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ABSTRACT  

Characterization of nucleation processes is essential to the development of strategies to control 

crystallization in many industrial, atmospheric, biological, and geological environments. An 

effective route to studying nucleation processes is the use of large numbers of small, identical 

volumes, where these minimize the effects of impurities that can dominate in bulk solution and 

allow the stochastic nature of nucleation to be considered. Here, we present a multilayered 

microfluidic device for nucleation studies that can be used to carry out 10 000 simultaneous 

reactions in identical microcavities, and 500 of them are used for investigating nucleation kinetics. 

Unlike droplet-based systems, no surfactants are required, and the presence of an integrated water 
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reservoir prevents water loss, allowing studies to be performed for long durations. This device was 

used to study the nucleation of calcium carbonate in the presence and absence of magnesium ions. 

Two distinct nucleation rates of 286 ܿ݉ିଷିݏଵand 12.6  ܿ ݉ିଷିݏଵwere observed in the absence of 

magnesium, where the rapid rate likely derives from microcavities containing impurities. The 

nucleation rate was then significantly reduced in the presence of magnesium ions, and the profile 

was more complex. This device is therefore an ideal platform for studying slow nucleation 

processes in surfactant-free environments. 

1. INTRODUCTION  

Precipitation of calcium carbonate (CaCO3) is of great significance to many fields including 

biomineralization, geology, carbon sequestration, and in industrial applications such as paper 

coatings and fillers. 1,2 Understanding the mechanisms underlying the nucleation and growth of 

calcium carbonate is therefore of considerable importance, where this offers the potential to control 

multiple features including polymorph, size, and morphology. Investigation of nucleation 

processes remains particularly challenging as they are strongly influenced by the presence of 

impurities and surfaces, and measurements are ideally carried out under conditions of constant 

supersaturation.3,4  

The most straightforward method of studying nucleation is by separating them into large numbers 

of droplets or vessels. These facilitate statistical analysis, and when the number of droplets greatly 

exceeds the number of impurities present in the initial volume, the majority of droplets will be 

theoretically impurity-free. Emulsions or droplets generated by ultrasonication, magnetic stirring, 

or jet homogenizer have been widely applied to study the nucleation kinetics of organic 

compounds such as hexadecane and cocoa butter.5-7 However, the polydispersity of droplets would 

greatly influence the investigation of nucleation kinetics. To overcome these drawbacks, 

microfluidic technology is then developed as a convenient route for generating large numbers of 
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identical droplets whose volumes can be finely tuned. Sample solutions could be discretized into 

droplets with sizes in the range between a few micrometers to hundreds of micrometers by another 

immiscible phase in typical microfluidic chips with T-junction or flow focusing junctions. These 

droplets are considered as independent microvessels for crystallization studies. Thermal control as 

a means to induce crystallization can be easily implemented on-chip, and analytical tools such as 

optical microscopy and X-ray scattering (or diffraction) can be used to monitor crystallization 

process within the droplets.8,9 The microfluidic technologies are therefore growing in popularity 

as a means of studying nucleation kinetics.10-12  

Most of these reported studies focus on investigating highly soluble compounds such as proteins 

and KNO3, where nucleation is readily induced by evaporation of water or change of temperature. 

Far fewer have studied poorly soluble compounds, where nucleation typically occurs from a 

metastable solution under isothermal conditions. There are a number of technical challenges 

associated with these measurements, however. Device fouling can readily occur when reaction 

solutions are combined to form droplets,13 and measurements are often conducted over long 

times.14 The droplets must therefore be kept isolated to prevent merging, the evaporation of water 

can occur and result in supersaturation changes, and the addition of surfactants to stabilize droplets 

can influence nucleation.13,15 In order to avoid the interference from surfactants, different means 

have been developed to prevent droplet merging in a surfactant-free system. A long tubing is 

employed to avoid coalescence for protein crystallization with a long incubation time.16,17 

However, the throughput is not satisfied; a length of 2 m has to be used to store 200 droplets. 

Physical isolation using wells18 rather than moving droplets is an alternative way, and the 

throughput could be much higher. To reduce water-loss in droplets, lots of techniques have been 

reported, such as putting the whole chip under water,19 Parylene coating in the PDMS chip,20 use 
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of glass for chip fabrication,21 storing droplets in glass capillary22 or PTFE tubing,23 etc. However, 

they encountered different problems; for instance, putting the whole device in a water bath 

hindered real-time observation of crystallization, the fabrication process of glass microfluidic chip 

is not as simple as PDMS chip, and the use of capillary or tubing for droplets storage is difficult 

for ultrahigh throughput crystallization studies in droplets. Here, we present a microfluidic device 

for conducting in situ nucleation studies that can offer long-term storage of up to 10 000 isolated, 

surfactant-free droplets.  

