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Abstract. Polydimethylacrylamide (PDMA) microgels and niobate nanosheet/PDMA composite
microgels were fabricated by using a microfluidic device. Morphologies and sizes of the composite
microgels were tuned by adjusting synthetic conditions such as viscosity of oil phases, hydrophilicity
and concentration of surfactants, and flow rates of oil phase and water phase. Furthermore, it was
found that the dispersion of nanosheets was better when the composite microgels were synthesized by
photopolymerization compared to redox polymerization.

Introduction

Microgels are micrometer-sized hydrogel particles containing a cross-linked polymer network [1]
that are swollen by solvent, usually water. Due to its unique features, microgels can be used as carriers
for various kinds of functional materials, including drugs, cells, proteins and catalysts [2, 3, 4]. Such
soft capsules are attractive candidates for both basic research and practical applications [5], e.g., drug
delivery system, sensor and colloidal crystals [6, 7, 8].

Recently, a new approach, microfluidic technology [9], to fabricate microgels has attracted
considerable attention. In this method, a continuous fluid is cut off and emulsified to generate
micrometer-sized droplet precursors inside a microfluidic device. The mechanism of droplets
formation is related to the balance of shear stress and interfacial tension between two or more
incompatible fluids [10]. Usually, an aqueous solution is the dispersed phase, which is emulsified to
form water-in-oil droplets by an oil solution. Subsequently, these droplets containing monomers
transform into microgel particles through polymerization and cross-linking. Compared with
traditional synthetic methods, such as solution polymerization and emulsion polymerization,
fabricating microgels through microfluidic approach is advantageous to prepare uniform microgels
with precise control over their size, shape and monodispersity [1], resulting in a great potential for
industrial production.

Meanwhile, hexaniobate K4NbsO17 is a typical lamellar semiconductor material, which is
composed of stacked asymmetrical NbeO17* layers [11, 12]. K4NbsOi7 possess remarkable
photocatalytic activity [11, 13, 14] and the photocatalytic performance is further enhanced by
exfoliating the bulk K4NbsO17 crystals into 2D nanosheets [15, 16, 17, 18] because effective surface
area drastically increases by the exfoliation. However, the niobate nanosheets aggregate easily in the
presence of salt etc., resulting in decreased catalytic activity. Even if the aggregation is prevented,
collecting the nanometer-sized catalyst particles for reuse is problematic. Thus, we need to overcome
these limitations to use the nanosheet catalyst for wide industrial applications.
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In this study, to solve these problems, immobilization of niobate nanosheets in polymer microgels
was investigated through a microfluidic approach. Although microfluidic approach for microgel
synthesis is well-established by many researchers, this method is applied for nanosheet/polymer
composite system for the first time. Because microfluidic synthesis is affected by many factors such
as viscosity of the oil and water phases, application of this method to the anisotropic colloidal system
of nanosheets was not straightforward. We explored the synthetic conditions to obtain microgels with
desired shapes, sizes as well as good dispersion of the nanosheets.

Experimental

Materials. KF-96L-1Cs and KF-6028 were purchased from Shin-Etsu Chemical Co., Ltd. The other
reagents were purchased from Tokyo Chemical Industry Co., Ltd. All reagents were used as received.
Instrumentation. Composite microgels were observed by a polarizing microscope (Olympus,
BX-51).

Manufacture of Microfluidic Device. Microchannels with depth and width of 0.5 mm inside the
device were designed by Auto CAD. Then the microchannels were carved on a polymethyl
methacrylate (PMMA) plate by a computer numerical control machine tool (Roland DG, ZBX-650).
After washing, the PMMA plate was pressed with a same blank plate for 20 min at 90 °C by a hot
press (AS ONE, AH-2003), making the channels sealed inside the device. At last, three plastic
capillaries with an inner diameter of 0.5 mm were bonded to two inlets and an outlet, respectively.

Water_phase To form water-in-oil droplets

Oiiphase Products

Fig. 1. Photograph of the microfluidic device.

