 24 h. The calcination was
performed at 450°C for 6 h with a heating ramp of
2°C-min™' to obtain monodisperse-porous Mag-SiO,
microspheres.

2.3 Synthesis of AuNP-attached magnetic titania
(AuNP@Mag-TiO;) and AuNP-attached magnetic silica
(AuNP@Mag-SiO,) microspheres

Prior to AuNP decoration, Mag-TiO, and Mag-SiO,
microspheres were reacted with APTES in toluene [20].
In order to change the AuNP loading on Mag-TiO,
microspheres, different amounts of amine-attached
Mag-TiO, microspheres were put into AuNP solutions
obtained via Turkevich and Martin methods (i.e., contain-
ing AuNPs 16 and 5 nm in size, respectively) and stirred
mechanically at 300 r-min™ for 6 h at room temperature
[20]. Thus, Turkevich AuNP-decorated, magnetic, mono-
disperse, and porous titania (TAuUNP@Mag-TiO,) micro-
spheres and Martin AuNP-decorated, magnetic,
monodisperse, and porous titania (MAuNP@Mag-TiO,)
microspheres were obtained. After synthesis, both types of
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microspheres were extensively washed with DDI water.
The AuNP decoration protocol, identical to that applied for
Mag-TiO, microspheres, was followed for obtaining the
Martin AuNP-decorated, magnetic, monodisperse, and
porous silica (MAuNP@Mag-SiO,) microspheres. Thus,
MAuNP@Mag-SiO, microspheres were obtained with the
Au loading of 5% w/w [20].

2.4 Reduction of 4-NP with TAuNP@Mag-TiO, and
MAuNP@Mag-TiO, microspheres

The catalytic activities of TAuNP@Mag-TiO, and
MAuNP@Mag-TiO, microspheres were investigated in
the reduction of 4-NP by changing the catalyst amount,
initial 4-NP concentration, and Au loading on the Mag-
TiO, microspheres. In a typical experiment, NaBH,4 (0.2 g)
was added to an aqueous solution of 4-NP (7.5 mg-L™,
26.5 mL) in a batch reactor. The solution was stirred with
300 r-min" at 20°C until evolution of H, gas had ceased.
After a certain time, 500 pL of the sample was withdrawn
from the reactor to determine the concentration of 4-NP.
Next, TAUNP@Mag-TiO, or MAuNP@Mag-TiO, micro-
spheres (1 mg) were added to the 4-NP solution. For the
determination of 4-NP concentration in the aqueous
medium at a certain time, the aforementioned microspheres
were separated from the solution using an external magnet,
and the sample (500 pL) was withdrawn from the liquid
part not containing the magnetic catalyst microspheres.
The concentration of 4-NP was determined by measuring
the absorbance sample solution at 400 nm using a UV-Vis
Spectrophotometer (UV-1601, Shimadzu, Japan). Reduc-
tion of 4-NP in batch fashion under the same conditions
was also performed using MAuNP@Mag-SiO, micro-
spheres as the catalyst instead of MAuNP@Mag-TiO,
microspheres.

2.5 Catalyst recovery and reuse

The reusability of MAuNP@Mag-TiO, microspheres was
investigated as it was selected as the best catalyst in the
reduction of 4-NP. On the completion of catalytic reduction
of 4-NP at 20°C with an initial 4-NP concentration of
7.5 mg L', MAuNP@Mag-TiO, microspheres (1 mg)
were separated using a magnet and rinsed with DDI water
several times. The recovered catalyst was then reused for
the degradation of 4-NP under the same conditions. This
reduction-recovery cycle was repeated five times to test the
reusability of the magnetic catalyst.

