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Abstract

Microfluidics-based reactors enables the controllable synthesis of micro-/nanostructures for a 

broad spectrum of applications from materials science, bioengineering to medicine. In this study, 

we first develop a facile and straightforward flow synthesis strategy to control zinc oxide (ZnO) of 

different shapes (sphere, ellipsoid, short rod, long rod, cube, urchin, and platelet) on a few seconds 

time scale, based on the 1.5-run spiral-shaped microfluidic reactor with a relative short 

microchannel length of ca. 92 mm. The formation of ZnO is realized simply by mixing reactants 

through two inlet flows, one containing zinc nitrate and the other sodium hydroxide. The 

structures of ZnO are tuned by choosing appropriate flow rates and reactant concentrations of two 

inlet fluids. The formation mechanism behind microfluidics is proposed. The photocatalysis, 

cytotoxicity, and piezoelectric capabilities of as-synthesized ZnO from microreactors are further 

examined, and the structure-dependent efficacy is observed, where higher surface area ZnO 

structures generally behave better performance. These results bring new insights not only in the 

rational design of functional micro-/nanoparticles from microfluidics, but also for deeper 

understanding of the structure-efficacy relationship when translating micro-/nanomaterials into 

practical applications.
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1. Introduction

Zinc oxide (ZnO) has been extensively studied due to its excellent semiconducting and 

piezoelectric properties in potential applications of optoelectronics, sensors, catalysis, 

energy, environment, biomedical engineering, and so on.[1-4] To date, many methods have 

been developed to synthesize ZnO micro-/nanostructures, such as coprecipitation, 

hydrothermal, sol-gel, biosynthesis, supercritical fluid, spray pyrolysis, microwave, physical 

or chemical vapor deposition, and liquid-phase process.[5,6] However, it is noted that most 

of these methods always suffer from long time duration (at least several hours or days) for 

the nucleation, growth, and formation of well-defined ZnO micro-/nanoparticles. Despite 

this, precise control of the nucleation stage during the synthesis process is also a major 

challenge to these conventional batch methods, which make them more prone to low 

reproducibility. Therefore, developing a fast, simple, and effective method for the 

controllable synthesis of ZnO micro-/nanostructures is extremely necessary and highly 

desirable for basic research and industrial needs.

Relying on precise control over small volumes of fluids at micro-/nanoliter scale inside a 

centimeter-long or shorter microchannel, microfluidics-based microreactors explore new 

frontiers for rational design and controllable synthesis of functional micro-/nanostructures.

[7-13] Compared to the conventional batch reactors, microreactors allow temporal and 

spatial control of materials synthesis in a more convenient and efficient manner. In addition, 

microfluidic systems offer many unique features that conventional batch reactors can hard to 

achieve, such as continuous and automatic operation in a closed environment, greatly 

reduced reaction volume and time, and enhanced mass and heat transfer. These advantages 

endow microreactors a promising platform for continuous and fast synthesis of ZnO micro-/

nanoparticles.[14-16] However, to the best of our knowledge,[12,17-20] facile and 

controllable synthesis of well-defined micro-/nanoscale ZnO in microchannels that are 

simple in design yet favourable in performance is still not available. Also, there is a lack of a 
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systematic investigation into the structure-efficacy relationship between ZnO particles and 

their applications such as photocatalysis, cytotoxicity, and piezoelectricity.

Herein, we report a facile, fast, and straightforward strategy to synthesize ZnO micro-/

nanoparticles using a spiral-shaped microreactor and to systematically investigate the 

relationship between structure and efficacy. Miniaturized 1.5-run spiral-shaped microreactor 

with two inlet fluids, one containing zinc nitrate and the other sodium hydroxide, was 

employed to tune the particulate structures by changing the flow rates and the reactant 

concentrations. The underlying formation mechanism behind microfluidics was proposed. 

The structure-efficacy relationship of as-synthesized ZnO particles and their applications 

including photocatalysis, cytotoxicity, and piezoelectric activities were thoroughly 

examined.