Fig. 1 is a photograph of the obtained microfluidic device and flow directions of fluids are

indicated by the arrows. The water-in-oil droplets are generated in the hollow part of the device, then
the products were collected through the capillary on the right side of the device.
Preparation of PDMA Microgels without Nanosheets. Five kinds of oil phases were prepared: (a)
5 wt % KF-6028 (surfactant) and 1 wt % N,N,N’,N'-tetramethylethylenediamine (TEMED, reaction
accelerator) were dissolved in KF-96L-1Cs (a type of silicone oil); (b) 5 wt % Span 80 (surfactant)
and 1 wt % TEMED were dissolved in KF-96L-1Cs; (c) Span 80 with concentrations of 0 wt %, 3 wt
% or 5 wt % as well as 1 wt % TEMED were dissolved in mineral oil. These oil phases were stirred
thoroughly and stored at room temperature. As the water phase, 11.54 wt % monomer
(N,N-dimethylacrylamide, DMA), 0.17 wt % cross-linker (V, N-methylenebisacrylamide, MBA) and
0.80 wt % redox initiator (ammonium persulfate, APS) were dissolved in DI water. The molar ratio of
monomer to cross-linker is 100:1. Incubation solution [19] consisted of 1 wt % APS and 5 wt %
TEMED in DI water. Both the water phase and incubation solution were stirred thoroughly and
purged with nitrogen for 15 min and stored in a refrigerator.

During the experiment, flow rates of the oil phase and the water phase (listed in Table 1) were
adjusted precisely by employing two syringe pumps (YMC, YSP-201). A phase contrast optical
microscope (Nikon, ECLIPSE Ti) was used to observe the formation process of droplets in the device
simultaneously. The products were collected in a vial containing some incubation solution when the
emulsion became steady. The collected precursors were stored in the incubation solution for 12 h,
making the monomers polymerize sufficiently to obtain microgel particles. Finally, the upper oil
phase was removed using a separating funnel. Then the microgel particles were rinsed with DI water
several times and stored in DI water.
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Using oil phase containing 5 wt % Span 80 and 1 wt % TEMED in mineral oil, the microgel

sample prepared at flow rates of 120 uL min™! of the oil phase and 20 pL min™! of the water phase is
marked as Blank Gel.
Preparation of Nanosheet/PDMA Composite Microgels. Niobate nanosheets were obtained
according to a previous report [20] as follows. First, layered hexaniobate crystals were synthesized by
a solid state reaction from a mixture of niobium pentoxide and potassium carbonate powders. Then,
the layered crystals were exfoliated into nanosheets by treatment in an aqueous solution of
propylammonium chloride. The nanosheet colloid was freeze-dried to be used in the next step.

For redox polymerization, the oil phase containing 5 wt % of Span 80 and 1 wt % of TEMED in
mineral oil was prepared. 0.5 wt % of freeze-dried nanosheet powder was added to the water phase
solution used for the synthesis of pure PDMA microgels. Then the composite microgels (marked as
R-Composite Gel) were prepared by using the microfluidic device at the flow rates of 120 pL min™! of
the oil phase and 20 uL min™! of the water phase.

For photopolymerization, TEMED, APS or the incubation solution were not used because the
niobate nanosheets act as photoinitiators [21]. The collected droplets were irradiated by a
high-pressure mercury lamp (USHIO, SX-UIS01HQ) for 15 min to form microgels. The other
synthetic conditions were the same as that of R-Composite Gel. The sample is marked as
P-Composite Gel.

Results and Discussion

Preparation of Microgels. The mechanism for preparation of microgels in the microfluidic device by
redox polymerization is described in Fig. 2. The oil phase and water phase were pumped into the
device from the inlets B and A, respectively, in the direction of the arrows. At the intersection of two
phases, owing to the shear stress of oil phase acting on the water phase as well as emulsification of
surfactants in the oil phase, the water phase was dispersed as a microscale water-in-oil droplet, in
which the monomer, cross-linker and initiator are contained. Meanwhile, TEMED dissolved in the oil
phase diffused into the droplets to accelerate polymerization of DMA monomers [19].
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Fig. 2. Schematic illustration for fabrication of microgels in the microfluidic device.

Microgel precursors were collected in an incubation solution containing a high concentration of
TEMED and APS to obtain cross-linked microgels. As shown in Fig. 3, collected precursors gathered
at the bottom of the oil phase. After polymerization and cross-linking process of the precursors, the
particles gradually sank into the incubation solution and swelled and precipitated at the bottom of the
collection vial, finally. After separation and rinse, the microgels were transferred to DI water.
Compared with direct collection method, the employment of the incubation solution is advantageous
to accelerate the gelation process and facilitate the removal of the oil phase. Besides, agglomeration
between precursors can also be avoided.
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- Oil phase Incubation solution DI water
Fig. 3. Schematic illustration for incubation and precipitation of microgels.

