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Abstract

Microspheres with well-defined morphologies have been demonstrated as a promising catalytic carrier to modulate
catalytic performance. However, the strategy for controlling the production of such microspheres with noble
bimetallic nanoparticles immobilized is limited by complicated procedures and is time-consuming. Here, a facile and
robust strategy is developed to prepare polystyrene (PS) microspheres with well-tailored morphology by readily
altering the volume ratio of ethanol or toluene to water. Ag monometallic nanoparticles, Ag-Pt, and Ag-Au bimetallic
nanoparticles were loaded on the PS matrix via a one-step continuous approach in a spiral microchannel. The hollow
and open-hole structure was conducive to loading high content nanoparticles owing to its remarkable surface area,
with Ag and Pt loading content are 7% and 10%, respectively. The swell-buckling theory and adsorption-reduction-
infiltration mechanism were proposed to explain the PS microsphere’s morphology evolution behavior and anchor
noble metallic nanoparticles on PS microspheres in a spiral microchannel, respectively. The Ag-Pt@PS and Ag-Au@PS
microspheres served as efficient catalysts for the reduction of 4-nitrophenol into 4-aminophenol. The effects of the
support morphologies, catalyst amount, and types of noble metal nanoparticles on the catalytic performance were
investigated experimentally. The results demonstrated that Ag-Pt@PS and Ag-Au@PS microspheres exhibited much
superior catalytic performance than Ag@PS microspheres. More importantly, open-hole PS microspheres loaded with
Ag-Pt nanoparticles exhibited the best catalytic performance, with reaction rate constant and activity parameters were
1.73x 1075 and 692 5".g"', whereas without sacrificing catalytic activity even after five cycle reusability. The results
not only provide an efficient continuous strategy for bimetallic catalysts preparation but also offer an effective strategy
to regulate the noble metal nanoparticles via the support structure modulation for confined synergistic catalysis.

Introduction

Polymeric microspheres with well-defined structures
have been demonstrated to exhibit unique properties and
functionalities, which are of great significance for practical
applications'™. In recent years, hollow polymeric
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microspheres with tailored morphologies*® have attracted
considerable attention from researchers owing to their
large surface area, controlled pore structure, flexible
loading of desired species®’, and outstanding function-
ality®. Polymeric microspheres with tailored structures and
large specific surface areas have been successfully applied
in catalytic reactions”'’, drug delivery'"'?, energy sto-
rage'®, and photonic crystals'*'°. In the last two decades,
numerous approaches have been proposed to prepare
intelligent and morphology-controlled hollow polymeric
microspheres with site-selective dissolution'”**, including
seed polymerizationlg, self-templatingu, colloidal
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templatingS, and osmotic swelling—diffusion7’2°'21, and

one-step polymerization”. Among the abovementioned
methods, polymerization and osmotic swelling-diffusion
are the most commonly used approaches to fabricate
hollow polymeric microspheres. The polymerization fab-
rication approach is regarded as a straightforward strategy,
which always requires a long time to generate a hollow
structure. As for the self-templating strategy, the hollow
structure is induced by the substance (like monomer,
oligomer, polymer chain, or solvent) migration from the
central part of the microparticle to the shell or the inter-
face of the microsphere in the binary or the ternary sys-
tem®”. Seed polymerization refers to the pre-produced
microspheres as seeds, and phase separation occurs in
different substances to a distinctive extent for the hollow
structure in the system. Although this approach can pro-
duce hollow microspheres on a large scale with tunable
size, toxic fluid or specific organic reagents are always
necessary, which poses a threat to the environment and
health®?, Apart from seed polymerization, one-step poly-
merization is also utilized to generate a specific hollow
structure, which is limited by the defined formulations and
fixed reaction conditions'®. The approaches mentioned
above always require a long time with toxic organic
reagents, surfactants®, or templates, which contradicts
green and sustainable development in the chemical
industry. Additionally, the prepared polystyrene micro-
spheres with a wide size distribution, poor mono-
dispersity”, and collapsed or damaged morphology®*,
which greatly constrain the practical applications. There-
fore, developing a facile and efficient strategy to prepare
morphology-controllable microspheres is of great sig-
nificance for downstream sophisticated applications.

It is well acknowledged that incorporating microspheres
with noble metals, like silver®, gold®?®, palladium®*¢, and
platinum®”?®, is an efficient strategy to produce multi-
functional catalyst, endowing the composite microspheres
with particular physical and chemical properties and some
specific functions, further extending their related appli-
cations in various fields like biomedicine, catalytic reac-
tion”®!, and  photonic  crystals®’, and dye
degradation®>®*, In recent years, noble metal nano-
particles have been involved with hollow polymeric
microspheres to fabricate composite functional materials,
which combine the advantages and mitigate the short-
comings of the individual hollow polymeric microspheres,
with the expectation of exploring sophisticated applica-
tions. Continuous flow strategy has been demonstrated as
an efficient strategy for synthesizing noble nanoparticles
and effectively preventing the agglomeration of the
nanoparticles®®, Ag nanoparticles with good mono-
disperse and narrow size distribution were successfully
prepared in 3 dimensions (3D) spiral microreactor and an
integrated continuous flow microreactor system,
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respectively’>*°. Additionally, a continuous flow strategy
is anticipated to regulate the morphology of the micro-
spheres by readily adjusting the flow rates of the
fluids®”~2°. However, how to load the noble metal nano-
particles into the functional polymeric microspheres in an
efficient and continuous way is still unclear. Therefore, it
is of great significance to develop a continuous flow
strategy to immobilize the noble metal nanoparticles into
the advanced polymeric microsphere, further expanding
the application potential. On the other hand, it is a well-
known fact that 4-nitrophenolate (4-NP) is a highly toxic
and organic pollutant existing in industrial wastewater,
which is difficult to degrade, posing a serious threat to the
environment and human health. In recent years, numer-
ous published strategies, like photocatalytic degradation®,
co-catalyst catalysis*', have been proposed to transform
the 4-NP into the 4-aminophenol (4-AP) to mitigate the
environmental issues*""*>, However, the catalytic perfor-
mance was greatly limited by the rarely available reaction
activity sites resulting from the noble metal nanoparticles
aggregation and low mass transfer efficiency induced by
the low surface area**~**, Additionally, the activity species
uniform distribution is difficult to achieve in the batch
reactor, which also significantly affects the catalytic per-
formance. Consequently, developing effective noble
nanoparticles stabilized co-catalyst is expected to address
this problem.