This is achieved using a glass-PDMS-glass sandwich construction and integrated water reservoir 

that prevents water loss. Our new device therefore facilitates long-term studies of nucleation at 

constant supersaturation and temperature, where the huge number of droplets facilitates statistical 

analysis. We then demonstrate its application to study the nucleation of calcium carbonate under 

low supersaturation conditions. The effect of inorganic additive Mg in the nucleation kinetics will 

also be investigated. 

2. EXPERIMENTAL SECTION  

 2.1. Microfluidic Chip Design and Fabrication.  

Figure 1 shows a schematic diagram of the high-throughput, zero-water-loss microfluidic chip 

employed here. The chip consists of six layers (Figure 1a):  two PDMS oil reservoirs at the inlet 

and outlet to supply the oil phase,  the top and bottom glass substrates as vapor barriers, a thin 

PDMS  film under the top glass substrate to avoid the impurity and surface  defects from the top 

glass slide, a micropatterned PDMS film as the  microcrystallizer, and a PDMS chamber (shown 

as cavity PDMS) under the microcrystallizers which is filled with the water reservoir. Each PDMS 

layer is of a similar size to the supporting glass slide (25 mm × 75 mm), such that they are readily 
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fabricated on the glass slide and viewed using an optical microscope. The master for the PDMS 

water-reservoir is fabricated by laser cutting on a PMMA plate such  that it has an external frame 

wall of size 2 mm (height) × 25 mm (width) × 75 mm (length) and an internal frame wall size of 

2 mm (height) × 21 mm (width) × 71 mm (length). In accordance with our previous design,24,25 

each device contains 10 000 cylindrical microcavities for holding the partitioned droplets, where 

these are connected by microchannels which allow transport of solutions.  These features have the 

following dimensions: microchannel is 46 ȝm (height) × 80 ȝm (width), microcavity is 110 ȝm 

(height) × 100 ȝm (diameter), and the volume of the crystallization microcavity is calculated to be 

0.86 nL. Microfluidic devices were fabricated from PDMS using soft lithography and laser cutting. 

The masters for the patterned microcavities and the water reservoir were fabricated on silicon 

wafers and poly (methyl methacrylate) (PMMA) plates, respectively. The PDMS prepolymer and 

curing agents were mixed in a 10:1 weight ratio, degassed, and poured over the two masters. A 

poly (ethylene terephthalate) (PET) film was then placed over each mixture, and a glass plate of 

mass 5 g was placed on the top. The PET film provided an easy way to peel off the fragile molded 

PDMS film from the masters after curing. All of the sandwiched PDMS mixtures were cured in an 

oven for 1.5 h at 80 °C. After detachment from the master, the PET/PDMS micropatterned film 

was aligned with, and bonded to the top glass slide after plasma treatment. Prepunched holes 

provided solution inlets and outlets. The PET/PDMS waterreservoir film was then aligned and 

bonded to the bottom glass side using plasma bonding, with predrilled holes providing water inlets 

and outlets. Finally, the PDMS oil reservoirs were bonded to the glass slide after plasma treatment.  

 2.2. Chemicals and Solution Preparation. 

SU-8 was purchased from MicroChem (Newton, MA, USA), and PDMS (Sylgard 184 kit) was 

provided by Dow Corning (Midland, MI, USA). CaCl2, Na2CO3, MgCl2 and paraffin oil were 



 6 

purchased from Chron Chemicals (Chengdu, China). 20 mM CaCl2, 20 mM Na2CO3, and 80 mM  

MgCl2 stock solutions were prepared in deionized water and were  diluted to give (1) a solution of 

concentration [CaCl2] = [Na2CO3 ]  = 3 mM for studying the nucleation kinetics of calcium 

carbonate, and  (2) solutions of concentrations [CaCl2] = [Na2CO3 ] = 3 mM, 2.5  mM, 2 mM 

CaCl2/ MgCl2 ratios of 1:4, for studying additive effects. 

 

 

 

 

 

 

 

Figure 1.   Schematic diagram of the zero-water-loss high-throughput microfluidic chip. (a) 3D 

view; (b) Microcavity array for crystallization, the top view and the sectional view of the device. 