2. Experimental details

2.1 Materials and reagents

Zinc nitrate (Zn(NO3)2), sodium hydroxide (NaOH), methylene blue (MB), Rhodamine B 

(RB), Cell-counting kit-8 (CCK-8), and dimethylformamide (DMF) were purchased from 

Sigma-Aldrich. Polydimethylsiloxane (PDMS Sylgard 184 kit) was purchased from Dow 

Corning. PVDF-TrFE powder was purchased from Piezotech ARKEMA Corp. Water used 

was from a Milli-Q water ultrapure water purification system. All chemicals were used as 

received without any further purification.

2.2 Fabrication of the 1.5-run spiral-shaped microfluidic reactor

The 1.5-run microfluidic spiral channel with two inlets and one outlet was fabricated using 

polydimethylsiloxane (PDMS) through soft lithography. Briefly, after designing the pattern 

with AutoCAD, a film mask was obtained (from Fine Line Imaging, Inc.) to fabricate the 

master mold using standard photolithography. A PDMS replica was then produced by 

pouring PDMS precursor (10:1 ratio for base and curing agent) onto the mold and curing the 

structures at 65 °C for at least 1 hour.

2.3 Synthesis of ZnO micro-/nanoparticles with different structures

The synthesis of ZnO was realized simply with one inlet containing Zn(NO3)2 and the other 

containing NaOH. The two inlet flows were pumped (Pump 33 DDS, Harvard Apparatus) 

into the spiral microchannel at different flow rates. The as-synthesized products were 

collected at the outlet and then directly put them into preheated oven at 80 °C for 1 hour. 

After washing several times with water, the obtained white solid was then dried and stored in 

a dry place for further analysis. The production yields of ZnO materials were calculated by 

the formulation: Yield (%)=(Wn/Wt) × 100, where Wn is the net weight of product, and Wt 
is the theoretical weight of the sample calculated based on 100% conversion of zinc nitrate 

to zinc oxide.

2.4 COMSOL simulation analysis

Reynolds number (Re) was calculated to determine if the fluids are in laminar flow regimes: 

Re = ⍴UL/μ, where the density (⍴~1000 kg/m3) and dynamic viscosity (μ ~0.001 Pa·s) of 
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water are used for approximations, L is the characteristic length, and U is the average flow 

velocity, which could be obtained by: U = flow rate
W ⋅ H . In our case with the spiral 

microchannel, W = 500 μm, H = 50 μm, when flow rate is 500 μL/min, U = 0.33 m/s, and Re 
= 7.6 < ~2300.

Therefore, the fluids are in laminar flow. We consider them as incompressible with no-slip 

boundary condition and neglect the gravity force for simplicity. The outlet is set to be fixed 

pressure with p = 0. The diffusion coefficient used is D = 5 × 10 − 10 m2/s.

2.5 Calculation of the time for the synthesis of ZnO via microfluidic device

To estimate the time for synthesis, firstly, the length of the channel is calculated, which is 

92.12 mm. Then the volume of fluids in the channel is calculated to be 2.303 μL. Thus, with 

a flow rate of 500 μL/min, the time for the synthesis of ZnO structure is ~0.3 s (in the 

slowest case of 15 μL/min in this study, the time is ~9.2 s).

2.6 Photocatalysis tests of ZnO micro-/nanoparticles

The photocatalytic activity of ZnO micro-/nanoparticles was evaluated using the degradation 

of MB and RB under light irradiation in the dark at room temperature using UV lamp or 

Tungsten halogen lamp. RB and MB photocatalysis results were obtained in triplicates.

For the photocatalytic kinetic test of uZnO, MB (10−5 M) or RB (10−5 M) was mixed with 

uZnO (50 μg/mL), and then the suspension was irradiated under UV lamp (~30 W/m2 light 

intensity) or Tungsten halogen lamp (~80 W/m2 light intensity). At given time intervals (0, 

2.5, 5, 10, 20, 30, and 60 min), the samples were taken out and centrifuged to remove 

photocatalyst particles for quantitative analysis using UV-VIS Spectrophotometer 

(SHIMADZU Corporation). The photodegradation rates (Ct/C0, where C0 and Ct are the 

concentrations of dyes before and after different irradiation times, respectively) were 

determined at a wavelength of 665 nm and 555 nm for MB and RB, respectively.