2.6 Characterization

The surface morphology and size distribution properties of
all magnetic microspheres (i.e., Mag-TiO,, MAuNP@-
Mag-TiO,, Mag-SiO,, and MAuNP@Mag-SiO, micro-
spheres) were determined by scanning electron microscopy
(SEM; FEI- Quanta 200 FEG, USA). The surface chemical

structures of all magnetic microspheres were investigated
by energy dispersive X-ray spectroscopy (EDX). The
magnetic behaviors of all magnetic microspheres were
determined by the vibrating sample magnetometer (VSM,
Quantum Design, Model P525, USA) at room temperature.
For all magnetic microspheres, the pore size distributions
and specific surface areas (SSAs) were determined by a
surface area and pore size analyzer (Quantachrome, Nova
2200E, UK) using the Brunauer—Emmett—Teller equation.
The crystal structures of all magnetic microspheres were
determined by X-ray diffraction (XRD) spectroscopy
(Rigaku, D/Max-2200, USA) and the chemical structures
were investigated by Fourier transform infrared spectro-
scopy (Nicolet Nexus 470 FT-IR, Thermo Nicolet Co.,
USA).

3 Results and discussion
3.1 Characterization of plasmonic catalysts

The Mag-TiO, microspheres with size ~5.5 um (coefficient
of variation of 5.4%) and an SSA of 72.4 m*-g' were
synthesized by following a staged-shape template hydro-
lysis and condensation protocol [24]. These microspheres
exhibited a bimodal pore size distribution containing both
mesoporous and macroporous compartments ranging
between 3 and 145 nm in size. The median pore size in
the mesoporous region was determined to be 16 nm and the
macropores were ranged between 50 and 145 nm in size
[24]. The saturation magnetization of Mag-TiO, micro-
spheres was determined as 3.2 emu-g”' [24]. No
significant change was observed in the average size,
SSA, and saturation magnetization by the deposition of
Martin or Turkevich AuNPs onto Mag-TiO, microspheres.

The Mag-SiO, microspheres (6.0 pm in size with a
coefficient of variation of 4.6% and an SSA of 235 m*- g ™)
were synthesized by applying a similar staged-shape
template hydrolysis and condensation protocol [25]. The
saturation magnetization of Mag-SiO, microspheres was
measured as 25.5 emu- g ' [25]. No significant change was
also observed in the average size, SSA, and saturation
magnetization by the deposition of Martin AuNPs onto
Mag-SiO, microspheres. The representative SEM photo-
graphs of MAUNP@Mag-TiO, and MAuUNP@Mag-SiO,
microspheres are given in Fig. 2. As seen here, both types
of microspheres were obtained with a narrow size
distribution. The shapes and surface morphologies of
TAuNP@Mag-TiO, microspheres were also very similar
to that observed for MAuNP@Mag-TiO, microspheres
given in Fig. 2(a) [24]. The SEM photographs with higher
magnification (i.e., 200000X) were also obtained for
MAuNP@Mag-TiO, and MAuNP@Mag-SiO, micro-
spheres and are presented in Figs. 2(a) and 2(b),
respectively. These images revealed that MAuNPs were
immobilized on the surfaces of both microspheres. On the
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Fig. 2 (a) SEM photographs of MAuNP@Mag-TiO, microspheres, (b) SEM photographs of MAuNP@Mag-SiO, microspheres.
Magnification: 20000X and 200000X, Magnification in the SEM photos showing size distribution: 2000X, (c) EDX spectrum of

MAuNP@Mag-TiO, microspheres, (d) EDX spectrum of MAuNP@Mag-SiO, microspheres

other hand, the peaks belonging to Au, Fe, O, and Ti were
obtained in the EDX spectrum of MAuNP@Mag-TiO,
microspheres (Fig. 2(c)). As expected, the EDX spectrum
of MAuNP@Mag-SiO, microspheres included Au, Fe, O,
and Si (Fig. 2(d)). A weak peak corresponding to C was
observed in both EDX spectra and likely originated from
the carbonization of the polymethacrylate template during
calcination, a step that was included in the synthesis of
both MAu@Mag-TiO, and MAu@Mag-SiO, micro-
spheres (Figs. 2(c) and 2(d)).