2.3. Chip Operations.  

A schematic diagram of the operation of the microfluidic chip is shown in Figure 2. The 

crystallization solution was loaded into the microfluidic device by vacuum degassing, where the 

chip was placed in a Petri dish containing freshly prepared solution, and degassing was performed 

for 1.5 min. No crystallization occurred during this time; however, the solution was under a 

metastable state due to the premixing before loading. The chip was then removed from the vacuum, 

and the water reservoir in the chip was filled with deionized (DI) water using a syringe. Finally, 
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the microchannels were filled with paraffin oil using a suction pen in order to isolate the individual 

microcavities. All of the inlet and outlet reservoirs of the chip were filled with paraffin oil, and the 

chip was placed on a microscope stage. The total time for solution loading into the microfluidic 

chip was about 3 min, indicating the present system was suitable for long-term crystallization study 

and could not be employed for fast nucleation experiment.  

2.4. Crystallization in Bulk Solution.  

Calcium carbonate was also precipitated in bulk solution in order to compare the nucleation rate 

and products with those generated on-chip. A bulk reactor with diameter of 1 mm was made using 

PDMS such that the material environment was identical to that in the microfluidic chip. The 

calcium carbonate solution was placed in the reactor, and crystallization was monitored using 

optical microscopy. 

 2.5. Material Characterizations.  

The precipitation of CaCO3 crystals within the microfluidic chip was observed using an optical 

microscope fitted with cross-polarizers (NMM-800RFTRF, Novel Optic, Ningbo, China). A total 

of 500 droplets were used to observe the nucleation events, and the time for the observation was 

about 5 min for one round. Scanning electron microscope (SEM) images of CaCO3 crystals were 

taken using a ZEISS Auriga SEM/FIB Crossbeam system (ZEISS, Germany) operating at 5 kV. 

Identification of crystal polymorph was carried out using a Raman microscope (LabRAM HR 

Evolution, HORIBA Jobin Yvon S.A, France) equipped with a 532 nm laser. The data were further 

analyzed using OriginPro 8 software (OriginLab, Northampton, MA) and Matlab (MathWorks, 

Natick, MA).  

2.6. Analysis of Nucleation Kinetics.  
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Because of the excellent optical transmittance of PDMS and glass, the nucleation process could 

be directly studied using an optical microscope fitted with crosspolarizers. Crystals within 

individual droplets were identified as bright spots under cross-polarized illumination due to their 

birefringence. Approximately 500 droplets were studied in each experiment, and the cumulative 

probability P(t)26 that no nuclei are formed within t could be calculated using the following 

equation and plotted as a function of time. 

Pሺtሻ ൌ బሺ୲ሻ                                (1) 

where  ܰሺݐሻ is the number of droplets without any crystal at a given time t, and N is the total 

number of droplets. If the nucleation events occur continuously and independently with a constant 

nucleation rate J, the cumulative probability is given by a simple exponential equation (eq 2). 

Pሺtሻ ൌ ݁ି௧                             (2) 

  where ܬ (ܿ݉ିଷିݏଵ) is the volume nucleation rate (usually called nucleation rate for simplicity) 

representing the nucleation rate per unit volume, and V ( ܿ݉ଷ ) is the volume of droplets. 

Consequently, a plot of ݈݊ሺܲሺݐሻሻ versus t should result in a straight line. If the system does not 

have a constant nucleation rate, the plot of ݈݊ሺܲሺݐሻሻ versus t would show a strong nonlinearity. 

Therefore, the plot of ݈݊ሺܲሺݐሻሻ versus t is also conducted in our analysis of nucleation kinetics. 
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Figure 2.  Schematic diagram of the operation of the chip to study calcium carbonate nucleation: 

(a-c) solution loading by vacuum degassing; (d) water loading into the water reservoir; (e) oil 

loading to isolate the microcavities; (f) inlet and outlet were closed using PDMS. 

3. RESULTS  

3.1. Water Loss in the Microfluidic Chip.  

The gas permeability nature of PDMS could lead to water evaporation during microfluidic 

experiments, especially under the elevated temperature or long running period.24 The sorption of 

water into PDMS is another factor one has to consider in small volume reactors for concentration 

sensitive reactions. In our experiments, a channel outgas technique27 was used for solution loading. 

