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Assembly of nanocrystals is considered one of the most promising approaches to design nano-, 

microstructures, and complex mesoscopic architectures. A variety of strategies to induce nanocrystal 

assembly have been reported, including directed assembly methods that apply external forces to fabricate 

assembled structures. In this study ZnO nanocrystals were synthesized in an aqueous solution using a 

continuous flow microreactor. The growth mechanism and stability of ZnO nanocrystals were studied by 10 

varying the pH and flow conditions of the aqueous solution. It was found that convective fluid flow from 

Dean vortices in a winding microcapillary tube could be used for the assembly of ZnO nanocrystals. The 

ZnO nanocrystal assemblies formed three-dimensional mesoporous structures of different shapes 

including a tactoid  and a sphere. The assembly results from a competing interaction between electrostatic 

forces caused by surface charge of nanocrystals and collision of nanocrystals associated with Dean 15 

vortices. Dispersion behaviours of the ZnO assembly in some solvents were also studied. MeOH, a strong 

precipitant, led to the precipitation of the ZnO assembly. This study shows that the external forces from 

convective fluid flow could be applied to fabricate assembly of functional metal oxides with complex 

architectures using a continuous flow microreactor. 

Introduction 20 

The physical and chemical properties of inorganic nanomaterials 

depend strongly on their size and morphologies1. Understandings 

of colloidal nanocrystal nucleation and growth and ability to 

tailor their size and morphologies are essential in 

nanotechnology. Significant effort and progress toward the 25 

understandings of nanocrystal growth mechanism and kinetics 

have been made.1-5 These advances facilitate the preparation of 

well-defined nanocrystals with specific morphologies.6-13  

It is crucial to understand the key factors that govern the 

nanocrystal assembly in order to fabricate desired nano- and 30 

microstructures for targeted optical, electronic, and biological 

applications.14 Self- assembly of unique structures consisting of 

various semiconductor and metal oxide nanocrystals has been 

demonstrated.15-29 For instance, self-assembly driven by 

appropriately adjusting the evaporation rate of solvent or 35 

interaction between capping ligands adsorbed on surface of 

nanocrystals has been used to create two dimensional patterns of 

a single or several layers.30 In other directed self-assembly 

processes, external force is applied to guide the nanobuilding 

blocks into assembled structures. For example, Israelachvili et al. 40 

applied various forces such as normal and shear forces to 

nanocrystals and investigated the effect of these forces on 

nanocrystal motion.31-34 In addition, they have reported that 

external forces play an important role in achieving  the desired 

assembly.35 The external forces could be generated by 45 

compressive or shear stresses, gravity, magnetic or electric fields. 

Although various approaches have been reported for directed 

nanocrystal assembly, to the best of our knowledge, the effect of 

external forces from convective fluid flow on nanocrystal 

assembly within a microchannel has not been addressed.   50 

ZnO is an important transparent wide band gap semiconductor 

material that can be prepared by various solution-based 

processes. In this study, we synthesize ZnO nanocrystals with 

their diameters around 5nm using a continuous flow 

microreactor. The characteristics of the continuous flow 55 

microreactor are the following: (1) The microreactor facilitates 

the homogenous nucleation and growth of the nanocrystals by 

minimizing the pH and temperature gradient in the solution. (2) 

The system enables us to tailor nanocrystal growth process by 

simply controlling system parameters such as reaction 60 

temperature and flow rate, leading to faster and more efficient 

preparation of nanocrystals. (3) The continuous flow microreactor 

could be used to fabricate various nanostructured surfaces via 

direct delivering of nanocrystals on targeted substrates.36-38 The 

processing parameters including solution pH and solution flow 65 

rate were varied to investigate their effects on the growth of ZnO 

nanocrystals. In particular, we investigated ZnO nanocrystal 

assemblies induced by external forces from convective fluid flow. 

Experimental 

Synthesis of ZnO nanocrystals in the continuous flow 70 

microreactor  
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The apparatus used to prepare ZnO nanocrystals consists of a 

microprocessor-controlled dispensing pump (Ismatec 

micropumps), 1.22 mm ID Tygon ST tubing (Upchurch 

Scientific), and a micro T-mixer (Upchurch scientific). The 

schematic diagram of the system is shown in Figure 1.  5 

 
Figure 1. Schematic diagram of the continuous flow microreactor system. 