The presence of AuNPs and Fe;O, NPs within
MAuNP@Mag-TiO, and MAuNP@Mag-SiO, micro-
spheres was shown by XRD (Fig. 3). For MAuNP@-
Mag-TiO, microspheres, the anatase peaks were obtained
at 25.3°, 48.0°, 55.1°, 63.0°, 70.0° and 75°. The rutile
peaks were observed at 27.4°, 36.1° and 40.5° [26-28]. In
the XRD spectra of MAuNP@Mag-SiO, and MAuUNP@-
Mag-TiO, microspheres, Fe;O4 peaks were found at 54°
and 62° (i.e., marked by red lines) and the Au peaks were
observed at 37.5°, 43.5° and 64° (i.e., marked by yellow
dotted lines) [29,30]. The area ratios of Au and Fe;0,4
peaks in the XRD spectrum of MAuNP@Mag-TiO,
microspheres were not very different than those of
MAuNP@Mag-SiO, microspheres. This finding may be
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Fig. 3 XRD patterns of (a) MAuNP@Mag-SiO, and (b)
MAuNP@Mag-TiO, microspheres

evaluated as an evidence of MAuUNP contents of Mag-SiO,
and Mag-TiO, microspheres being close.

The FTIR spectra of Mag-TiO,/MAuNP@Mag-TiO,
and Mag-SiO,/MAuNP@Mag-SiO, microspheres are
given in Figs. S1(A) and S1(B), respectively. In all spectra,
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the broad absorption bands lying between 3000 and
3700 cm™" were assigned to the stretching vibrations of the
O-H group of Mag-TiO,/MAuUNP@Mag-TiO, and Mag-
Si0,/MAuUNP@Mag-SiO, microspheres [30-32]. For
Mag-TiO, and MAuNP@Mag-TiO, microspheres,
the spectra included absorption bands at 500 ¢cm™ and
1630 cm™, which were attributed to Ti-O-Ti stretching
and Ti—O vibration in TiO,, respectively (Fig. S1(A)) [30].
The intensive bands observed between 550 and 650 cm™ in
the FTIR spectra of Mag-TiO, and MAuUNP@Mag-TiO,
microspheres were assigned to the Fe—O bond vibration in
Fe3;04[30]. These broad bands observed for Mag-TiO, and
MAuNP@Mag-TiO, microspheres could be ascribed to
the overlapping of stretching vibrations originating from
the Ti—O-Ti and Fe—O bonds at 590 cm !, which verified
the magnetic titania structure [30]. In the FTIR spectra of
Mag-SiO, and MAuNP@Mag-SiO, microspheres, the
band at 570 cm ! was attributed to the Si-O-Fe bond,
which also verified the magnetic silica structure [32]. In the
FTIR spectra of Mag-SiO, and MAuNP@Mag-SiO,
microspheres, the broad absorption peaks located in the
spectral range 1000-1100 cm™ were assigned to the
stretching vibrations of the Si—O bond. The absorption
peaks at 960, 800, and 470 cm™ were also in good
agreement with the bending vibrations of the Si—-O-Si
bond [32].

The characterizations performed using SEM, EDX,
FTIR, and XRD showed that the synthesized MAUNP@-
Mag-TiO, and MAuNP@Mag-SiO, microspheres were
monodisperse spherical particles including magnetic iron
oxide in their structures and MAuNPs immobilized on
their surfaces.

3.2 Reduction of 4-NP with plasmonic catalysts having
synergistic activity

The schematic representation for the reduction of 4-NP to
4-aminophenol (4-AP) with AuNPs as a plasmonic catalyst
using an excess amount of NaBHy is given in Fig. S2 [33].
As shown, 4-nitrophenolate ion was formed by the
addition of NaBH, to the 4-NP solution. The absorption
peak of 4-NP shifted from 313 to 400 nm after the addition
of NaBH, because of the formation of 4-nitrophenolate
ion, as evident from a color change from light yellow to
dark yellow [34-36].