For the comparison of photocatalysis capability of different ZnO structures (sZnO, eZnO, 

srZnO, lrZnO, cZnO, uZnO, and pZnO), the irradiation time was chosen as 30 min, other 

procedures were similar as above.

For the reusability test of uZnO, MB (10−5 M) was mixed with uZnO (50 μg/mL), and then 

the suspension was irradiated under UV lamp for 30 min. The sample was centrifuged to 

obtain the supernatant for UV-Vis analysis, and the ZnO precipitation was redispersed into 

MB (10−5 M) for UV irradiation. The procedures were repeated for 10 times for examining 

the reusability of as-synthesized ZnO.

2.7 Cell culture and maintenance

PANC-1 cells (human pancreatic cancer cell line, ATCC) were cultured in high glucose 

DMEM (Dulbecco’s Modified Eagle’s Medium, ATCC) supplemented with 10% FBS 

(ATCC) and 1% penicillin-streptomycin (Sigma) in a humidified incubator at 37 °C with 5% 

CO2 and 95% air.
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2.8 In vitro cytotoxicity evaluation of ZnO micro-/nanoparticles

The cytotoxicity of ZnO (sZnO, eZnO, srZnO, lrZnO, cZnO, uZnO, and pZnO) was 

evaluated using the CCK-8 viability assay. For the cytotoxicity evaluation, PANC-1 were 

seeded at a density of 5000 cells per well in 96-well plates. After incubating the cells with 

ZnO at a particle concentration ranging from 1 to 50 μg/mL for 24 h, 10 μL CCK-8 reagent 

was added to each well and incubated for 4 h. The absorbance of the resulting solution in 

each well was recorded at 450 nm with a microplate reader (TECAN SPARK 10M). Before 

reading, the plate was gently shaken on an orbital shaker for 30 s to ensure homogeneous 

distribution of color.

2.9 Piezoelectric tests of ZnO micro-/nanoparticles

The PVDF-TrFE composite (with cZnO, uZnO, or pZnO) solution was prepared through the 

following steps. Firstly, ZnO particles (30 wt%, relative to PVDF-TrFE) were added to DMF 

solution, and the mixture was sonicated for 30 min to ensure a homogeneous mixture. 

PVDF-TrFE powder (Piezotech® FC 30) was finally blended into the prepared solvent and 

the solution stayed in 60°C hot water bath for 6 hours with stirring.

We then used the following processes to fabricate the composite film. First, a piece of 

Dupont Kapton® film (50 mm × 75 mm × 25μm) was placed on a piece of glass substrate. 

Then the top surface of the film was sputtered a layer of 10 nm-thick gold serving as 

electrode. Next, a layer of pure 15% PVDF-TrFE solution (~30 μm thickness) was spin-

coated on the gold electrode at 2000 rpm for 30 seconds. After the first PVDF-TrFE film 

was dried in an oven at ~50 °C, a thick layer of PVDF-TrFE composite solution (~30 μm) 

was applied on top of the pure PVDF-TrFE layer using spin-coating at 2000 rpm for 30 

seconds. The film was then transferred into a water-based humidity chamber for at least 4 

hours with a 90% relative humidity to create the mesoporous structure on the composite 

layer. To generate a high content of beta phase, the mesoporous film was treated by thermal 

annealing in an oven at 135°C for 2 hours. Electrical poling process was further employed 

where the mesoporous PVDF-TrFE composite film was sandwiched between two 

customized metal plates that were connected with a 50 mV/m electrical field for 1 hour, and 

the films treated at 100 °C during the poling process. Next, another layer of 10 nm gold was 

sputtered on top of the film.