Zn(NO3)2·6H2O (Sigma Aldrich) and NaOH (Mallinckrodt 

Chemicals) were used as received without further purification. 

An aqueous solution of 0.005 M Zn(NO3)2·6H2O and the aqueous 10 

NaOH required to produce the desired pHwere contained in two 

separate beakers. The solutions of reactants were pumped into the 

two Tygon tubes and were mixed through the micro-T-mixer. The 

reactant mixture was then passed through a helical structured 

reactor made by wrapping a 1.3m long Tygon tube around a 15 

cylinder. By immersing the reactor in an oil bath, the reaction 

temperature (70 °C) was maintained throughout the growth 

process. ZnO nanocrystals generated inside the reactor were 

directly deposited on TEM grids (Ted Pella). Several approaches 

of collecting ZnO nanocrystals on TEM grids were tested to 20 

verify that the observed ZnO assembly under TEM is 

independent of TEM sample preparation method. We observed 

that evaporation of solvent did not change the assembly of ZnO 

nanocrystals. In this study, three different volume flow rates (6.8, 

14.7, and 28.1 [mL/min]) were tested to investigate the effects of 25 

external forces from convective fluid flow on ZnO nanocrystal 

assembly. 

Nanocrystal characterization 

The size, shape and structure of ZnO nanocrystals and their 

assembly were analyzed using High Resolution Transmission 30 

Electron Microscopy (HRTEM) with a FEI Titan operated at 

300kV. Selected Area Electron Diffraction (SAED) pattern was 

generated by Fast Fourier transformation (FFT) of the HRTEM 

image. X-ray diffraction (XRD) spectra of the nanocrystals were 

obtained using a D8 Discover (Bruker) with Cu Kα radiation 35 

(acceleration voltage: 40kv, flux: 40mA). UV-visible 

spectroscopy (Ocean Optics Inc.) was used to study the optical 

property of ZnO nanocrystals.  

Results and Discussion 

pH effect on growth and stability of ZnO nanocrystals 40 

For an understanding of the ZnO nanocrystal nucleation and 

growth mechanism in the continuous flow system, the species 

distribution of zinc complex ions should be identified with 

respect to the solution pH. The speciation diagram of zinc 

complex ions is constructed as shown in Figure 2 by using a 45 

Visual MINTEQ program.39  

 
Figure 2. Speciation diagram of the zinc complex ions. 

The hydrolysis ratio is increased with an increase of pH value and 

yields zinc-aquo-hyroxo ions [Zn(OH2)4-n(OH)n]
2-n, which are the 50 

precursors responsible for the nucleation of ZnO nanocrystals. 

Once sufficient amounts of the precursors are present in the 

aqueous medium, ZnO nuclei are formed via a condensation 

reaction. The subsequent condensation reaction continues by a 

combination of diffusion and reaction of the precursors, 55 

consequently leading to the creation of ZnO nanocrystals. The 

precursors are bridged by OH- ligands, initially forming the 

unstable Zn(OH)2, which is then transformed into ZnO·H2O by a 

spontaneous dehydration reaction. At pH=13, [Zn(OH)4]
2- and 

Zn(OH)3
- are the dominant precursors for the nucleation and 60 

growth of ZnO nanocrystals, according to the speciation diagram 

(Figure 2). A comprehensive study about the growth mechanism 

and growth habits of ZnO crystals with Zn(OH)4
2- as a precursor 

was reported by Li et al..40When electrically charged precursors, 

[Zn(OH)4]
2- and Zn(OH)3

-, form polyanions by the condensation 65 

reaction, the nanocrystal growth is limited due to the charge 

accumulation. It was reported that polyanions can form the solid 

phase of nanocrystals as far as they remain inert and stable in the 

aqueous medium.41  

The pH of the solution also plays a critical role in determining the 70 

stability of ZnO nanocrystal dispersion in the aqueous medium. 