The reduction of 4-NP to 4-AP (the change in the
intensity of absorption of nitrophenolate) was recorded by
UV-Vis spectroscopy. The UV-Vis spectra recorded at
different reaction periods during the reduction of 4-NP
solution with TAuNP@Mag-TiO, microspheres using
excess amount of NaBH, at 20°C are exemplified in
Fig. 4. UV-Vis spectra shown in Fig. 4 indicated that the
peak at 400 nm corresponded to the formation of
4-nitrophenolate anion on the addition of NaBH,4. Owing
to the reduction of 4-NP with Turkevich AuNP-decorated
magnetic titania microspheres, the intensity of 4-NP peak
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Calcination temperature: 450°C, AuNP loading: 5% w/w; catalyst
amount: 1 mg, 4-NP concentration: 7.5 mg-Lfl, 26.5 mL,
temperature: 20°C

at 400 nm decreased continuously, while the intensity of
4-AP peak at 300 nm increased. The concentration of 4-NP
was calculated according to the decrease in the absorbance
peak at 400 nm, which was directly proportional to the
reduction in 4-NP concentration. The variation of 4-NP
and 4-AP concentrations with time during the reduction of
4-NP solution containing TAuNP@Mag-TiO, micro-
spheres is given as an inset in Fig. 4. As seen here, 4-NP
was completely converted to 4-AP within 32 min under the
studied conditions.

In the literature, various AuNP@TiO, nanocomposites
have been prepared as plasmonic or photocatalytic
materials, particularly using conventional TiO, nanoparti-
cles [11-17]. The isolation and recovery of the catalyst is
usually difficult when it is utilized in the form of
nanoparticles in batch fashion. In the present study, the
monodisperse porous Mag-TiO, microspheres of size
5.5 um were selected as a support material for the
synthesis of the plasmonic catalyst. Both the magnetic
property and the particle size in the micron range allowed
an easier and fast isolation of the plasmonic catalyst as
compared to the nanoparticle-based catalytic materials.
The optical images of the color changes observed in the
conversion of 4-NP to 4-AP are given in Fig. S3. As
shown, a clear solution with almost zero absorbance in the
visible region (i.e., at a wavelength of 500 nm) was
obtained within a time-period of less than 1 min, by the
separation (or collection) of MAuUNP@Mag-TiO, micro-
spheres by an external magnet.

The effect of AuNP size on the reduction rate of
4-NP was investigated by using TAuNP@Mag-TiO,,
MAuUNP@Mag-TiO,, and MAuNP@Mag-SiO, micro-
spheres as plasmonic catalysts. In these runs, TiO,, Mag-
TiO,, and Mag-SiO, microspheres were also included as
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references for comparison (Fig. 5).

As shown, the decrease in 4-NP concentration was only
due to the reduction of 4-NP with AuNP-decorated
magnetic microspheres and not because of the adsorption
of 4-NP onto the bare and magnetic microspheres. The
MAuUNP@Mag-TiO, and TAuNP@Mag-TiO, micro-
spheres used in this study were prepared using AuNPs
that were 5 and 16 nm in size, respectively [20]. As seen in
Fig. 5, a significant enhancement in the reduction of 4-NP
was observed by using MAuNP@Mag-TiO, microspheres,
in which the AuNP size was smaller, as compared to
TAuNP@Mag-TiO, microspheres. The time needed for
the complete reduction of 4-NP solution decreased from
32 min to 2 min because of the higher redox potential of
small-sized AuNPs supported on Mag-TiO, microspheres.
It has been reported that AuNPs of smaller size have a
higher redox potential, which accelerates the electron
transfer and thereby increases the reaction rate of catalytic
reactions [35]. As seen in Fig. 5, a higher catalytic activity
was achieved with the MAuUNP@Mag-TiO, microspheres
as compared to MAuNP@Mag-SiO, microspheres that
were synthesized following a very similar protocol and
with very similar sizes and porous properties (Figs. 1 and
2). This difference in plasmonic activity can probably be
explained by the efficient electron transfer between AuNPs
and TiO, or a higher amount of Martin AuNP deposited
onto Mag-TiO, in comparison to Mag-SiO,. However, the
deposition of a higher amount of MAuNP onto Mag-TiO,
as compared to Mag-SiO, was not supported by the XRD
data (Fig. 3). Therefore, the higher plasmonic activity of
AuNP@Mag-TiO, microspheres could only be explained
by the efficient electron transfer taking place between
AuNPs and TiO,. As expected, no significant 4-NP
conversion was observed in the presence of selected
reference materials (i.e., TiO,, Mag-TiO,, and Mag-SiO,
microspheres) because no AuNPs were present on them.
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The kinetic results in Fig. 5 clearly show that the
highest 4-NP consumption rate was achieved with the
MAuNP@Mag-TiO, microspheres.