The voltage output from these samples was obtained through the following test setup. A 

shaker (Model 2060E, The Modal Shop) was used to provide a linear motion with tunable 

force to the tested composite films. A metal rod with a circular force transducer (Model 

208C02, PCB Piezoelectronics) screwed on its tip was inserted into the shaker. The tested 

composite film was covered by a piece of PDMS layer (5 mm × 5 mm × 2 mm) to protect it 

from being damaged by the striking head and was attached to a glass slide. The sample was 

then fixed to a vertical wall that was fastened on the table. At rest, the tip of the force 

transducer was about 2 mm away from the sample. During the test, the shaker was operating 

at 1 Hz and ~1 A, which exert a ~5 N force on the tested sample. The real-time force 

information was collected by the force transducer and recorded in Lab VIEW (National 

Instrument) on a desktop. The real-time voltage output was obtained directly by an 

oscilloscope (TDS 2014B, Tektronix) in a closed circuit.
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2.10 Characterization

Transmission electron microscopy (TEM) was performed on a Tecnai F20ST field emission 

gun (FEG) transmission electron microscope operating at an accelerating voltage of 200 kV. 

Nitrogen adsorption–desorption measurements were carried out to determine the textural 

properties of ZnO materials by using a Quantachrome NOVA 4200e surface area analyzer at 

−196 °C. The surface area was calculated by the Brunauer–Emmett–Teller (BET) method. 

X-ray diffraction (XRD) analysis was conducted on the ZnO micro-/nanoparticles by using a 

Rigaku D/MAX 2000 diffractometer with Cu-Kα radiation. The operating voltage and 

current were 40 keV and 300 mA, respectively. A step size of 0.02° with a scanning angle 

(2θ) from 25° to 70° was used. The total scanning time was approximate 30 min.

3. Results and discussion

Microfluidic continuous flow synthesis of ZnO with different structures was realized in the 

1.5-run spiral-shaped microfluidic reactor with two inlets and one outlet (Figure 1A). The 

microchannel is composed of three arcs with the diameters of 11.0, 20.8, and 22.2 mm (the 

lengths of each arc are 15.88, 32.67, and 34.87 mm, respectively) and a short straight part of 

8.70 mm from the arc to the outlet (Figure 1B). The width and height of the spiral channel 

are 500 and 50 μm, respectively. Given the unique features of microfluidics (especially the 

low Reynolds number), such a 1.5-run microreactor is expected to achieve rapid and 

intensive mixing inside the microchannel, and thus to produce ZnO of different structures in 

a fast and continuous way. To demonstrate this, two inlet flows, one containing zinc nitrate 

(Zn(NO3)2) and the other sodium hydroxide (NaOH), were pumped (Pump 33 DDS, 

Harvard Apparatus) into the microchannel at room temperature (Figure 1C). The white 

colloidal suspension was collected from the outlet, followed by post-thermal treatment, and 

the structures of as-synthesized products were examined by transmission electron 

microscopy (TEM).

Different from other microchannel geometries, [12,14-20] the spiral shape presents unique 

transverse Dean flow,[21-26] which permits fast and efficient production of ZnO micro-/

nanostructures. As shown in Figure 2 and Table 1, the COMSOL simulation analysis 

revealed that, at different flow rates combinations, the two reactant fluids can be rapidly and 

intensively mixed (Figure 2-column ii), and the structure control of ZnO can be realized by 

seconds time scale. In agreement with the simulation results, TEM results confirmed that 

well-defined nearly sphere (sZnO, Figure 2A), ellipsoid (eZnO, Figure 2B), short rod 

(srZnO, Figure 2C), long rod (lrZnO, Figure 2D), cubic (cZnO, Figure 2E), urchin-like 

(uZnO, Figure 2F), and platelet-like ZnO (pZnO, Figure 2G) particles can be successfully 

obtained by simply changing the flow rates and reactant concentrations of two inlet fluids. 

Specifically, when the flow rate of zinc nitrate was 25 μL/min or below, high aspect ratio 

ZnO structures (such as srZnO, lrZnO, and uZnO) could be obtained. Increasing the 

concentrations of reactants could yield ZnO products with larger surface area (especially for 

cZnO and uZnO, Table 1). In addition, the larger the difference of the flow rates of two inlet 

fluids, the more anisotropic structure appears (such as eZnO, srZnO, lrZnO, uZnO, and 

pZnO). The production amounts of these ZnO structures can generally achieve from few 

tens of milligrams to several grams per day, and the yields of all seven materials are in a 
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range of about 95%-98%, which is typically high because of the intensive and efficient 

mixing performance inside microchannel. Nitrogen sorption analysis showed that uZnO has 

the highest Brunauer–Emmett–Teller (BET) surface area, followed by cZnO, and then 

lrZnO, and finally sZnO, eZnO, srZnO, and pZnO (Table 1). The compositions of all these 