Herein, an efficient and simple strategy was proposed to
synthesize the hollow, dimple- and bowl-like hollow PS
microsphere with well-defined morphology and narrow
size distribution in the water-ethanol system, which is free
of organic swelling reagents and surfactants. A tiny
amount of toluene was introduced into the system to
facilitate the single hole to form on the surface of the PS
microsphere. The formation mechanism of the
morphology-controlled PS microsphere was proposed to
explain the evolution behavior of the PS microsphere in
the water-ethanol mixture with different ratios of water to
ethanol. A spiral microchannel was developed to produce
Ag, Ag-Au, and Ag-Pt loaded on the PS microspheres
with versatile morphologies for catalytic application effi-
ciently and controllably. The loading mechanism in the
microchannel was proposed, and the fabricated composite
noble-loaded PS microspheres were used for the 4-NP
reduction reaction into 4-AP in the presence of NaBH,.
Eventually, the micro-sized composited PS microspheres
were conveniently separated from the reaction system and
further adopted to evaluate their reusability. This work
not only develops an efficient continuous flow approach
to produce noble monometallic and bimetallic nano-
particles decorated with morphology-controlled micro-
spheres for efficient synergistic catalysis but also opens up
a new pathway for the efficient, green, and sustainable
management of 4-NP pollution, which converts highly
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toxic pollutants into valuable products with significant
environmental and economic benefits.

Results and discussions
The formation mechanism of hollow PS microspheres in
the water-ethanol binary system

Dispersion polymerization is a typical synthetic proce-
dure to fabricate the PS microsphere on a micro-sized.
The monodispersed PS microsphere prepared by disper-
sion polymerization was used as the seed to produce the
hollow PS microsphere. In detail, styrene served as the
monomer in the presence of the polyvinyl pyrrolidone
(PVP) steric stabilizer and ammonium persulfate (APS)
initiator. The water-ethanol mixture was used as the
reaction medium to dissolve the styrene monomer and
steric stabilizer PVP. However, this system is a non-
solvent for the polymer being fabricated. Finally, the
monodispersed and uniform particles were formed and
distributed evenly in the reaction medium. The scanning
electron microscopy (SEM) images (Fig. 1b) of the PS
microspheres and the size distribution of the PS micro-
spheres (Fig. 1a) are displayed in Fig. 1a, b. The results
revealed that the fabricated PS microspheres were highly
monodisperse with 1.48 um an average size. Obviously,
there was no aggregation, and the size distribution was
narrow. Additionally, the transmission electron micro-
scopy (TEM) image of the PS microsphere exhibits no
apparent contrasts between the edge and the center of the
PS microsphere, proving that the PS microsphere’s
interior structure was solid (Fig. 1c).

The fabricated PS microspheres were dispersed in
water-ethanol to produce morphology-controlled hol-
low PS microspheres. The hollow PS microsphere was
produced after PS microsphere aging for 24 h in the
water-ethanol mixture (v/v = 1:5). The size distribution
was displayed in Fig. 1d, which indicates that the fab-
ricated hollow PS microsphere has a narrow size dis-
tribution. The SEM and TEM images in Fig. le, f
revealed that a hollow structure formed in the water-
ethanol mixture. The hollow PS microsphere formation
mechanism is proposed as follows: once PS micro-
spheres disperse into the water-ethanol mixture and the
temperature reached up to 70 °C, the ethanol molecules
were preferentially absorbed on the surface of the PS
microsphere because the solubility parameters of the
ethanol (81,7) and PS (8g9) are much closer compared
to the solubility parameters of the water (8;,-)*°. The
flexibility and mobility of the polymer increased sig-
nificantly with the content of ethanol absorbed on the
PS microsphere; therefore, the water molecules in the
mixture were also absorbed along with the ethanol
molecules. This water-ethanol then coalesced into a
large domain by the surface/interfacial free energy
minimization trend and generated a cavity inside the PS
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microsphere. The suspension was quenched in the ice
bath when the PS microspheres were aged for 12h in a
water-ethanol mixture. The water domains in the PS
microsphere were immobilized as a result of the low
mobility of the polymer chain. Followed by the hollow
structure generated after evaporating water, the hollow
PS microsphere with smooth texture and uniform shell
thickness was fabricated (Fig. 1f). The energy dispersive
spectrometer (EDS) mapping results of the PS micro-
sphere in Fig. 1g indicated that apart from the C, Al,
and Pt elements, O and S elements were also detected,
which revealed [OSO3]” and OH™ groups may have
existed on the surface of the PS microsphere. It was
worth stating that the Al and Pt elements were intro-
duced by sample preparation and conductive coating.
To further clarify the surface properties of the fabri-
cated PS seed microspheres, the zeta potential of the
suspension with 0.5wt% PS microspheres was mea-
sured, and the zeta potential value of the PS micro-
spheres was —60.40mV as depicted in Fig. 1h.
Additionally, fourier transform infrared spectroscopy
(FTIR) spectrometer was utilized to analyze the che-
mical groups on the surface of the PS microspheres, and
the characterization results were displayed in Fig. 1i.
Specifically, the stretching vibration absorption peak at
343227cm ' was the O-H bond, indicating the
hydroxyl group was on the PS microsphere. The
asymmetrical stretching vibration absorption peaks at
1028.40 and 1077.49 cm ™! were the S-O bond from the
sulfate group, the asymmetrical flexural vibration peak
at 616.84cm ™', and the symmetrical flexural vibration
peak at 540.40 cm ™! were the S-O bond from [0SO3] ",
which demonstrated that the [OSO3]™ group was pre-
sent on the PS microspheres. Additionally, the
stretching vibration absorption peaks at 3059.70 and
3026.27 cm ™! were C-H bonds of the benzene ring; the
absorption peak at 2850.11cm ' was —CH,—, the
absorption peaks at 1450.22, 1492.56, and 1601.29 cm ™ *
were the skeleton vibration absorption peaks of the
benzene ring; the absorption peak at 906.63 cm™ ' was
the C-H bond of the benzene ring, and the absorption
peaks at 755.62 cm ' and 698.83 cm™ were the mono-
substituted benzene ring. All these abovementioned
characteristic peaks suggested that the fabricated PS
microspheres have hydroxyl (OH-), sulfate ([OSO3] "),
and benzene (—Ph) groups. A plausible mechanism for
hollow PS microsphere formation was proposed and
shown in Fig. 1j. Specifically, PS microspheres are
inherently hydrophobic, exhibiting a stronger affinity to
ethanol than to water; therefore, the ethanol molecules
will preferentially penetrate the interior of the PS
microspheres, resulting in the swelling of the PS
microspheres (Fig. 1j(vii)). At this stage, a small number
of water molecules moved into the interior of the PS
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microspheres, accompanied by ethanol molecules
(Fig. 1j(ii) and Fig. 1j(iii)). Phase separation occurred
with the reaction time increased between the polymer
and solution phase, and polymer chains tend to migrate
towards the surface of the PS microspheres and be
enriched on the surface of the PS microspheres owing
to the surface energy minimization (Fig. 1j(viii)). In the
interior of the PS microspheres, a considerable water-
ethanol solution enriched in the interior of the PS
microspheres owing to the continuous movement of the
polymer chain to the surface. Then, the small water-
ethanol droplets coalesced and formed a large droplet,
occupying the center of the microsphere and con-
tinuously growing driven by the Ostwald ripening.
Eventually, the water-ethanol solution diffused, and the
polymer concentration in the internal region decreased
gradually, forming a cavity (Fig. 1j(iv) and (ix)).