Morphologies and sizes of the microgels were tunable by changing the kinds of surfactant and oil.
As shown in Fig. 4 (a), (b) and (c), the shape of the microgels ranged from ellipsoid to sphere, and the
particle size was also different. We infer that the ellipsoidal gel in Fig. 4 (a) was formed by a squeeze
of collecting capillary because the diameter of droplet precursors was larger than that of collecting
capillary (500 um), while the particles in Fig. 4 (b) were squeezed a little, indicating corresponding
precursors’ size was smaller. The used surfactants were KF-6028 and Span 80, and their
hydrophile-lipophile balance (HLB) numbers are 4.0 and 4.5 respectively. The larger HLB number
displays stronger hydrophilicity, leading to the easier generation of water-in-oil droplets and the
smaller size of droplets in the microfluidic device.

Meanwhile, microgels in Fig. 4 (c) had a spherical shape with good monodispersity, and diameters
were around 600 um. As we evaluated the sizes of the gel particles by observing 65 particles one by
one on the microscopy, the average size was evaluated as 572 um with the standard deviation of
37 um, that is 6% of the average value. The difference of sample (b) from (c) was caused by the type
of oil phases: low viscosity silicone oil (KF-96L-1Cs) and mineral oil for (b) and (c), respectively.
The kinematic viscosity of silicone oil and mineral oil are 1 mm? s and 15 mm? s at room
temperature. The larger viscosity of the oil phase leads to the stronger shear stress on the water phase,
resulting in the smaller diameter of the droplet precursors.

Microgel diameter is also influenced by surfactant concentration in the oil phase. Mineral oil
without surfactant, as well as mineral oil with 3 wt % and 5 wt % of Span 80, were utilized to fabricate
microgels, respectively. The microgel was not obtained without the surfactant, because the emulsified
droplets combined with each other immediately. As illustrated in Fig. 4 (c) and (d), it is found that the
diameter of microgels decreased from 800 um to 600 pm with the increase of surfactant concentration
from 3 wt % to 5 wt %. The higher concentration of surfactant possesses the stronger emulsification
capability on the water phase, resulting in the smaller droplet diameters.

Furthermore, microgel size is also tunable by adjusting the flow rates of oil phase and water phase.
According to Fig. 4 (c), (e) and (f), the gradual shrinkage of microgels could be observed with the
increase of flow rate of oil phase relative to the water phase, which is owing to the enlargement of
shear stress acting on the water phase.
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Fig. 4. Optical microscopy images of the microgel particles synthesized under various conditions.
Images (a), (b), (c) are the samples prepared with different kinds of surfactants and oil phases: (a)
silicone oil and KF-6028, (b) silicone oil and Span 80, (¢) mineral oil and Span 80. Images (c), (d)
compares the samples prepared from different concentrations of Span 80: (c¢) 3 wt %, (d) 5 wt %.
Images (c), (e), (f) compares the samples prepared from different flow rates of oil phase and water
phase: (c) oil phase: 120 uL min™!, water phase: 20 pL min™!, (e) oil phase: 120 pL min™!, water phase:
12 pL min’!, (f) oil phase: 150 pL min™!, water phase: 10 pL min™.

In addition, the molar ratio of monomer and cross-linker is also an important parameter. The
droplet precursors ruptured during the incubation process when the amount of cross-linker is too little
(molar ratio of DMA to BIS is 1000: 1). Meanwhile, excessive cross-linking occurred if there is too
much cross-linker (molar ratio of DMA to BIS is 2: 1), which resulted in white polymer particles
rather than microgels containing massive water. Besides, the concentration of TEMED in the oil
phase should not be too high. Otherwise, the microchannel will be blocked due to rapid
polymerization reaction at the intersection of the microfluidic device.

As summarized in Table 1, we concluded that the size of microgels decreases with the increase of
viscosity of oil phase, the increase of HLB number and concentration of surfactant, as well as the
increase of flow rate of oil phase relative to water phase within a certain range.

Table 1. Synthetic conditions for microgel particles.