ZnO micro-/nanoparticles were further analyzed by X-ray diffraction (XRD) and compared 

to the standard Powder Diffraction File (PDF) Database. The results showed that all samples 

exhibit various Bragg's reflection peaks at (100), (002), (101), (102), (110), (103), (200), 

(112), and (201), indicating the presence of crystalline ZnO structures (Figure 3).[27-29]

Based on above observations, although the microscopic details of the nucleus and growth of 

ZnO have still not been effectively and precisely elucidated to date,[30] we tried to provide a 

plausible explanation to help for understanding the microreaction process and structural 

control achieved in the microreactor. Generally, the formation of ZnO consists of three 

stages: 1) reaction between Zn2+ and OH− species in the precursor solution; 2) 

homogeneous nucleation through aggregation of amorphous clusters; 3) oriented attachment 

of the formed nuclei in the preferred direction depending on the reaction conditions (Figure 

4).[30,31] General reaction equations that are commonly reported for elucidating the 

formation of ZnO are shown below:

Zn2 + + 2OH− Zn(OH)2 (1)

Zn(OH)2 + 2OH− [Zn(OH)4]2 − (2)

[Zn(OH)4]2 − ZnO + H2O + 2OH− (3)

The reaction process of solid precipitation typically starts from the formation of Zn(OH)2 

followed by the conversion into ZnO (Figure 4).[14,30] Depending upon the flow rates that 

determine the reactant concentrations at the interface of two fluids, the crystal nuclei will 

evolve into different structures under the given reaction conditions (Table 1). Specifically, 

the spiral-shaped microchannel allows for ultrafast mixing, which results in rapid nucleation 

(Figure 4). At lower concentrations of Zn(NO3)2 (30 mM) and NaOH (12.5 mM), when their 

flow rates are both set as 50 μL/min, the microcrystals would attach themselves on the nuclei 

surface for lowering the surface energy, and thus forming spherical sZnO.[32,33] When 

increasing the flow rate of NaOH fluid to 200 μL/min while keeping the other constant, the 

increasing concentration of OH− would accelerate crystal growth along the c-axis to form 

ellipsoidal eZnO.[34,35] Further increasing the molar ratios of OH− to Zn2+ could lead to 

form rod-shaped ZnO (srZnO and lrZnO) elongated along the c-axis direction due to the 

preferably adsorption of [Zn(OH)4]2− on the positively charged (0001) polar face of ZnO 

nuclei.[30,31,33] However, at higher molar concentrations (300 mM Zn2+ and 125 mM OH
−), the growth along the c-axis would be probably depressed. [36] When the flow rates of 

Zn2+ and OH− fluids are set as 50 and 100 μL/min, respectively, ZnO nuclei would grow in 

random orientations to form polyhedral cubic cZnO (and fewer hexagonal prisms).[37,38] If 

the flow rates of Zn2+ and OH− fluids are set as 25 and 500 μL/min, respectively, the 
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significantly increased concentration of OH− would decrease the concentration of 

[Zn(OH)4]2− due to the initial fast nucleation of ZnO. The existence of relatively large 

concentration of OH− would further result in more active sites generated on the surface of 

ZnO nuclei and grow into uZnO.[39] When the flow rates of Zn2+ and OH− fluids are 100 

and 25 μL/min, respectively, the excessive Zn2+ would adsorb on the negative polar (0001–) 

plane for directing the growth of ZnO nuclei, resulting in the plate form.[33,40] Therefore, 

microfluidics provides a facile, straightforward, and efficient way for tuning the structures of 

ZnO by easily changing the flow rates and the interface concentrations of reactants (Figure 

4).