The effect of initial 4-NP concentration on the reduction
rate of 4-NP with TAuNP@Mag-TiO, and MAUNP@-
Mag-TiO, microspheres is given in Fig. 6. As seen in
Fig. 6(a), the reduction rate of 4-NP markedly decreased
with the increasing initial concentration of 4-NP in the
presence of TAuNP@Mag-TiO, microspheres. This
decrease was likely attributable to the inadequate amount
of AuNPs for the reduction of more 4-NP molecules. As
the reduction rate of 4-NP increased dramatically on
reducing the size of AuNPs decorating the Mag-TiO,
microspheres, a complete reduction of 4-NP with the
highest concentration (15 mg-L ") was achieved within
2 min by using MAuNP@Mag-TiO, microspheres as the
plasmonic catalysts (Fig. 6(b)). As shown in this figure,
although the initial concentration was increased two-fold
(from 7.5 to 15 mg-L™"), an almost complete reduction of
4-NP was achieved within the same period (2 min). This
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A5 75 m]15

—
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0 10 20 30 40 50
Time/min

(@
16 4-NP concentration/(mg-L™")
A5 @75 ml5

—
[\S]

~

4-NP concentration/(mg-L ™)
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Fig. 6 Effect of the initial 4-NP concentration on the plasmonic
reduction rate of 4-NP with (a) TAuNP@Mag-TiO, and (b)
MAuUNP@Mag-TiO, microspheres. Calcination temperature:
450°C; AuNP loading: 5% w/w; catalyst amount: 1 mg;
temperature: 20°C
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behavior can be assessed as a clear evidence of the
enhancement of plasmonic catalytic activity of AuNP@-
Mag-TiO, microspheres on reducing the AuNP size.
Recently, magnetic Fe;04@CeO, nanoparticles (~300
nm) loaded with Pt or Pd nanoparticles were proposed as
a superior plasmonic catalyst for 4-NP reduction in batch
fashion [37]. In the cited study, 4-NP (10 mg-L™") was
completely converted to 4-AP in the presence of excess
NaBH, by using a catalyst concentration of 0.05 mg-mL™
in a reaction volume of 40 mL, with the reaction times
ranging between 3 and 7 min depending upon the noble
metal nanoparticles (Pt, Pd, or Pt-Pd) incorporated into the
magnetic Fe;04@CeO, nanocomposite [37]. In the present
case, 15 mg- L™ of 4-NP could be completely converted to
4-AP in the reaction volume of 26.5 mL within 2 min using
a plasmonic catalyst (i.e., MAuNP@Mag-TiO,) concen-
tration of 0.038 mg-mL'. The average 4-NP reduction
rate obtained with MAUNP@Mag-TiO, microspheres was
0.795 umoly np* MEearyse | ~min”' for the complete reduc-
tion of 4-NP.

The concentration-time curves given in Fig. 6 were
evaluated by considering the pseudo-first order kinetics for
the plasmonic reduction of 4-NP, as also performed
previously [5,15,16]. For this purpose, In(Cynp/Canp®)
was plotted against time for different 4-NP initial
concentrations (C4np and C4np° are the concentration of
4-NP at any time and the initial concentration, respec-
tively). The straight lines used for the determination of the
first order apparent rate constants are given in Figs. S4(A)
and S4(B) for TAuUNP@Mag-TiO, and MAuNP@Mag-
TiO, microspheres as plasmonic catalysts, respectively.
The determined values of apparent rate constants for
different 4-NP initial concentrations are presented in
Table 1.

The apparent rate constant decreased with the increasing
4-NP initial concentration for both TAuNP@Mag-TiO,
and MAuNP@Mag-TiO, microspheres (Table 1). As
expected, the rate constants calculated for the MAuNP@-
Mag-TiO, microspheres were higher as compared to
those for the TAUNP@Mag-TiO, microspheres. The first
order apparent rate constants varying between 1.0 and
2.3 min' ‘mgerys | Were reported for AuNP carrying
monodisperse colloidal TiO, nanoparticles with an initial

4-NP concentration of 1.36 mg-L™ [15]. In the present
case, the apparent rate constant calculated with the lowest
4-NP initial concentration with the MAuUNP@Mag-TiO,
microspheres (i.e., 5.852 min'-Mgeyarys¢ ' for 4-NP initial
concentration of 5.0 mg-L™' ) was considerably higher as
compared to the reported values of AuNP carrying
monodisperse-colloidal TiO, nanoparticles [15].