In order to keep ZnO nanocrystals dispersed stably, the 

nanocrystals should repel each other to prevent close contact with 

one another. The repulsive force of the nanocrystals is originated 

from the surface charge of the nanocrystals. Since the surface of 75 

ZnO nanocrystals has OH- ligands, the pH value of the solution 

determines the surface charge via acid-base equilibrium. The 

point of zero charge (PZC) of ZnO colloidal dispersion is 

reported to range between pH 9 and 10.41 For ZnO nanocrystals 

prepared at pH=13 (far from the PZC of ZnO), a negative surface 80 

charge is created resulting in a strong repulsive interaction 

between nanocrystals. Stable ZnO nanocrystal dispersions were 

obtained at pH=13 as a result of the electrostatic repulsion force 

between ZnO nanocrystals. Primary ZnO nanocrystals with an 

average diameter around 5 nm that are free of agglomeration can 85 

be seen in the TEM image in Figure 3a. 

The HRTEM image of a typical primary ZnO nanocrystal is 
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presented in Figure 3b. Based on the FFT analysis of the primary 

nanocrystal, the crystal planes are annotated in the HRTEM 

image. 

 
Figure 3. HRTEM image of ZnO nanocrystals formed at pH=13: (a) 5 

dispersed nanocrystals and (b) typical primary ZnO nanocrystal with FFT 

image. 

 ZnO nanocrystal dispersion is stable for a long period of time. 

The long term stability of ZnO nanocrystal dispersion was 

verified by analysing HRTEM images of ZnO nanocrystals 10 

collected after the aging process had taken place for several 

months. 

ZnO nanocrystals were also synthesized at pH=9.5, which 

corresponds to the PZC of ZnO nanocrystal dispersion, to see the 

pH effect on the ZnO growth. At pH=9.5, the dominant precursor 15 

for the ZnO formation is Zn(OH)2 (aq). Zn(OH)2 (aq), an 

electrically neutral ion, continues the condensation reaction until 

the ZnO crystal precipitates.41 We observed this phenomenon 

visually during the synthesis of ZnO nanocrystals. Large white 

particles that can be recognized by the naked eye were 20 

precipitated immediately at pH= 9.5 while the solution containing 

ZnO nanocrystals synthesized at pH=13 is completely 

transparent. The collected powders were analysed by XRD after 

repeated washing by MeOH and DI water. The XRD data 

exhibits the characteristic zinc oxide peaks without other 25 

secondary phases (Figure 4). 

 

Figure 4. X-ray diffraction patterns of ZnO nanocrystals prepared at 

pH=9.5. 

HRTEM images of the ZnO synthesized at pH=9.5 show a 30 

network of aggregated ZnO nanocrystals with an irregular 

morphology (Figure 5). The FFT analysis also confirms that the 

aggregated ZnO nanocrystals are polycrystalline. When pH value 

of the solution stays near the PZC of ZnO nanocrystal dispersion, 

the surface charge of the particle reduce to near neutral, resulting 35 

in weak repulsive interaction between the nanocrystals. Depletion 

of repulsive forces acting on the nanocrystal surfaces increases 

the rate of aggregation. In contrast, surface charge will decrease 

the rate of aggregation.4 

 40 

Figure 5. Low resolution (a) and high resolution (b) TEM images of the 

ZnO nanocrystals formed at pH=9.5 (inset shows the FFT analysis). 

Effect of external forces of convective flow on ZnO 
nanocrystal assembly 

We have investigated the effect of Dean vortices on the 45 

aggregation of ZnO nanocrystals by varying the volumetric flow 

rates using solution at a pH value of 9.5. All experiments resulted 

in network of ZnO nanocrystals with similar irregular shape. The 

influence of Dean vortices on the morphology of ZnO 

nanocrystal is not obvious at these experimental conditions.  50 

We then examined ZnO nanocrystal assembly by performing 

ZnO nanocrystal synthesis using solution at a pH value of 13 at 

three different flow rates (6.8, 14.7, and 28.1 [mL/min]). The 

temperature of the solution is calculated with respect to the 

volumetric flow rates and the length of the tube. The results are 55 

shown in Figure 6. Although the rate of temperature increase is 

different for the various flow rates, the outlet temperatures 

reaches the desired reaction temperature (70°C) regardless of the 

flow rates.  

 60 

Figure 6. Temperature of the solution as a function of the length of tube 

and volumetric flow rates. 