This process not only drove out the gas trapped in the channels and wells of PDMS chip, but also 

evacuated the gas dissolved in the bulk PDMS. When the degassed PDMS chip was brought back 

into the atmosphere, air molecules in the surrounding space and water molecules in the channel 

were absorbed into PDMS bulk of the chip to establish a new pressure equilibrium, leading to 

saturation of PDMS with water vapor. Thus, the degassing-based solution loading process is 

helpful to saturate PDMS with water before experiment. The ability of the designed microfluidic 

chip to prevent water loss was demonstrated by comparing water loss from chips with three 

configurations: a PDMS chip, a glass- PDMS-glass (G-P-G) sandwiched chip and a G-P-G chip 

combined with a water reservoir. Figure 3 shows the water loss from droplets in these three 

configurations over 96 h (4 days).  
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Figure 3. Comparison of the water loss in the microfluidic chips assembled with three 

different configurations at room temperature: (a) PDMS chip; (b) Glass-PDMS-glass sandwich 

chip; (c) glass-PDMS film-glass sandwich chip integrated with a water supplement chamber. 

A total loss of about 0.33 nL, which is equivalent to over 35% of the total volume, occurred 

from droplets in the PDMS chip over just 24 h. The water loss for the G-P-G chip was about 0.052 

nL (6% of the total volume) after 4 days. In contrast, no water loss was observed after 4 days for 

droplets trapped within the G-P-G chips integrated with a water reservoir. The latter device is 

therefore ideally suited for studying nucleation over a long time 

3.2. Nucleation of Calcium Carbonate under Additive-Free Conditions.  

To investigate nucleation kinetics of calcium carbonate, the microcavity arrays in the 

microfluidic chip were filled with supersaturated calcium carbonate solution of concentration 

[Ca2+] =[CO3
2-] =3 mM using the method described in the Chip Operation section.The nucleation 

events in 500 droplets were monitored and recorded over 24h using polarized light microscopy. 

Three experiments were performed for each condition, and the mean values and standard 

deviations were calculated. The percentage of droplets which did not contain crystals (the 
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cumulative probability P(t)) was plotted versus time in Figure 4a, and a plot of ݈݊ሺܲሺݐሻሻ versus t 

is shown in Figure 4b. P(t) decreases very rapidly in the first 6h and then very gradually decreases 

with longer incubation times. That there is not a simple straight-line relationship between ݈݊ሺܲሺݐሻሻ 

and t also demonstrates that a number of nucleation mechanisms operate. The findings are quite 

similar to the reported results when studying nucleation of various materials.28-31 The nonlinear 

curve in Figure 4b indicates that the nucleation is not first order and the existence of heterogeneous 

nucleation is a plausible interpretation due to the presence of impurities. The cumulative 

probability was therefore fitted to a two-exponential model to extract individual nucleation 

rates:27,32 ܲሺݐሻ ൌ ܽ݁ିଵ௧  ሺͳ െ ܽሻ݁ିଶ௧                   (3) 

where a is the coefficient, and k1 and k2 are the droplet nucleation rates corresponding to the 

individual droplets in the designed microfluidic chip showing different nucleation mechanisms. 

Equation 3 was used to fit the data shown in Figure 4a, where the plot is shown in red. The 

explicit form of fitting curve was shown in eq 4: 

 ܲሺݐሻ ൌ ͲǤͺ݁ିǤ଼଼ହ௧  ͲǤͳ͵݁ିǤଷଽ௧                  (4) 

Nucleation mechanism 1 has a larger coefficient (0.87) and faster nucleation rate ݇ͳ ൌͲǤͺͺͷ ݄ିଵ and therefore dominates the process. The volume nucleation rates were also be 

calculated ܬͳ ൌ ݇ͳ ௗܸ ൌΤ ʹͺ ܿ݉ିଷିݏଵ and ܬʹ ൌ ݇ʹ ௗܸ ൌΤ ͳʹǤ ܿ݉ିଷିݏଵ. Nucleation rate 

2 was therefore about 20 times in magnitude smaller than nucleation rate 1. Nucleation 1 is 

therefore attributed to heterogeneous nucleation on impurities within the droplets, while 

Nucleation 2 is either homogeneous or slow heterogeneous nucleation associated with the chamber 

walls. The precipitated crystals after 24h are all calcite confirmed by Raman spectroscopy 

(Supplementary Figure S1).  
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Figure 4. evolution of the cumulative probability P(t) (a) and l݊ሺܲሺݐሻሻ  (b) in 24h (black squares) 

during CaCO3 nucleation without magnesium in the designed microfluidic chip. The red line is the 

fitted curve. The final concentrations of [Ca2+] and [CO3
2-] are 3 mM. 