The evolution behavior of the PS microsphere in the water-
ethanol binary system

To monitor the hollow PS microsphere formation
process, the solid PS microspheres were dispersed in the
water-ethanol mixture, and the samples were collected at
different aging time points to analyze the morphology and
size of the functional hollow PS microspheres. When the
volume ratio of the water and ethanol was 1:5, the overall
solubility parameters is relative low, the phase separation
behavior occurred on the surface of the PS microsphere,
and the ethanol molecules diffuse into the interior of the
PS microspheres simultaneously, the external surface of
the PS microspheres initially contacted with ethanol
molecules, then rapid phase separation occurred, and a
thin shell formed. This phenomenon also proceeds in the
interior of the PS microsphere, the internal pressure
generated with the solvent evaporation. The osmotic
pressure between the internal and external of the PS
microspheres leading to the collapse and a shallow dimple
morphology formed eventually. The results demonstrated
that the cavities began to form when the aging time
reached 30 min (Fig. 2a). With the reaction time con-
tinuing to increase, the size and the number of cavities
increased (Fig. 2b). When the aging time reached 2h
(Fig. 2¢), an evident dimple was observed on the surface of
the PS microsphere, and the shell of the PS microsphere
became thinner. Occasionally, there are single holes that
appeared with time, and the shell became thinner and
thinner (Fig. 2d—g) until some broken hollow PS micro-
spheres appeared (Fig. 2h). The whole process of size and
morphology evolution behavior in different ratios of the
water to the ethanol is displayed in Figs. 2 and 3. The size
of the PS microsphere increases significantly with the time
increase in the water-ethanol mixture at the beginning
aging stage and the solid PS microsphere gradually
became hollow, and the shell became thinner and thinner.
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The size of the PS microsphere was increased from the
initial 1.48 to 1.98 um, as shown in Fig. 2i, and the
thickness of the shell became thinner and thinner
simultaneously (Figs. 1j(iii), (iv), (viii) and (ix)). At the
initial 6 h, the size of the PS microsphere increased gra-
dually because the cavities were formed in the interior of
the solid PS microsphere. However, the size of the func-
tional hollow PS microsphere remains constant when the
aging time reaches 10h, when the aging time exceeds
12 h, a considerable number of hollow PS microspheres
were broken, as shown in Fig. 2h. It is worth noting that
dimple- and bowl-like hollow microspheres also could be
produced by adjusting the aging time and the composition
of the water-ethanol mixture.

When the volume ratio of the water to ethanol was set
as 1:7.5, the PS microsphere exhibited a clear dimple
morphology, and with reaction time increased, the dimple
morphology gradually became bowl-like morphology with
time increased, as illustrated in Fig. 3a, b, the insert image
displayed the TEM images of the dimple and bowl-like
microspheres with the reaction time increased. To
investigate the effect of the composition of the mixture on
the evolution behavior of the PS microsphere, we adjust
the volume ratio of the water to ethanol to 1:8, to observe
the evolution behavior of the hollow PS microsphere, the
SEM images of the PS microsphere are displayed in
Fig. S1. It was apparent that the morphology of the PS
microsphere is significantly different from the evolution
behavior of the PS microsphere in the water-ethanol (1:5)
mixture. Apart from regular morphology evolution, pat-
chy, peanut-like, and triangular hollow microspheres were
fabricated in the water-ethanol (1:8) mixture induced by
the temperature-regulated swelling-deswelling and colloid
microsphere self-assembly. On the contrary, polymeric
microspheres with these controlled morphologies always
required additional procedures or specific swollen reagent
involvement.

To further figure out the evolution mechanism of the
dimple PS microsphere in a water-ethanol mixture system
(v/v=1:7.5), the milky white sample was collected at
different reaction times to evaporate the solvent and
monitor the morphology evolution behavior of the PS
microsphere by SEM, as demonstrated in Fig. 3a, b. The
morphology evolution mechanism could be explained by
Fig. 3e(i, ii), which increased the ethanol volume ratio
from 83.3% to 88.2%, the high concentration of ethanol
leading to the drastic dissolution, even facilitating the
polymer chain to dissolve. The ethanol molecule con-
tinuously migrates from the surrounding environment
into the interior of the PS microspheres, leading to an
obvious concentration gradient from the interior to the
exterior of the PS microspheres. With reaction time
increased, ethanol and water molecules gradually diffuse
from the interior, accompanied by the polymer chain
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collapsing and aggregation owing to the reduction of the
internal solvent, leading to the overall shrinkage of the PS
microspheres. The uneven shrinkage degree between the
interior and exterior causes tensile stress. Then, the
internal shrinkage stresses need to be released by defor-
mation and gradually evolve into the obvious dimple,
however, the dimple morphology is metastable, with time
increased, the system tends to an equilibrium state driven
by the minimized interfacial energy, which facilitates the
transition of the metastable dimple morphology to ther-
modynamically stable bowl-like morphology, as illustrated
in Fig. 3e(i, ii). All these results indicated that the strategy
proposed in this study is facile, robust, and efficient, and
we compared the presented synthetic approach with
published strategies for morphology-controlled polymeric
microspheres preparation in Table S1. Additionally, a tiny
amount of toluene (8.26 v%) was introduced into the PS
aqueous solution to further study the evolution behavior
of the dimple PS microspheres. The results indicated that

the unsymmetrical dimple morphology gradually evolved
into open-hole morphology within 5 min (Fig. 3c—e). The
morphology evolution behavior could be explained by the
following mechanism: at the initial stage, the capillary
force at the concave surface tends to absorb toluene
molecules based on the Young-Laplace equation, causing
a relatively high concentration in the concave zone, which
further leads to a high degree of polystyrene swelling and
corresponding low viscosity good mobility. The stress
concentrates in the zone and enables the dimple zone
rupture in priority, forming an open cavity leading to the
interior.