The effect of AuNP loading on the catalytic reduction
rate of 4-NP is given in Fig. 7. As shown, the complete
reduction of 4-NP was achieved within 2 min for all AuNP
loadings. An apparent effect of AuNP loading on the
catalytic activity of MAuNP@Mag-TiO, microspheres
was not observed in the studied range.

8 Au loading/(%w-w™")
mS5 Al0

® 25

4-NP concentration/(mg-L ")

Time/min

Fig. 7 Effect of AuNP loading on the reduction rate of 4-NP with
MAuNP@Mag-TiO, microspheres. Calcination temperature:
450°C; catalyst amount: 1 mg; 4-NP concentration: 7.5 mg'Lfl,
26.5 mL; Temperature: 20°C

The effect of the catalyst amount on the plasmonic
reduction rate of 4-NP by using MAuNP@Mag-TiO,
microspheres is illustrated in Fig. 8. As expected, the
reduction rate of 4-NP increased on increasing the amount
of MAuUNP@Mag-TiO, microspheres [34-36]. The com-
plete reduction of 4-NP was achieved in less than 20 s with
the highest amount of the catalyst (i.e., 4 mg in 26.5 mL
of reaction volume). For this run, the average 4-NP
consumption rate was calculated as 1.19 pumolynp
“Meatatyst | ~Min'. The highest 4-NP reduction rate for

Table 1 First-order apparent rate constants for 4-NP reduction by AuNP@Mag-TiO, microspheres as plasmonic catalyst for different initial

concentrations of 4-NP ¥

Catalyst type

4-NP Initial concentration /(mg-L™")

w1 =1
kapp /(min *MEeatalyst )

TAuNP@Mag-TiO, microspheres

MAuNP@Mag-TiO, microspheres

5.0 0.353
7.5 0.133
15.0 0.024
5.0 5.852
7.5 2.589
15.0 2.927

a) catalyst concentration: 0.038 mg'mLfl, reaction volume: 26.5 mL, 20°C
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Fig. 8 Effect of catalyst amount on the plasmonic reduction rate
of 4-NP with MAuNP@Mag-TiO, microspheres. Calcination
temperature: 450°C, AuNP loading: 5% w/w; 4-NP concentration:
7.5 mg-L !, 26.5 mL, temperature: 20°C

Pd-loaded magnetic Fe;04@CeO, nanoparticles was
calculated as 0.50 pmoly np MEeaarysc | ~Min~' on consid-
ering the complete conversion of 4-NP within 3 min,
according to the reported data [37]. In another study, poly
(allylamine hydrochloride)-modified polymer poly(glyci-
dyl methacrylate) composite sub-microspheres with tun-
able gold nanoparticles (PGMA@PAH@AuUNPs) were
evaluated as plasmonic catalysts for 4-NP reduction [5].
The 4-NP reduction rate was calculated as 0.393 pmolnp
“Meatalyst | ~Min~' by using the data for complete conver-
sion of 4-NP within 2.13 min [5]. AuNP-attached colloidal
TiO, nanoparticles (~220 nm in diameter) were also used
as plasmonic catalysts for 4-NP reduction in batch fashion
[15]. For the referred study, the highest average 4-NP
reduction rate was calculated as 0.015 pmolsnp
“Meanalyst | -Min' by considering 90% (w/w) of 4-NP
conversion within 30 min, by using the reported data for
the catalyst encoded as TiO,—Au [15]. In this study, the
4-NP reduction rates obtained with MAuUNP@Mag-TiO,
microspheres were 2.4-79.3 times higher as compared to
similar plasmonic catalysts. Hence, the plasmonic catalytic
performance of MAuNP@Mag-TiO, microspheres was
superior with respect to the plasmonic catalysts, particu-
larly those containing Au and TiO, nanoparticles. The
deposition of a higher amount of small-sized AuNPs onto a
relatively larger surface area of magnetic-porous TiO,
microspheres originating from their bimodal pore size
distribution containing both mesoporous and macroporous
compartments was likely the reason for the higher 4-NP
reduction rate observed with the MAuNP@Mag-TiO,
catalyst. The concentration-time curves in Fig. 8 were
evaluated according to pseudo-first order kinetics for
plasmonic reduction of 4-NP by MAuNP@Mag-TiO,
microspheres. The curves used for the calculation of the
first order apparent rate constants for different MAUNP@-
Mag-TiO, concentrations are given in Fig. S5.