In order to understand the effect of fluid flow on the assembly of 

ZnO nanocrystals, hydrodynamics of the helical tubular reactor 

must be considered. It has been established in the literature that 65 

helical flow in curved micro channel would enhance the fluid 

mixing and heat transfer rate.42, 43 The main feature of fluid 

dynamics inside a helical reactor is the generation of Dean 
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vortices induced by the imbalance between viscous force and 

centrifugal force. The magnitude of Dean vortices could be 

characterized by the Dean number. Dean number, K, is 

determined by multiplying the Reynolds number by the geometry 

factor of the helical reactor.  5 

Re
d

K
R


 

Here, d denotes the hydraulic diameter and R denotes the mean 

radius of curvature of the channel. High Dean numbers will give 

rise to Dean vortices (two counter rotating vortices) across the 

cross-section of the curved tube due to the enhanced centrifugal 10 

force. The three different flow rates used to explore the assembly 

of ZnO nanocrystals correspond to a Dean number value of 36, 

78, 150, respectively in the order of low to high flow rates. The 

hydrodynamic study on the helical reactor with given Dean 

numbers is performed by using a COMSOL Multiphysics 15 

program. The simulation is developed for a steady, laminar, 

incompressible, and single phase flow of a Newtonian fluid with 

constant physical properties. The helical reactor geometry, the 

simulated contours of the axial velocity component, and velocity 

profile in the reactor are exhibited in Figure 7. Due to the 20 

symmetry of the cross-sectional area of the helical reactor, only 

half of the cross sectional contour image is displayed. The 

simulation results show the formation of Dean vortices with 

typical characteristics at all three flow rates.42, 43 It is well known 

that in the occurrence of Dean vortices, the location of maximum 25 

velocity moves toward the outside wall of the tube. We observe 

this trend in the simulated contour images and the velocity 

profiles for all Dean numbers (Figure 7). The most relevant 

feature of Dean vortices to ZnO nanocrystal assembly is the 

enhanced mixing effect which increase the collision frequency 30 

between ZnO nanocrystals. 

 

Figure 7. Hydrodynamic study of the helical reactor: (a) helical reactor 

geometry and contour of the axial velocity component in the reactor at 

θ=π/2, (b) velocity profile with respect to the Dean numbers in the reactor 35 

at θ=π/2. 

Figure 8 exhibits the HRTEM image of ZnO nanocrystals formed 

at a Dean number of 36. At this Dean number, Dean vortices are 

relatively insignificant as confirmed by a minor shift of the 

maximum velocity toward the outside wall of the reactor (Figure 40 

7). Figure 8(a) shows single ZnO nanocrystals along with larger 

aggregates consisting of two or three primary nanocrystals. The 

larger aggregates are likely formed by an attachment mechanism.  

Primary ZnO nanocrytsals in Figure 8(a) are each labelled with a 

"P" while ZnO aggregates grown by the attachment mechanism 45 

are labeled with an "A".  Figure 8(b) displays a closer look of one 

of the ZnO aggregates. Primary ZnO nanocrystal attached to one 

another without sharing the same crystallographic orientation.  

Oriented attachment is being investigated as one of the most 

important mechanisms in solution-based nanocrystal synthesis4, 
50 

10, 12. In the oriented attachment, nanocrystals having common 

crystallographic orientations combine together to form larger 

particles, followed by the elimination of the interface11. Defects 

of edge and screw misorientations can be formed during the 

oriented attachment growth, which is referred as imperfect 55 

oriented attachment mechanism. The characteristic of the 

imperfect oriented attachment mechanism is that primary 

nanocrystals coalesce, forming epitaxial assembly with defects of 

edge and screw dislocations.44 HRTEM results indicate the ZnO 

aggregates formed under Dean vortices did not follow the 60 

oriented attachment mechanism. 

 
Figure 8. HRTEM images of the ZnO nanocrystals synthesized at Dean 

number=36: (a) low magnification, (b) aggregated ZnO nanocrystal.  

As Dean number increases to 78, the characteristics of Dean 65 

vortices becomes more significant, showing a pronounced shift of 

the maximum velocity toward the outside wall of the reactor 

(Figure 7). More assembly of ZnO nanocrystals took place, which 

was a result of enhanced mixing from Dean vortices (Figure 9). 