One-step synthesis of Ag/Pt-immobilized functional PS
microspheres in a spiral microreactor

The noble metal nanoparticles loaded with hollow
polymer microspheres are expected to endow the func-
tional polymer hollow microspheres with additional
unique properties and extend their related applications.
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Fig. 3 The evolution behavior of hollow polystyrene microspheres in the water-ethanol (a ~ b) and water-toluene (c ~ d) mixture (water:
ethanol (v:v) = 1:7.5; water: toluene(v:v) = 10:1). a SEM images at 50 Kx with reaction time at 30 min, 1 h, and 3 h, respectively, b SEM images at
20 Kx with reaction time at 30 min, 1 h, and 3 h, respectively, ¢ SEM images at 50 Kx magnification with reaction time at 3, 5, and 10 min, respectively,
d SEM images at 20 Kx magnification with reaction time at 3, 5, and 10 min, respectively, e the evolution mechanism of the PS microspheres in water-
ethanol and water-toluene mixture
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The published research has demonstrated that the PS
microsphere exhibits excellent stability in the water-
ethanol mixture medium owing to the electrostatic
repulsion forces induced by the sulfate groups on the
surface of the PS microsphere [20]. However, the PS
microsphere will also aggregate in the presence of the Ag
ion because the ion will significantly prevent the elec-
trostatic stabilization. A 250 mL round bottle flask was
used to prepare Ag-embedded PS microspheres, the
synthetic procedures are described in Note S1, and the
SEM and TEM images of the Ag@PS$ at different times
were displayed in Fig. S2. From the SEM and TEM ima-
ges, a small amount of Ag nanoparticles was immobilized
on the PS microspheres, and the PS microspheres keep a
solid structure even after 12 h, the solid PS microsphere
with limited surface area and a small amount of Ag
nanoparticles loading, which is not beneficial for the
downstream catalytic applications. Therefore, we adopted
a one-step continuous flow synthesis strategy to load Ag
nanocrystals in the process of the hollow microspheres
formation in a spiral microchannel, as demonstrated in
Fig. 4a—c. Specifically, PS seed and PVP were dissolved in
ethanol served as one fluid, and AgNO; was dissolved in
water-ethanol mixture served as another fluid, the fluids
were transported into the spiral microreactor by the syr-
inge pump (Havard pump, 33 DDS) and the overall resi-
dence time of the fluid in the microchannel and
polytetrafluoroethylene tube was calculated as approx-
imate 5 min, and the flow regime was also determined as
laminar flow according to the Reynolds number. Finally,
the product was collected into a 20 mL vial, which placed
at an electric heating platform at 70°C. The reaction
mixture continuously executed reaction approximately
5min in 70 °C water bath, the prepared Ag@PS product
show in Fig. 4i. The size of the Ag nanoparticles was
20-30 nm, and the size distribution measured by the zeta
instrument was depicted in Fig. S3f. The SEM image of Ag
nanocrystals at different magnifications was displayed in
Fig. S3a—c. The SEM image (Fig. 4d) and TEM char-
acterization results (Fig. 4e, f) indicated that the Ag
nanocrystals were also successfully embedded into the PS
microsphere in situ in the spiral microchannel within
10 min, which greatly simplifies the hollow PS formation
and noble metal modification process. Moreover, high
resolution transmission electron microscopy (HRTEM)
results (Fig. 4g, h) observed that the fringe lattice of the
Ag nanoparticles is 0.23 nm, proving that the Ag nano-
particles have been successfully loaded on the hollow
microsphere. Moreover, the EDS mapping characteriza-
tion results demonstrated that the Ag nanoparticles were
distributed evenly on the PS microsphere (Fig. 4j). Com-
pared with the traditional synthetic strategy, it was
obvious that the continuous flow strategy not only greatly
shortened the loading time from tens of hours to several

Page 8 of 20

minutes but also effectively prevented the aggregation of
the Ag nanoparticles. More importantly, the hollow
structure of the Ag@PS endows microspheres with a large
surface area and allows them to absorb more Ag nano-
particles, which facilitates the efficient mass transfer and
improves the catalytic reaction.

Compared to the standard PS microspheres, hollow,
open-hole PS microspheres are expected to have a lar-
ger specific surface area and specific confined micro-
environment. Monometallic and bimetallic hollow and
single open hole hollow PS microsphere were also
successfully prepared in a continuous spiral micro-
reactor by changing the PS seeds, as demonstrated in
Fig. 5b—d, which is expected to provide both a large
surface area and a specific microenvironment for
synergistic catalytic reaction and anticipated to improve
catalytic efficiency.

The following plausible mechanism was proposed to
explain the Ag-loading behavior, because the APS
served as the radical initiator in the synthesis of PS
microspheres; therefore, a large amount of sulfate
groups was generated and induced by the APS
decomposition reaction in the system. The produced
persulfate group was absorbed onto the surface PS
microsphere. When the metal precursor AgNO;3; was
introduced into the system, Ag" could diffuse into the
mixture and was attracted by the sulfate group on the
surface of the PS microspheres by electrostatic attrac-
tion effect*®*’, and then Ag" reacted with the OH™ as
expressed in Eq. (1) and depicted in Fig. 5a(ii).

2Ag" +20H" — Ag,0 + H,0 (1)

It was noticeable that the Ag,O is extremely unstable in
the water-ethanol mixture, followed by the reduction
reaction with ethanol in the reaction mixture. Then, it
formed Ag nanoparticles gradually, as described in Eq. (2)
and Fig. 5a(iii).

2Ag,0 + CH3;CH,OH — 4Ag + CH,COOH + H,O
(2)

To further improve catalytic performance, except that
the monometallic Ag nanoparticles were successfully
embedded on the PS microsphere within 10 min, K,PtCl,
and AgNOj3 aqueous solutions were simultaneously intro-
duced into the spiral microreactor (Fig. 6a) to produce
bimetallic Ag and Pt nanoparticle-embedded PS micro-
spheres to improve catalytic reaction performance. The
K,PtCl, and AgNO; aqueous solution were mixed suffi-
ciently in the microchannel, and rapid formed Ag and Pt
nanoparticles owing to its extraordinary mass transfer
efficiency at the microscale, and the formed Ag and Pt
nanoparticles were quickly adsorbed on the morphology-
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Fig. 4 Continuous flow synthesis of Ag@PS microspheres in a spiral microreactor. a the Ag@PS microsphere formation mechanism in the spiral
microreactor, b the physical diagram of the PDMS spiral microreactor, ¢ the schematic diagram and the geometrical parameters of the spiral
microreactor, d SEM image of the Ag@PS microsphere fabricated in the microreactor, e TEM image of the Ag@PS microsphere, f the TEM image of
Ag nanoparticles distribution on the PS microsphere, g, h HRTEM of the Ag nanoparticle and fringe lattice, i the product of the Ag@PS microsphere
produced in the spiral microreactor, j EDS mapping of Ag@PS
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Fig. 6 Continuous flow synthesis of Ag-Pt@HPS microspheres in a spiral microreactor. a the schematic diagram and the geometrical
parameters of the spiral microreactor, b the simulation results of the mixing performance in the spiral microreactor, ¢ SEM image of the Ag-Pt@HPS
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the PS microsphere, f-h the fringe lattices of the Pt and Ag nanoparticles with HRTEM characterization, i EDS mapping image area(i), and EDS
mapping results of the Ag-Pt@HPS microspheres