Considering the ease and feasible of microfluidics-enabled structural control, the as-

synthesized ZnO micro-/nanomaterials provide great convenience for systematically probing 

the effect of particulate structures on the application efficacy. We first examined the 

structure-efficacy relationship of ZnO particles on photocatalysis. In the field of 

photocatalysis today, ZnO has attracted great attentions and emerged as a promising 

candidate to solve the environmental problems (such as dyes pollutants of wastewater 

stream) due to its extraordinary characteristics including strong oxidation ability, wide band 

gap, and large free-exciton binding energy (Figure 5A).[41] To evaluate the photocatalytic 

activity of as-synthesized ZnO, methylene blue (MB, 10−5 M) and Rhodamine B (RB, 10−5 

M) were chosen for the photodegradation tests at a particle concentration of 50 μg/mL under 

UV lamp light source (~30 W/m2 light intensity) or Tungsten halogen lamp light source 

(~80 W/m2 light intensity). UV-vis absorption spectra were recorded to quantitatively 

calculate the degradation efficiency of MB (665 nm) and RB (555 nm). Figure 5B shows the 

photodegradation kinetics of MB and RB treated with uZnO under different light sources. 

The results suggested that UV lamp irradiation significantly enhanced degradation efficiency 

for both MB (~98.1%) and RB (~91.5%) within 60 min compared to Tungsten halogen lamp 

irradiation (less than 4%). In addition, under UV light irradiation, photodegradation of MB 

appeared to be faster than that of RB, and the degradation of MB almost completely finished 

within 30 min. The photodegradation of MB by uZnO exhibited no obvious difference 

within 10 cycles (Figure 5C), indicating robust stability of ZnO photocatalyst from 

microfluidic reactors. The structural effect of ZnO on the degradation efficiency of MB and 

RB was further examined with a 30 min light irradiation. As shown in figure 5D, under 

Tungsten halogen light treatment, all seven ZnO samples have neglectable and similar 

photodegradation activity as control system without the addition of ZnO. Whereas, under 

UV irradiation, the photodegradation activity of ZnO exhibited an obvious structure-

dependent manner in the order of uZnO>cZnO>lrZnO>srZnO ≈ sZnO>eZnO ≈pZnO. These 

results not only confirm the feasibility of microfluidics in the synthesis of robust ZnO 

photocatalyst, but also shed new light on the rational design of ZnO for organic pollutants 

removal in practical environment settings.

We next examined the structure-efficacy relationship of ZnO particles on cytotoxicity 

activity due to the promising potential of ZnO in cancer therapy.[42,43] When nanoparticles 

are localized into the acidic tumor microenvironment,[44] the cytotoxicity of ZnO materials 

may be generated through increased intracellular Zn2+ level by dissolution, increased 

reactive oxidative stress, decreased mitochondrial membrane potential, or genotoxicity.[45] 
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All these features, to some extent, are regulated by the structures of ZnO.[46,47] To 

demonstrate this, PANC-1 (human pancreatic cancer cell line) cells were incubated with 

various concentrations of as-synthesized ZnO micro-/nanoparticles from 1 to 50 μg/mL, and 

then the cytotoxicity was assessed by CCK-8 assay. As shown in figure 6A, the results 

showed that the toxicity of ZnO exhibited an obvious particle concentration-dependent 

manner. The higher the particle concentration, the higher the cytotoxicity of ZnO. In 

addition to particle concentration, particle structure-dependent cytotoxicity was also 

observed as expected. According to the calculated half inhibitory concentration (IC50) 

results of ZnO against PANC-1 cells (Figure 6B), cZnO and uZnO have the lowest IC50 

values (~12 μg/mL), indicating their strongest anticancer potential. Whereas, eZnO and 

pZnO have the highest IC50 values (nearly 5 times higher than cZnO and uZnO), which 

means their relative weakest anticancer cell proliferation activities. Combining with the 

results from Table 1, there is a clear positive correlation relationship between particle surface 

area and cytotoxicity. One of the possible reasons can be attributed to higher dissolution 

rates of Zn2+ from larger surface area of ZnO nanostructures. These findings reveal that the 

structure of ZnO plays significant roles in its biological performance, and thus highlight the 

importance of structural design when engineering ZnO-based nanomedicines.