TEM image given in Figure 9 shows that ZnO nanocrystals 70 

assemble to form three dimensional tactoids with their length 

varying from 100 nm to several m. EDX spectrum reveals that 

the assembly consists of ZnO nanocrystals. 
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Figure 9. TEM image of three-dimensional mesoporous tactoids formed 

by ZnO nanocrystals and corresponding EDX spectrum.  

 In order to elucidate the assembly process and structure, 

HRTEM analyses of a typical tactoid structure were performed. 5 

Figure 10 shows a whole tactoid structure, edge area, and central 

area of the tactoid structure. In the edge area of the structure, 

some of ZnO nanocrystals form irregular structure (Figure 10b) 

while many primary nanocrystals still visible. These crystalline 

ZnO particles were surrounded by an amorphous matrix. It is 10 

speculated that amorphous ZnO was generated and participated in 

the aggregation process along with ZnO nanocrystals. The 

formation of amorphous ZnO may be facilitated at higher Dean 

vortices which presumably retard the ordering of ZnO. HRTEM 

image of an aggregate of ZnO nanocrystals in the edge area is 15 

shown in Figure 10-1. It can be seen that three primary ZnO 

nanocrystals coalesce via the attachment growth mechanism. 

Primary ZnO nanocrystals can also be observed in the edge area 

of the tactoid structure, where lattice fringe of a typical 

nanocrystal along with its FFT is exhibited in Figure 10-2. In the 20 

central area of the tactoid structure, ZnO was aggregated by a 

cluster of primary ZnO nanocrystals and amorphous ZnO as well 

(Figure 10c). It seems that mesopores were created between the 

grouped clusters. In order to account for the formation of the 

tactoid structure in the continuous flow microreactor, the effect of 25 

the Dean vortices should be considered. At Dean number=78, 

fluid mixing effect is enhanced due to the adequate strength of 

the Dean vortices, which increases the collision frequency of the 

ZnO nanocrystals. The enhanced mixing led to the formation of 

larger aggregates. The repulsion forces between ZnO 30 

nanocrystals reduce the rate of aggregation. In the oriented 

attachment mechanism, the particles undergo continuous rotation 

and interaction to find perfect lattice match.45 The external force 

exerted by the Dean vortices overcame the repulsive force, 

however prevented the relative rotation of the ZnO nanocrystals 35 

that could lead to the oriented attachment growth of   

nanocrystals.  

 
Figure 10. HRTEM images of ZnO nanocrystal assembly formed at Dean 

number=78: (a) a single tactoid , (b) edge area of the structure, (c) central 40 

area of the structure with a FFT image. 

Dean vortices are stronger at the highest flow rate we tested 

(Dean number=150) where the maximum velocity apparently 

shift toward the outside wall of the reactor according to the 

velocity profile simulation of the reactor (Figure 7). At this Dean 45 

number, the microreactor yields ZnO nanocrystal assemblies with 

a spherical structure around 90 nm diameter size.  For a more 

detailed analysis of the ZnO assembly structure, HRTEM images 

of a spherical ZnO assembly were taken (Figure 11b and c). The 

images in Figure 11 show that the spherical ZnO assembly is 50 

composed of a number of primary ZnO nanocrystals and 

amorphous ZnO aggregated randomly in an interlocking manner. 

At Dean number=150, the enhanced mixing driven by the 

external force provides the nanocrystals with sufficient energy 

and higher collision frequency that drove the formation of three 55 

dimensional mesoporous ZnO spheres. 

 
Figure 11. HRTEM images of the ZnO nanocrystals aggregated at Dean 

number=150. 

Although the hydrodynamic studies offer some clues to explain 60 

the formation of three dimensional mesoporous ZnO assemblies, 



 

6  |  Journal Name, [year], [vol], 00–00 This journal is © The Royal Society of Chemistry [year] 

some questions still remain: (1) What mechanism determines the 

shape of the assembled structure under the given external force? 

and (2) Why doesn’t infinite agglomeration take place under high 

Dean vortices, yielding the various assembled structures such as 

the tactoid structure or the spherical structure? To answer these 5 

questions, in-situ studies with direct measurement tools should be 

performed. A schematic diagram is given in Figure 12 with an 

attempt to illustrate the impact of the Dean vortices on the ZnO 

nanocrystal assembly. 