Ma et al. Microsystems & Nanoengineering (2026)12:99

controlled PS microspheres. The mixing performance in
the spiral microreactor was also validated by the numerical
simulation as demonstrated in Fig. 6b, the results revealed
that the mixing could be rapidly finished in the third cycle
of the developed spiral microchannel even with three fluids
pumped into the microchannel. The formation mechanism
is similar with the monometallic Ag nanoparticles loading
process. It was found that when the AgNO; ethanol-water
mixture and K,PtCl, aqueous solution were introduced
into the spiral microchannel simultaneously and maintain
the flow rates of three inlets were 30 pL/min, the color of
product suspension gradually changed from white to light
brown, the final color of the product depicted in Fig. S4b.
The SEM image of Ag-Pt@PS was illustrated in Fig. 6c,
indicating that the fabricated Ag-Pt@PS microspheres
possessed good spherical morphology and monodisperse.
The TEM images at different magnifications were dis-
played in Fig. 6d, e. Figure 6d revealed that Ag-Pt@PS
microspheres exhibited a hollow structure. Additionally,
Ag and Pt nanoparticles were distributed uniformly on the
surface of the hollow PS microspheres as demonstrated in
Fig. 6e. The HRTEM images (Fig. 6f) were captured to
determine the fringe lattice of the Pt and Ag nanoparticles,
and the fringe lattice of the Pt and Ag nanoparticles were
0.227 and 0.23 nm, respectively (Fig. 6g, h), and the mea-
surements process via open software digital micrography
were attached to Fig. S5. The EDS mapping results revealed
that the element distribution on the hollow PS micro-
spheres was illustrated in Fig. 6i. It was clear that the Ag
and Pt nanoparticles were successfully loaded on the hol-
low PS microspheres. It was worth noting that the whole
fabrication process could be completed within 15 min
owing to the remarkable mixing efficiency, short mass
transfer distance and confined effect, which is not possible
with conventional synthetic technology. More importantly,
the fast formation of the Ag@PS at the microscale allowed
us to prepare the co-catalyst on a large scale by adopting a
continuous flow microreactor system.

For bimetallic Au and Ag nanoparticles immobilized PS
microsphere preparation, readily change the K,PtCl, to
HAuCl, aqueous solution. The synthetic procedures of
the Ag-Au@PS were displayed in Fig. 7a, b. The SEM
images at different magnifications indicated that there are
considerable amounts of nanoparticles embedded on the
PS microspheres, and those functionalized PS micro-
spheres exhibited good sphericity and monodisperse
(Fig. 7i-k). The TEM images at different magnifications
revealed that the prepared Ag-Au@P$S microspheres have
a hollow structure, which is beneficial for Ag and Au
nanoparticles anchoring (Fig. 7c—e) and the fabricated
nanoparticles are evenly distributed on the surface of
hollow PS microspheres. HRTEM images were captured
to measure the fringe lattice of the Au nanoparticles
(Fig. 7f). Figure 7g showed the fast fourier transform
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image obtained from open software digital micrography to
determine the fringe lattice of the Au nanoparticles, and
the results confirmed that the fringe lattice of the Au
nanoparticles was 0.258 nm (Fig. 7h). Figure 71 clarified
that the EDS mapping results, which further prove that
the Au and Ag elements were uniformly distributed on
the hollow PS microsphere and the Au and Ag nano-
particles were successfully embedded on the hollow PS
microspheres. Compared to the bimetallic Ag and Pt
nanoparticles on the hollow PS microspheres (Fig. 6¢), it
was evident that the size of Au nanoparticles was larger
than the Pt nanoparticles (Fig. 7i-k). To investigate the
effect of the morphology of the catalyst carrier on
the follow-up catalytic performance, we functionalize the
versatile nanoparticles on the morphology-varied PS
microspheres, the modification process was similar to that
of Ag@PS, Ag-Pt@PS, and Ag-Au@PS. The detailed
procedures and characterization results were provided in
Figs. S6-S8. Additionally, the X-ray photoelectron spec-
troscopy (XPS) was employed to verify the decoration of
the noble metal species and corresponding oxidation
states in Ag-Au@OHPS and Ag-Pt@OHPS. The results
revealed that the high resolution of Ag3d spectrum dis-
plays two characteristic peaks at 374.3 and 368.3eV,
demonstrating that Ag® is the active species for the
reaction (Figs. S7i and S8i). For Au species in Ag-
Au@OHPS, the high resolution of Au4f spectrum exhib-
ited two feature peaks at 87.9 eV and 84.3 eV, proving the
Au exists in Au’ (Fig. S7j). For Pt species in Ag-
Pt@OHPS, Pt 4f spectrum displays two characteristic
peaks, namely Pt4f 5,5, and Ptdf;,, respectively, and the
corresponding binding energy are positioned at 74.6 eV
and 71.1 eV, hinting that Pt exists in Pt° (Fig. S8j), these
metallic state exhibits higher catalytic activity and were
conducive to promote the catalytic performance.

The catalytic performance studies

The produced Ag, Ag-Au, and Ag-Pt loading PS, hol-
low, and open hole PS microspheres were used as a cat-
alyst to evaluate their catalytic performance in the 4-NP
catalytic reduction reaction into 4-AP in the presence of
NaBH,;. The representative catalytic models were
demonstrated in Fig. 8a. The ultraviolet absorption
spectrum of the 4-NP, 4-NP™, and 4-AP were displayed in
Fig. 8c. At the beginning, the 4-NP solution exhibited a
yellow color but converted into yellow-green once the
NaBH, was introduced into the system, and the color
gradually converted into colorless when the Ag@OHPS
was added into the mixture, as displayed in Fig. 8b. It was
evident that when the Ag-OHPS was introduced into the
4-NP solution in the presence of reduction agent NaBH,,
an apparent peak occurred when the reaction time
reached 6 min (Fig. 8d), which demonstrated that a new
product 4-AP was formed in the system. When the Ag-
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Fig. 7 Continuous flow synthesis of Ag-Au@HPS microspheres in a spiral microreactor. a the schematic diagram and the geometrical
parameters of the spiral microreactor, b the physical diagram of the PDMS spiral microreactor, ¢ SEM image of the Ag-Au@HPS microsphere
fabricated in the microreactor, d TEM image of the Ag-Au@HPS microsphere, e the TEM image of Ag and Au nanoparticles distribution on the PS
microsphere, f-h the fringe lattices of the Ag and Au nanoparticles with HRTEM characterization, i~k SEM images of Ag-Au@HPS microspheres at
different magnifications, I EDS mapping images of Ag-Au@HPS microspheres
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Au@OHPS and Ag-Pt@OHPS served as catalysts and
were introduced into the 4-NP reaction medium in the
presence of NaBH,, the 4-AP feature peak occurred at 4
and 2 min, respectively, as displayed in Fig. 8¢, f. Then, the
peak intensity of the 4-NP" decreased significantly as the