The determined values of apparent rate constants (min™")

are given in Table 2. As seen here, the apparent rate
constants were also expressed in term of min™" - mgguarysc
by dividing the determined value by the amount of catalyst
used. As expected, the rate constants given as min
increased with increasing catalyst concentration. However,
when these values were divided by the amount of catalyst
used, the apparent rate constants varied between 2.6
and 4.8 per mg of the catalyst in each run (i.e.,
min"' mMgeaaryse ) (Table 2). An average value of these
individual runs (3.659 min' mgcyarys ') Was also con-
siderably higher with respect to the apparent rate constants
reported for AuNP carrying monodisperse colloidal TiO,
nanoparticles [15].

Table 2 First-order apparent rate constants for 4-NP reduction for
different MAUNP@Mag-TiO, concentrations”

MAuNP@Mag-TiO, Kapp kapp
concentration /(mg- mL ™) /min”! /(min"- mgcam]ys{')
0.019 (0.5)” 1.834 3.668
0.038 (1.0)® 2.589 2.589
0.076 (2.0)® 9.492 4746
0.152 (4.0)” 14.532 3.633

a) 4-NP initial concentration: 7.5 mg-L’l; Reaction volume: 26.5 mL, 20°C; b)
amount of catalyst/mg used in the reaction volume of 26.5 mL is given within the
parenthesis

3.3 Mechanism of synergistic catalytic activity

In a recent study, a nanocatalyst that is very similar to the
one synthesized in this work has been developed and the
term “synergistic catalytic activity” has been used for the
first time for 4-NP reduction [38]. The reported synergistic
nanocatalyst was produced in the form of AuNP-loaded
hierarchical hollow porous TiO, nanospheres, ~355 nm in
size, and evaluated for the reduction of 4-NP under visible
or UV-light irradiation [38]. In the referred study, the
synergistic catalytic activity of the AuNP-loaded hollow
porous TiO, nanospheres under visible light was explained
by the injection of hot electrons, generated by surface
plasmon resonance (SPR) of AuNPs, to the conduction
band of hollow TiO, nanoparticles as the energy of hot
electrons relative to the Au Fermi level was higher than the
Schottky barrier height [39-43]. This electron transfer was
termed as the “nanojet effect” of hollow and porous TiO,
nanospheres [38]. The hot electrons were transferred
through the hollow, porous TiO, nanospheres to the lowest
unoccupied molecular orbital (LUMO) of 4-NP. The
reduced surface electron density of AuNPs, owing to the
hot electron transfer from AuNPs to the hollow, porous
TiO, nanospheres enhanced both the adsorption of BH4~
and 4-NP onto AuNPs and the electron transfer from BH4~
to 4-NP through the AuNPs [38]. Hence, 4-NP reduction
rate increased. Although the reduction conditions were
somewhat different, the comparison of the reaction periods
for complete reduction of 4-NP showed that the reduction
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rates obtained in our study were roughly in the same order
of magnitude as those obtained with AuNP-loaded
hierarchical hollow and porous TiO, nanospheres [38].
In the present case, a plasmonic catalyst with a very similar
structure was obtained by the immobilization of Martin Au
nanoparticles (MAuNPs) onto porous TiO, microspheres
in the magnetic form. Considering the “synergistic
catalytic activity” concept proposed for 4-NP reduction
by AuNP loaded-hollow porous TiO, nanospheres, the
possible reaction mechanisms for 4-NP reduction with
MAuUNP@Mag-Si0, and MAuNP@Mag-TiO, micro-
spheres can be explained as given in Fig. 9. In the case
of catalytic reduction of 4-NP by MAuNP@Mag-SiO,
microspheres, SPR-induced electrons are transferred from
BH, ions as a nucleophile to MAuNPs and then to 4-NP
adsorbed onto Mag-SiO, microspheres, as an electrophile
that captures electrons from MAuNPs [44-46]. Thus, the
reduction of 4-NP with NaBH, in the presence of
MAuUNP@Mag-SiO, microspheres only proceeds with
MAuUNPs as a noble metal catalyst [44-46]. In the case of
catalytic reduction of 4-NP by MAuNP@Mag-TiO,
microspheres, the catalytic reduction involves both
MAuNPs and MagTiO, microspheres [38]. The SPR-
induced hot electrons generated by MAuNPs are trans-
ferred to the conduction band of magnetic-porous TiO,
microspheres [38]. Hence, these hot electrons are trans-
ported from the porous TiO, microspheres to the LUMO of
4-NP [38,47]. The reaction was facilitated because of
electron transfer from MAuNPs to TiO,, which reduced the