3.3. Nucleation of Calcium Carbonate with Addition of Magnesium.  

The microfluidic device was also used to investigate the influence of magnesium ions on the 

nucleation of calcium carbonate. Magnesium is abundant in the environment and has significant 

effects on calcium carbonate precipitation, stabilizing amorphous calcium carbonate (ACC),33 

changing crystal morphologies, substituting for Ca2+ in the calcite lattice, and promoting aragonite 

formation.34-36 Nucleation studies were again conducted by creating arrays of droplets of 

supersaturated calcium carbonate solution in the microfluidic devices. Solutions where prepared 

by combining CaCl2, MgCl2 and Na2CO3 solutions to give compositions of [Ca2+] = [CO3
2-] = 3 

mM, 2.5 mM, or 2 mM with [Ca2+]/ [Mg2+] =1:4. Three experiments were performed at each 

condition to demonstrate reproducibility.  
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Figure 5a shows the change in P(t) with respect to time at the different supersaturations, while 

Figure 5b shows a plot of l݊ሺܲሺݐሻሻ  versus time. The nucleation process of calcium carbonate 

without magnesium is also shown here for comparison. As clearly demonstrated, addition of 

magnesium retarded nucleation, where induction times of ~ 0.5 h were recorded for all of the 

reaction conditions. The curves all exhibited similar shapes, and nucleation rates were higher at 

higher supersaturations. The nucleation process could be divided into three regions: (1) slow 

heterogeneous nucleation (0-7h); (2) fast heterogeneous nucleation (7-12 h); and (3) homogeneous 

nucleation (>12 h) (or with minor contribution from the environment). However, the evolution of 

P(t) could not be fitted with simple combinations of exponentials. The duration of heterogeneous 

nucleation was extended from 6h (without magnesium) to 12h (with magnesium), confirming that 

magnesium inhibits calcite formation, which in turn stabilizes ACC.37  

 

Figure 5.   evolution of the cumulative probability P(t) (a) and ln(P(t)) (b) in 24 h during CaCO3 

nucleation with magnesium and without magnesium in the designed microfluidic chip. Initial 

concentrations of [Ca2+] = [CO3
2-] = 3 mM, 2.5 mM ,and 2 mM with magnesium ([Ca2+]/[Mg2+] = 
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1:4) are shown in black, red, and blue respectively ,and initial concentrations of [Ca2+] = [CO3
2-] 

= 3 mM without magnesium is shown in green.  

The crystals generated in the presence of magnesium were also characterized using optical 

microscopy, scanning electron microscopy (SEM) (Figure 6), and Raman microscopy (Figure 7). 

The vast majority of droplets only contained a single crystal, where SEM showed that most 

exhibited lens-like or wheatsheaf morphologies that are characteristic of aragonite. The crystal 

growth process after nucleation (Supplementary Figure S2) was followed using optical microscope 

under higher magnification. Figure S2 showed the growth could be finished in less than 1h, and 

the crystal morphology could be roughly identified to be rod shape. No phase transformation was 

observed from nucleation to the final product. The presence of peaks at 1086, 701, and 206 cm-1 

in the Raman spectra confirmed that the crystals were aragonite,38 where the additional peaks in 

the spectrum correspond to the PDMS.  
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Figure 6.  Optical micrographs with cross-polarizer and SEM images of aragonite crystals formed 

in the microdroplets under different calcium concentration with magnesium ([Ca2+]/[Mg2+] = 1:4): 

(a) 3 mM, (b) 2.5 mM and (c) 2 mM. 

 

Figure 7.  Raman spectrum (a) and the corresponding SEM images of aragonite crystals (b, c) 

formed in microfluidic devices with calcium concentration of 3 mM with magnesium 

([Ca2+]/[Mg2+] = 1:4). 