reaction time increased, indicating that the 4-NP™ in the
reaction system was consumed continuously. It was
obvious that the reactant was completely consumed and
4-NP was converted into 4-AP within approximately 34,
18, and 12min at about 0°C in the presence of
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Ag@OHPS, Ag-Au@OHPS, and Ag-Pt@OHPS PS
microspheres, which indicated superior catalytic reduc-
tion performance of Ag-loaded open hole PS micro-
spheres. The excellent catalytic performance is attributed
to two factors: on the one hand, the large surface area of
the hollow structure, which facilitated the absorption of
the 4-NP, BH, , and accelerated the diffusion of the
reactant into the surface of the Ag/Pt nanoparticles; on
the other hand, the specific hollow structure of the PS
microsphere effectively captured the Ag and Pt nano-
particles, promoting the mass transfer and further exe-
cuted the chemical reaction efficiently. The catalytic
mechanism with noble metal nanoparticles decorated
morphology-controlled PS microspheres could be
explained as follows: in the aqueous environment, NaBH,
dissociates into Na* and BH, ™~ rapidly. BH, ™ was further
hydrolyzed to produce reactive hydrogen species and
participated in the reaction as reducing agents, the
hydrogen active species from BH, decomposition
transferred electrons to the surface of Ag/Pt nano-
particles, and Ag/Pt served as a conducting medium to
transfer the electrons to the absorbed 4-NP to complete
the reduction reaction gradually, as illustrated in Fig. 8g.

In this catalytic reaction validation model, the con-
centration of NaBH, is much higher than the con-
centration of the catalyst, therefore, the catalytic
reduction reaction was assumed to follow the first-order
reaction kinetics. Therefore, the catalytic reaction kinetic
equation can be expressed in Eq. (3).

C, Ay
kt=In—=—In— 3
ki nCO nAO (3)

Where k is the apparent rate constant (s '), t is the
catalytic reaction time (min), C, and C; are the
concentration of the 4-NP" when the reaction time was
0, and t, respectively. Ay and A, were the violet-visible
absorption peak values of the 4-NP™" at the reaction times
were 0 and t. The reaction kinetics curve of 4-NP was
illustrated in Fig. 9, the fitting results were well fit to the
first-order reaction kinetics with different amounts of
catalyst and catalytic carriers. As displayed in Fig. 9, the
effect of the morphologies of the catalyst carrier, types of
the noble metal nanoparticles, amount of the catalyst were
investigated comprehensively. As illustrated in Fig. 9a, for
monometallic noble metal loaded PS microspheres with
varied morphologies as catalyst, fixed 0.005 mg catalyst, it
was evident that the morphology of the catalyst carrier
exhibited a significant effect on the reaction kinetics
constant, and the catalytic performance of Ag@OHPS
catalyst outperforms the Ag@PS and Ag@HPS. At the
same operation conditions, the reaction rate constant was
6x107%s7,9x10*s L and1.4x 107357}, respectively,
which is attributed to the large surface area of the hollow
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and open hollow structure of the PS microspheres. As
demonstrated in Fig. 9b, c, for bimetallic Ag-Pt and Ag-
Au nanoparticles functionalized PS microspheres, the
results revealed that the morphologies of the catalyst
carrier exhibit negligible effect with Ag@Pt loaded PS
microspheres as catalyst, on the contrary, the morphology
of the catalyst carrier displayed great impact on reaction
performance with bimetallic Ag-Au species decorated on
the morphology-controlled PS microspheres, the reaction
rate constant were 1.09 x 10 % s7%, 1.97x 10> s~ ', and
243x107 7', respectively with Ag-Au@PS, Ag-
Au@HPS, and Ag-Au@OHPS served as catalyst, this
phenomenon was similar with the monometallic noble Ag
nanoparticles loaded PS microspheres with different
morphologies. The remarkable surface of the catalyst
carrier contributes to anchoring considerable noble
nanoparticles and further provides more accessible
reaction sites. Additionally, compared to the PS and
HPS substrate, the single open hole on the OHPS
microspheres not only provides the confined micro-
environment for efficient mass transfer and electron
transfer but also offers abundant reaction active sites,
which result in rapid reaction kinetics. In summary, both
the large surface area, abundant accessible active sites and
confined space simultaneously promoting the catalytic
reduction reaction, therefore, the reaction rate and
catalytic activity were enhanced significantly with bime-
tallic species decorated OHPS as catalyst, and the value of
the first-order reaction constant and catalytic activity were
much larger than the previously reported. Fixed the
morphology of the catalyst carrier as PS, hollow PS, and
open hollow PS microspheres (Fig. 9d—{), the effect of the
noble metal nanoparticles was studied, the results
indicated that bimetallic noble nanoparticles shown much
superior catalytic performance than the monometallic
noble metal nanoparticles loaded on the morphology-
controlled PS microspheres owing to adjustable electronic
and surface stains effect of bimetallic nanoparticles®,
another reason is that bimetallic nanoparticles synergis-
tically enhance the catalytic activity and accelerate the
reaction. Among bimetallic noble nanoparticles modified
PS microspheres, it is obvious that Ag-Pt@OHPS
displayed the most outstanding catalytic performance.
The high catalytic performance with Ag-Pt@OHPS could
be explained as follows: compared to the Au, Pt species
could serve as powerful hydrogen source and could
generate active hydrogen species. The produced hydrogen
species rapidly migrate to the Ag or the interface of Ag-Pt
active sites by “spillover”, which significantly enhance the
concentration of the hydrogen species on the surface
nanoparticles and promote the reaction activity. On the
contrast, the Ag nanoparticles have superior adsorption
ability to the 4-NP. The co-effect of the Pt and Ag
nanoparticle’s synergistic catalyzes the 4-NP reduction
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into 4-AP efficiently. Different amounts of catalyst were
added to the reaction system to further investigate the
catalytic performance. The results revealed that the
amount of catalyst possesses a negligible effect on catalytic
performance, with Ag nanoparticles loaded with PS
microspheres serving as the catalyst. Increasing the
catalyst amount from 0.005 to 0.02 mg, the corresponding
reaction rate remains constant with a value of 5 x 10~ *s™*
(Fig. 9g). For Ag@HPS, the pseudo first-order fitting
results revealed that the reaction rate constant increased
from 0.005 mg to 0.05mg as the amount of the catalyst
increased from 9x 10 *s™' to 2.3x 10 %s™ ' (Fig. %h).
Additionally, we found that the increase in degree became
small when the catalyst amount increased to 0.04 mg,
which may be affected by diffusion rather than mass
transfer. For bimetallic Ag-Au@OHPS, the catalytic
results indicated that the reaction rate constant increased
from 24x10%s™! to 69x10 >s' (Fig. 9i). For Ag-
Pt@OHPS and Ag-Au@PS catalysts (Fig. 9j—1), the results
exhibited similar trends. One notable difference was that
when the Ag-Pt@OHPS increased to 0.025mg, the
reaction rate constant decreased dramatically (from
1.73x107%s™ to 14x1073s™!) with a continuous
increase in Ag-Pt@OHPS to 0.05 mg, owing to the mass
transfer being limited, whereas the diffusion became the
dominant factor. These findings revealed that whether
monometallic or bimetallic, the reaction rate constants
increased significantly with the catalyst amount within a
certain range. The chemical reaction rate constant
corresponding to units of various catalysts was summar-
ized in Table S2. The comparison results revealed that the
catalyst in this study outperforms the published literature’
as demonstrated in Table S3. The catalyst exhibited rapid
chemical reaction kinetics, superior catalytic activity at a
low concentration of the catalyst for the reduction of
4-NP in contaminated wastewater and promising degra-
dation of other environmental pollutants.