4P @

(b)

MAuNP@Mag-SiO,

Fig. 9 Possible mechanisms for 4-NP reduction with (a)
MAuNP@Mag-TiO, and (b) MAuUNP@Mag-SiO, microspheres

electron density of MAuNPs and promoted the adsorption
of both BH, and 4-NP onto MAuNPs [38,44-46]. It could
be deduced that the synergistic catalytic effect between
MAuNPs and TiO, was due to the transfer of hot electrons
from MAuNPs to the conduction band of TiO,, which
apparently enhanced the rate of reduction of 4-NP.

3.4 Reusability of plasmonic catalyst

To assess the reusability MAuNP@Mag-TiO, micro-
spheres having the highest catalytic activity, the reduction
of 4-NP at 20°C was repeated five times under the same
conditions (Fig. 10). After each run, the plasmonic catalyst
was recovered using an external magnet. The percentage of
removal in each cycle is given in Fig. 10. The percentage
removal of 4-NP decreased by 1.7% after three cycles and
it was 89.9% after being reused five times. This decrease
could be ascribed to the adsorption of 4-AP, which was
formed during plasmonic degradation onto MAuNP@-
Mag-TiO, microspheres.

99.2 98.3
I I 90.3 89.9
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Number of cycles
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Fig. 10 Reusability of MAuNP@Mag-TiO, microspheres for
plasmonic reduction of 4-NP. Calcination temperature: 450°C;
AuNP loading: 5% w/w; catalyst amount: 1 mg; 4-NP concentra-
tion: 7.5 mg-Lfl, 26.5 mL; temperature: 20°C

4 Conclusions

The catalytic activity of AuNP@Mag-TiO, microspheres
was investigated in the reduction of 4-NP by changing the
AuNPs size, AuNP loading, catalyst amount, and initial
concentration of 4-NP. A significant enhancement in the
plasmonic catalytic activity was observed with MAuUNP@-
Mag-TiO, microspheres, in which the AuNP size was
smaller in comparison to the TAuNP@Mag-TiO, micro-
spheres. The MAuNP@Mag-TiO, microspheres also
exhibited a higher catalytic activity with respect to
MAuNP@Mag-SiO, microspheres synthesized following
a similar protocol and with a very similar size and porous
properties. This difference could probably be explained by
an efficient electron transfer between TiO, and AuNPs.
The synergistic catalytic effect of AuNP@Mag-TiO,
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microspheres could be explained by surface plasmon
resonance-induced transfer of hot electrons from AuNPs to
the conduction band of titania (i.e., nanojet effect) [38].
The selection of magnetic porous TiO, particles in micron-
size range as a component of the proposed system provided
an easily recoverable plasmonic catalyst with superior
activity with respect to the previously synthesized similar
catalysts [5,15,37]. The complete reduction of 4-NP was
achieved within 0.5 min in the catalytic runs performed
using MAuNP@Mag-TiO, microspheres.
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