After unveiling the structure-efficacy relationship of ZnO particles on photocatalysis and 

cytotoxicity activities, we further examined the structure effect of ZnO on piezoelectric 

activity. Forming a piezoelectric composite material that is composed of the piezo-ceramic 

particles (such as ZnO; BaTiO3; Lead zirconate titanate, PZT; AlN) and the soft piezo 

polymers (such as polyvinylidene fluoride, PVDF; polyvinylidene fluoride trifluoroethylene, 

PVDF-TrFE) is the key to improve the electro-mechanical efficiency of energy harvesting 

devices and structures.[48] Among of piezo-ceramic materials, ZnO is a promising 

candidate to make such a composite due to its relative low cost, easy precursors, and 

controllable structures. By rational design of ZnO structure, its surface area can be 

optimized, which may lead to enhanced voltage output acquired from the piezoelectric 

composites due to the increased electromechanical response.[49] To demonstrate this, we 

chose three kinds of as-synthesized ZnO (cZnO, uZnO, and pZnO) with distinct surface 

areas (Table 1) and then mixed them respectively with the piezopolymer PVDF-TrFE for 

piezoelectric performance test (Figure 7A). As shown in figure 7B, compared to the undoped 

PVDF-TrFE, the ZnO-doped ones exhibit obviously enhanced voltage response. In addition, 

the structure-dependent voltage output was observed, uZnO having the largest surface area 

generated the highest voltage output, which is nearly 3.5 times higher than the undoped 

PVDF-TrFE. Whereas, pZnO with the relative smallest surface area provided the lowest 

voltage improvement, but still 1.6 times higher than the undoped material (Figure 7C). 

These results may raise a new strategy to make piezoelectricity-enhanced composites that 

can greatly serve for energy harvesting applications.

4. Conclusions

In summary, we developed a facile, fast, and effective microfluidic flow synthesis strategy 

for rational design of ZnO micro-/nanostructures and unveiled its structure-efficacy 

relationship toward enhanced photocatalysis, cytotoxicity, and piezoelectric activities. A 

miniaturized 1.5-run spiral-shaped microfluidic reactor was specially designed to synthesize 

Hao et al. Page 9

Chem Eng J. Author manuscript; available in PMC 2020 December 15.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



ZnO particles on a few seconds time scale inside a microchannel. Using one inlet flow 

containing Zn(NO3)2 and the other NaOH, seven distinct ZnO structures (sphere, ellipsoid, 

short rod, long rod, cube, urchin, and platelet) were formed by tuning the flow rates and 

reactant concentrations of two inlet fluids. The formation mechanism of controllable ZnO 

structures was proposed for understanding the processes behind microfluidics. Structural 

effect of the as-synthesized ZnO on photocatalysis, cytotoxicity, and piezoelectricity was 

confirmed, where ZnO structures having larger surface area generally demonstrate better 

efficacy. These results not only provide new insights for engineering controllable micro-/

nanostructures through microfluidic reactors, but also pave the foundation towards versatile 

structural designs with unique physical and biochemical properties applied to practical 

applications.
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Highlights

1. Spiral shaped laminar flow microreactor for ZnO micro-/nanomaterials 

synthesis

2. Seven distinct ZnO were formed by tuning the flow rates or reactant 

concentrations

3. Microfluidics-enabled controllable formation mechanism was proposed

4. Structure-dependent photocatalysis, cytotoxicity, and piezoelectric activities

5. ZnO structures having larger surface area generally demonstrate enhanced 

efficacy
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Figure 1. 
Microfluidic reactor development for controllable synthesis of ZnO particles. (A) 

Fabrication procedure of 1.5-loop spiral-shaped microfluidic device. The central image is a 

photograph of the fabricated microreactor with a U.S. quarter coin for scale. The 

microfluidic channel was filled with a red dye for visualization. (B) is a scheme showing the 

design parameters of microreactor. (C) is the photograph showing operation of the 

microfluidic system with two inlets and one outlet for ZnO synthesis. Objects are not drawn 

to scale.
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Figure 2. 
COMSOL simulation results and transmission electron microscopy (TEM) images of sZnO 