Eventually, the recyclability of the Ag-Pt@OHPS was
tested to evaluate the life of the catalyst, it was obvious
that the reaction activity was maintained well without the
sacrifice of the catalytic activity and efficiency even after 5
cycles, as shown in Fig. 9m, which suggests that both the
noble metal nanoparticles loaded PS microspheres were
robust under the catalytic conditions and facilitates to
reuse for future practical applications. The recyclability
performance was evaluated by the conversion of the 4-NP,
and the conversion rate X was defined as in Eq. (4).

—1-2 @)

Here, Cy and C; were the concentration of the 4-NP at
the initial and final reaction, the SEM images of the Ag-
Au@OHPS and Ag-Pt@OHPS catalysts after 5 cycles of
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use were displayed in Fig. 9n, o. The SEM images of other
recycled catalysts were also provided in Fig. S9, and the
ICP characterization results of the catalyst before and post
reaction were provided in Tables S4 and S5.

Conclusions

In this study, an efficient and facile strategy was developed
to fabricate the morphology-controlled hollow PS micro-
sphere and a continuous flow synthetic strategy to prepare
Ag, Ag-Au, Ag-Ptloaded PS, HPS, and OHPS, respectively, in
a spiral microreactor for practical synergistic catalysis appli-
cations. The effect of the composition of the water-ethanol
and aging time in the water-ethanol mixture was investigated
systematically. Hollow, dimple-, bowl-like hollow PS micro-
spheres were successfully fabricated in the water-ethanol
binary mixture. Tiny toluene was introduced in the water-
ethanol mixture, with dimple-like PS microspheres serving as
seeds to prepare open-hole PS microspheres. The morphol-
ogy and evolution behavior of the PS microsphere were
monitored by the SEM and TEM, and the formation
mechanism was proposed to explain the morphology evolu-
tion phenomenon. A spiral microchannel was developed to
immobilize noble monometallic and bimetallic nanoparticles
on the PS microspheres successfully in minutes, and the
embedding mechanism was also developed to clarify how the
noble metal was modified on the PS microspheres. The cat-
alytic performance of the various catalysts was measured by
catalyzing the 4-NP reduction into 4-AP, and the effects of the
PS morphologies and the types of noble metal nanoparticles
were experimentally studied. The results revealed that the
catalytic reduction reaction kinetics were well fitted to the
first-order kinetics, and open hole PS microspheres loaded
with bimetallic Ag-Pt nanoparticles exhibited the best cata-
lytic performance, with a reaction rate constant was
1.73x10%s ' and activity parameter was 692 sfl«gfl. More
importantly, the cycle numbers of the Ag-Pt@OHPS reached
up to 5 times without sacrificing catalytic activity, which
suggests that the Ag-Pt@OHPS microspheres possess out-
standing stability and reusability. In summary, this work not
only develops an efficient and facile strategy to produce noble
monometallic and bimetallic nanoparticles supporting mul-
tifunctional catalytic microspheres in a continuous way but
also provides new insights for other various supported noble
metallic nanoparticles co-catalyst preparation for confined
and synergistic catalytic applications.

Experimental section
Chemicals and reagents

Polyvinylpyrrolidone (average molecular weight is
58000, K29-32) was purchased from Shanghai Macklin
Biochemical Technology Co. Ltd, anhydrous ethanol was
obtained from Tianjin KeMao Co. LTD, styrene (CP,
containing 10-15 ppm 4-tert-butylcatechol stabilizer),
ammonium persulfate (APS, 99.99%, ammonium
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persulfate), and 4-nitrophenol (99%, contains ~3% water)
were purchased from Aladdin Co. LTD, toluene (analy-
tical reagent, 99.5%) was bought from Sinopharm Che-
mical Reagent Co. Ltd, Silver nitrate (AgNO3, 99.8%) was
purchased from Sinopharm Chemical Reagent Co. Ltd;
K,PtCly, HAuCly, and sodium borohydride (NaBH,) were
obtained from Macklin, and fresh deionized water made
in the laboratory was utilized throughout the entire
experiment. All the materials used in the experiment were
without additional purification.

Synthesis of the hollow PS microsphere with well-defined
morphology

The 0.9 x g polystyrene microsphere seeds fabricated
via dispersion polymerization (Note S2 and Fig. S10) were
dispersed in a water-ethanol mixture with 2 min sonica-
tion under 250 W output power, and then the milky
white emulsion was placed in the magnetic stirrer at
70 °C with 400 rpm. The sample was collected at different
intervals of time (30min, 1h, 2h, 3h, 4h, 5h, 6h) to
monitor the morphology evolution behaviour of the PS
microsphere. The swelling process was quenched in an
ice bath, and then the PS microsphere was washed with
ethanol three times, with different morphologies col-
lected by centrifugation at 6000 rpm. Finally, the col-
lected PS microsphere was moved to the vacuum drying
oven (—0.1 MPa, Shanghai Scientific Instrument Co. Ltd),
and the dry temperature was 45°C to evaporate the
ethanol to obtain the dry PS microsphere. For the single
open hole hollow PS microspheres fabrication, 0.55 mL
toluene was introduced into the 5.5 mL aqueous solution
(involving 0.02 ~ 0.2 x g PS microspheres) to facilitate PS
microspheres swelling, followed by evaporating the sol-
vent at room temperature to obtain the open hole PS
microspheres for catalytic applications.