Content of Flow rate of Flow rate of  Diameter of

fg;l(tllllggrcl Oil Surfactant  surfactant oil phase water phase microgels

[wt %] (WL min]  [uL min] [nm]

A KF-96L-1Cs  KF-6028 5 120 20 >1000

B KF-96L-1Cs  Span 80 5 120 20 1000

C* Mineral oil ~ Span 80 5 120 20 600

D Mineral oil ~ Span 80 3 120 20 800

E Mineral oil ~ Span 80 5 120 12 500

F Mineral oil ~ Span 80 5 150 10 400

* R-Composite Gel and P-Composite Gel were synthesized with this condition.
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Preparation of Composite Microgels. As shown in Fig. 5, Blank Gel, R-Composite Gel and
P-Composite Gel were observed by the polarizing microscope under crossed polarizers. Obviously,
the two kinds of composite microgels are of spherical shape with diameters of 600 pm, which is
consistent with the size of PDMA microgels prepared under the same conditions. It is demonstrated

that the spherical shape and size of microgels were maintained well even if niobate nanosheets were
loaded.

a

Fig. 5. Crossed polarizing microscopy images of (a) PDMA microgel without nanosheets, (b)
R-Composite Gel and (¢) P-Composite Gel.

Dispersion state of niobate nanosheets in the composite microgels is further studied from the
microscopic images. PDMA microgels without nanosheets showed a totally dark image (Fig. 5a),
indicating that the polymer network inside the microgel is isotropic without any birefringence. In the
R-Composite Gel (Fig. 5b), lots of bright spots of around 10 pum are observed. These spots represent
birefringent layered niobate crystals that were formed by assembly and restacking of the nanosheets
during the synthetic process. We suppose that the use of the ionic initiator APS caused the restacking
of niobate nanosheets during the redox polymerization. It is generally known that repulsive
interaction between charged colloidal particles is reduced in the presence of ions, especially
multivalent ones, to cause coagulation of the particles[22]. Because we used 0.80 wt % (0.036 M) of
the initiator APS, the ionic strength is calculated as 0.21 M and this could be high enough for the
nanosheets to be coagulated and restacked.

In contrast, in P-Composite Gel (Fig. 5c), vague birefringent domains with the size of several
hundred microns were observed, which is similar to those observed in the lyotropic liquid crystal
phase of nanosheets colloids [23]. The strong birefringence is found at the diagonal edges of the
spherical microgel (the edges at the angle of 45 degrees to the polarizer/analyzer directions),
indicating that the liquid crystalline nanosheets are aligned along the water/oil interface. It is plausible
that part of the nanosheets are adsorbed on the water/oil interface of the water-in-oil droplet, inducing
the alignment of the nanosheets liquid crystal inside the droplets. It was reported that nanosheets tend
to adsorb on the interface and act as an emulsifying agent to form stable pickering emulsion[24].
Although the surfactant used here, Span80, is not a non-ionic one and the interaction with nanosheet
i1s not very strong, the adsorption is possible. It is notable, in general, that the liquid crystalline
behavior of the nanosheets only appears when most of the nanosheets are dispersed as single layers.
Our observation of liquid crystalline behavior in the P-Composite Gel indicates that the nanosheets
are dispersed as monolayers, which is preferable for the application as catalysts. Thus, the niobate
nanosheets were successfully immobilized in both R-Composite Gel and P-Composite Gel, while the
degree of exfoliation was much better in the P-Composite Gel than R-Composite Gel.

Conclusion

PDMA microgels and niobate nanosheet/PDMA composite microgels were synthesized
successfully through the microfluidic device with the precise control of the sizes, shapes, and
dispersion of the embedded nanosheets. We found that the size of microgel particles decreases with
the increase of viscosity of oil phase, the increase of HLB number and concentration of surfactant, as
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well as the increase of flow rates of oil phase relative to water phase within a certain range. The
dispersion of the nanosheets in the composite microgels prepared by photopolymerization was
superior to those prepared by redox polymerization. Taking advantage of the photocatalytic activity
and large specific surface area of the niobate nanosheets as well as high permeability of polymer gel,
the present composite microgels will be applicable as novel photocatalysts for organic synthesis or
water splitting for hydrogen production because the aggregation of the nanosheets during catalytic
reaction is expected to be prevented and recycling of the catalysts after use will be much easier
compared to nanosheets alone.
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