 10 

Figure 12. Schematic diagram of the ZnO nanocrystal assemblies. 

Although some questions regarding to the exact mechanism 

behind the ZnO nanocrystal assembly still remain, this study 

demonstrates the capability of producing ZnO nanocrystals and 

assembling them into three-dimensional mesoporous structures 15 

continuously using Dean vortices within a microreactor.  

Optical property of the ZnO assembly was studied by measuring 

its optical band gap. For the optical band gap measurement, each 

ZnO assembly was coated on a microscope glass slide. Figure 13 

presents UV-visible spectrum of each ZnO assembly. Some 20 

methodologies have been proposed in estimating optical band gap 

of nanoparticles.46, 47 In this study, Davis-Mott and Tauc models 

was employed to estimate optical band gap of the ZnO assembly 

coated on glass (inset in Figure 13).   

 25 

Figure 13. UV-visible spectroscopy of the ZnO assembly coated on glass. 

The optical band gap was estimated to 3.6 eV, 3.5eV, and 3.7 eV, 

which corresponds to no assembly, tactoid structure, and 

spherical structure, respectively. 

 30 

Dispersion behaviours of the ZnO assembly in some solvents 

The stable ZnO assembly in the aqueous media can be disturbed 

by adding some precipitants such as MeOH (ACS grade, 99.8 %) 

or EtOH (ACS grade, 99.8%). In order to study the dispersion 

behaviours of the ZnO assembly, sufficient amount of 35 

precipitants were added in the aqueous solution containing the 

stable ZnO assembly. It was found that MeOH is stronger 

precipitant than EtOH regardless of the types of the ZnO 

assembly. As MeOH was added, the solution became milky 

shortly, while it took longer time for EtOH. The amount of 40 

precipitated ZnO nanocrystals also depended on the type of the 

solvents, showing MeOH generated more precipitation of ZnO 

nanocrystals than EtOH. These results may be associated with the 

different polarity of the solvents. MeOH is known to have 

relatively higher polarity than EtOH. MeOH has a higher 45 

tendency to surround the charged ZnO nanocrystals compared to 

EtOH, which leads to collapse of the double layer according to 

the double layer theory. Precipitated ZnO nanocrystals by MeOH 

were collected after purification process, and their morphologies 

were characterized by SEM (Figure 14).  50 

 
Figure 14. Morphologies of ZnO nanoparticles precipitated from (a) no 

assembly, (b) tactoid structure, and (c) spherical structure. 

Typically flower like ZnO particles were formed during the 

precipitation of the ZnO assembly regardless of the structure of 55 

the ZnO nanoassembly. ZnO particles precipitated from the 

spherical ZnO assembly is slightly deviated from the typical 

flower like structure. The fact that adding MeOH did not change 

pH value of the solution indicates flower like ZnO particles were 

formed from the ZnO assembly not from new hydrolysis and 60 

condensation reaction of  ZnO precursors. During the 

precipitation process, the Oswald ripening may govern 

behaviours of the ZnO assembly. Concentration of precipitated 

ZnO nanoparticles in MeOH was estimated. Yield of ZnO 

formation was also calculated based on the initial precursor 65 

concentration. 

 

Conclusion 

 Colloidal ZnO nanocrystals in aqueous solution were synthesized 

using a continuous flow microreactor. The pH value of the 70 

solution determines the stability of the ZnO nanocrystal 

dispersion. A white precipitate consisting of an irregular network 

of ZnO nanocrystals was obtained at pH=9.5. Stable ZnO 

nanocrystal dispersion with an average size around 5 nm could be 
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obtained using a solution at pH=13. Convective fluid flow 

generated by Dean vortices in a winding microcapillary tube was 

used to assemble ZnO nanocrystals. Depending on the magnitude 

of Dean vortices, ZnO nanocrystals assemble into three-

dimensional mesoporous structures with characteristic shape 5 

including a tactoid and a sphere. These assembled structures were 

precipitated out by adding MeOH or EtOH. Precipitated ZnO 

nanoparticles generally formed flower like ZnO structure during 

aging process. This study demonstrates the capability of 

producing ZnO nanocrystals and assembling them into three-10 

dimensional mesoporous structures continuously using Dean 

vortices within a microreactor. 
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