Fabrication of the spiral microchannel

The film mask pattern of the spiral microchannel was
designed by AutoCAD 2025. Specifically, the width and
the depth of the main spiral microchannel are 500 and
80 um, respectively, the overall length of the single spiral
microchannel is 110 mm. The mold of the spiral micro-
channel was fabricated by standard photolithography
procedures. Following this by pouring the PDMS pre-
cursor (Sylgard 184 kit, Dow Corning, 10:1 w/w ratio of
base to curing agent) into the mold to generate the PDMS
microchannel. Next, the mold was put into the oven at
65 °C for 3 h to dry, and the microchannel was cured and
peeled from the mold. Then, the spiral microchannel was
punched to generate inlets, outlets, and a main micro-
channel. Finally, the microchannel was sealed onto a glass
slide via the oxygen plasma treatment of the surface of the
microchannel. The detailed fabrication procedures of the
spiral microchannel were displayed in Fig. S11.
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Numerical simulation

The numerical simulation was conducted to validate the
mixing performance of the designed spiral microchannel.
The commercial software Fluent was employed to execute
numerical simulations. The water and ethanol were
served as inlet fluids; the density and viscosity of the water
were 998.2 kg/m?, and 0.001 Pa:s, respectively; the density
and viscosity of the ethanol were 790kg/m® and
0.0012 Pa-s, respectively. The diffusion coefficient of the
mixture was set to 9.85 x 10~ ' m*/s. The flow rates of the
two or three inlets were set as 30 uL/min, and the flow
pattern was regarded as laminar. In this situation, the flow
within the spiral microchannel was steady-state, incom-
pressible. The governing equations were expressed as
follows*®:

V- (pU) =0 (5)
pU - VU = —VP + uAl (6)
pU -VY; =V - (pDVY;) (7)

Where p and g were the density and dynamical viscosity
of the fluids, D was the mass diffusion coefficient of
species, Y; was tand he mass transfer of the species i. The
boundary condition of the microchannel wall was defined
as follows: the inlets and outlets were set as velocity and
pressure, respectively; moreover, the boundary condition
was regarded as no-slip. The second-order upwind
methods were employed to discretize, and the SIMPLE
solver was utilized to solve the equation; the convergence
residuals were set as 10°.

Continuous flow synthesis Ag nanoparticles embedded in
PS microspheres in a spiral microchannel

Hollow PS microspheres loaded with Ag and bimetallic
nanoparticles were fabricated by in situ reduction reaction
in a continuous flow spiral microchannel, which omits the
complicated pre-prepared synthetic Ag nanocrystals and
surface pre-treatment procedures. In brief, 0.02 vacuum-
dried PS microspheres were dissolved in 3 mL of ethanol,
serving as one phase. 0.03 x g of AgNO3 and 0.003 x g of
PVP were added to the water-ethanol mixture (1 mL DI
water and 2 mL ethanol), serving as another phase. Fol-
lowing, two-phase fluids were sonicated to allow complete
mixing. Then, the two-phase fluids were pumped into the
inlets of the spiral microchannel with flow rates were
30 pL/min to allow complete mixing and convert AgNO;
into the Ag nanoparticles; the products were collected in a
vial and placed in a 60 °C water bath with a magnetic bar
stirring at 400 rpm to enable the reaction to complete.
Finally, the collected samples were placed in an ice bath to
quench the reaction, followed by the dark yellow reaction
mixture being centrifuged at 8000 rpm and washed with
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fresh DI water three times. Ultimately, the resulting Ag-
loaded PS microspheres with various morphologies were
dispersed in water for subsequent catalytic application.
The detailed process to prepare the Ag-loaded hollow PS
microsphere in the batch reactor is illustrated in Fig. S12.

Continuous flow synthesis of bimetallic nanoparticles
loaded PS microspheres in a spiral microchannel

For bimetallic immobilizing functional Ag-Pt PS micro-
sphere preparation, 0.03 x g AgNO; and 0.003 g PVP were
dissolved in 0.5 mL water and mixed with 1.5 mL ethanol,
serving as one phase; 0.5mL K,PtCl, (1 mM) aqueous
solution was mixed with 1.5 mL ethanol, serving as another
phase whereas 0.02 x g dry PS microsphere dispersed in
2 mL ethanol was the third phase. Three-phase fluids were
pumped into three inlets of the spiral microchannel by high-
pressure syringe pumps with flow rates were 30 uL/min to
facilitate complete mixing and reaction in the microchannel.
The process for Ag/Au embedding PS microspheres pro-
duction was the same as for Ag-Au loading PS microspheres
preparation, except for replacing K,PtCl, with HAuCl,.

The catalytic reaction model validation

The catalytic reduction reaction of 4-NP to 4-AP in the
presence of NaBH, is proposed as a catalytic reaction
model to characterize the catalytic activity of Ag-loaded
PS and hollow PS microspheres at the microscale. A fresh
NaBH, aqueous solution (0.2 M) and 4-nitrophenol aqu-
eous solution (5.0 mM) are prepared with 4 °C ice water.
All the pre-prepared solutions were stored in the ice bath.
0.1 mL of 4-NP aqueous solution and 1 mL of NaBH,
aqueous solution were added to the quartz cuvette and
then diluted to 3.7 mL with ice-deionized water. Finally, a
certain volume of catalyst (0.5 mg/mL) of Ag, Ag-Au, and
Ag-Pt loaded PS microspheres was respectively pipetted
into the mixture, and then the ultraviolet—visible
(UV-Vis) absorption spectra were recorded to monitor
the reaction process in real-time.

Characterization and measurements

The Fourier Transform Infrared (FTIR) Spectrometer
(Thermo Fisher Scientific Nicolet iS20, American) was
utilized to characterize the group on the surface of the PS
microsphere, and the Zetasizer Nano ZSE (Malvern, UK)
was used to analyze the potential of the PS seed micro-
sphere. The morphology and size of the PS microsphere
were characterized by field emission scanning electron
microscopy (SEM, MAIA3 LMH, TESCAN, Czech) at a
voltage of 10kV. The size and size distribution were
analyzed using the open-source software Image]. TEM
with a voltage of 100kV (TEM, Ruli, HT7800) was
adopted to observe the Ag nanoparticles on the interior
and external surfaces of the hollow, patchy, and dimple PS
microspheres. HRTEM (JEOL JEM-2100Plus) was utilized
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to observe the fringe lattice of the Ag, Au, and Pt nano-
particles. ICP-OES/MS (Agilent 5110 (OES), American)
was used to determine the mass loading of the Ag
nanocrystals on the PS microsphere. XPS (Thermo Sci-
entific K-Alpha) instrument equipped with a mono-
chromated Al Ka radiation (1486.6 eV) was employed to
verify the oxidation state of the noble metal species.
UV-Vis absorption spectrums were collected by the
ultraviolet—visible spectrophotometer (UV1600).
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