(A), eZnO (B), srZnO (C), lrZnO (D), cZnO (E), uZnO (F), and pZnO (G).
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Figure 3. 
XRD patterns of as-synthesized ZnO micro-/nanoparticles.
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Figure 4. 
Schematic illustration for the formation of the as-synthesized ZnO micro-/nanoparticles with 

different structures (Objects are not drawn to scale).
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Figure 5. 
Structure-efficacy relationship of sphere (sZnO), ellipsoid (eZnO), short rod (srZnO), long 

rod (lrZnO), cubic (cZnO), urchin-like (uZnO), and platelet-like ZnO (pZnO) materials 

toward photocatalysis. (A) General mechanism of the photocatalysis on ZnO particle. (B) 

Photocatalysis degradation kinetics of MB and RB using uZnO under UV lamp (30 W/m2) 

and Tungsten halogen lamp (80 W/m2) treatment. C0 is the initial concentration of MB and 

RB dye solution, while C represents the remaining dye concentration of MB and RB after 

that time interval. (C) The reusability test of uZnO in the photodegradation of MB. (D) The 

structure effect of ZnO on the photocatalysis of MB and RB under UV lamp (30 W/m2) and 

Tungsten halogen lamp treatment (80 W/m2).
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Figure 6. 
Structure-efficacy relationship of sphere (sZnO), ellipsoid (eZnO), short rod (srZnO), long 

rod (lrZnO), cubic (cZnO), urchin-like (uZnO), and platelet-like ZnO (pZnO) toward 

cytotoxicity. (A) PANC-1 cell viability after treated with ZnO of different structures at 

particle concentrations ranging from 1 to 50 μg/mL for 24 h. (B) The corresponding IC50 

values of ZnO of different structures from (A).
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Figure 7. 
Structure-efficacy relationship of as-synthesized ZnO toward piezoelectricity. (A) Schematic 

experimental workflow for the preparation of piezoelectric composite materials (ZnO-doped 

PVDF-TrFE). (B) Four spectra voltage responses acquired from undoped, cZnO-doped, 

uZnO-doped, and pZnO-doped PVDF-TrFE thin film samples. (C) The peak-to-peak voltage 

outputs from (B).
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Table 1.

Operation parameters and properties of as-synthesized ZnO micro-/nanoparticles with different structures.

Sample
name

Inlet (Zn(NO3)2) Inlet (NaOH) Particle
Shape

Dimension* (mn) Surface
area**

(m2/g)Concentration Flow Rate Concentration Flow Rate

sZnO 30 mM 50 μL/min 12.5 mM 50 μL/min Sphere 583±124 13.15

eZnO 30 mM 50 μL/min 12.5 mM 200 μL/min Ellipsoid (476±108)×(1340±257) 10.22

srZnO 30 mM 20 μL/min 12.5 mM 100 μL/min Short rod (285±44)×(1667±301) 16.54

lrZnO 30 mM 2.5 μL/min 12.5 mM 15 μL/min Long rod (169±23)×(2212±379) 25.53

cZnO 300 mM 50 μL/min 125 mM 100 ×L/min Cube 153±36 45.40

uZnO 300 mM 25 μL/min 125 mM 500 μL/min Urchin 1106±218 64.67

pZnO 300 mM 100 μL/min 125 mM 25 μL/min Platelet (159±30)×(2008±412) 8.23

*
All values indicate the main properties of particles such as diameter, width, length, and height.

**
All values were determined by the BET method of nitrogen sorption analysis.

Chem Eng J. Author manuscript; available in PMC 2020 December 15.


	Abstract
	Graphical abstract
	Introduction
	Experimental details
	Materials and reagents
	Fabrication of the 1.5-run spiral-shaped microfluidic reactor
	Synthesis of ZnO micro-/nanoparticles with different structures
	COMSOL simulation analysis
	Calculation of the time for the synthesis of ZnO via microfluidic device
	Photocatalysis tests of ZnO micro-/nanoparticles
	Cell culture and maintenance
	In vitro cytotoxicity evaluation of ZnO micro-/nanoparticles
	Piezoelectric tests of ZnO micro-/nanoparticles
	Characterization

	Results and discussion
	Conclusions
	References
	Figure 1.
	Figure 2.
	Figure 3.
	Figure 4.
	Figure 5.
	Figure 6.
	Figure 7.
	Table 1.