3.4. Comparison between Nucleation in Bulk Solution and in the Microfluidic Chips.  

In order to compare crystallization in the isolated microdroplets and in bulk, calcium carbonate 

was also precipitated from 150 ȝL volumes in wells prepared in PDMS. Figure 8 showed the 

crystallization process taken by an optical microscope in the bulk experiment. In additive-free 

solutions, calcium carbonate crystals started to form in around 5 min, and crystallization 

terminated in 20 min in bulk (Figure 8a) as compared with 6h in the chambers in the microfluidic 

devices. When magnesium was also present, nucleation in bulk occurred in a burst at 15 min at 

all supersaturations, where more particles formed at higher supersaturations (Figure 8b-d). The 

crystals then continued to grow in size, and crystallization terminated in 1 h in bulk solution as 
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compared with over 12 h in the microdroplets. All of the crystals observed were calcite without 

magnesium and aragonite with magnesium ([Ca2+]/[Mg2+] =1:4), as demonstrated using Raman 

microscopy, and they possessed morphologies that were also comparable to those formed in the 

microfluidic device. However, they were larger in size (10-20 ȝm in bulk as compared with 3-8 

ȝm in droplets), which demonstrates that growth in the droplets was limited by the available 

reactants.39 These experiments therefore demonstrate the dramatic difference in nucleation in bulk 

as compared with small volumes, where unavoidable impurities and surfaces dominate in bulk. 

 

Figure 8.  Calcium carbonate crystals formed in bulk solution at the times indicated from (a) 3mM 

CaCl2 and Na2CO3, (b) 3mM CaCl2, 3mM Na2CO3 , and 12 mM MgCl2, (c) 2.5mM CaCl2, 2.5mM 
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Na2CO3 and 10 mM MgCl2, (d) 2mM CaCl2, 2mM Na2CO3 , and 8 mM MgCl2. The scale bars 

were 50 µm. 

4. DISCUSSION 

The microfluidic device described here presents a huge number of reaction chambers that offer 

defined microenvironments and which support high-throughput analysis. Incorporating a reservoir 

that prevents evaporation, they also facilitate long-duration experiments. Nucleation in bulk 

solution is affected by factors including the presence of impurities and the walls of the reaction 

vessel, and it can be difficult to probe the stochastic nature of nucleation.40,41Large numbers of 

isolated, small scale systems are therefore desired.42The highthroughput microfluidic platform 

presented here achieves this goal by partition by presenting a large number of small reaction 

chambers. Each is of identical size (0.86 nL), droplet coalescence is avoided, and the system is 

surfactant-free. As also demonstrated, because of the permeability of PDMS to water vapor, 

evaporation from aqueous droplets can be a serious problem in microfluidic chips. This is 

particularly important in crystallization studies that can run for several days, and where the droplet 

size must be invariant in order to preserve the supersaturation. A range of approaches have been 

explored to reduce such water-loss such as placing the whole chip under water, coating chips with 

parylene using vapor deposition techniques, and enclosing devices in glass or polymer.43,44 The 

device described here uses two means to prevent water loss. First, sandwiching the PDMS between 

two glass slides prevents most water loss from the top and the bottom of the chip. In order to 

prevent water loss from the sides-where this becomes important in long runs of several days-a 

water-filled chamber is also integrated into the chip. The high permeability of PDMS to water 

vapor enables the continuous diffusion of water molecules from the water reservoir into the 
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droplets through the thin PDMS membrane, which compensates for any loss by evaporation. The 

droplet size and supersaturation therefore remain constant (Figure 3).  

This microfluidic chip design was used to study the nucleation of calcium carbonate under 

additive-free conditions and in the presence of magnesium ions. The use of droplets allows us to 

distinguish between droplets containing impurities, and those that are impurity-free, while the 

ability to maintain constant volumes over long time periods is essential for obtaining accurate 

nucleation rate data. Considering other factors that influence the accuracy of the data, induction 

times were estimated using polarized optical microscopy. While crystals can only be detected once 

they have achieved micrometer sizes, the discrepancy between the measured and “true” nucleation 

time is small as the time taken for the crystals to grow is short compared with the induction time. 

The discrepancy is the time for crystals to grow from nanometer size to micrometer size. According 

to the experimental observations, the growth times of crystals from detectable size to the end size 

of final products are similar between droplets and bulk solutions. As a rough estimation, the 

discrepancies are about 5 min without additive and 15 min with magnesium ([Ca2+]/[Mg2+] = 1:4), 

which are demonstrated by the first column in Figure 8. On the contrary, the induction time for the 

whole chip is longer than 6h even for the fast nucleation rate as shown in Figure 5. Therefore, the 

discrepancy between the measured and “true” nucleation time could be neglected. In addition, the 

crystal habit could also be roughly distinguished when using high magnification of the optical 

microscope (Figure S2). The experiments conducted here also used only 500 of the 10 000 

available reaction chambers due to the time taken to visualize the crystals in these microcavities 

in the current setup. The total period of about 5 min is taken for visualization of crystals during 

moving the microscope stage, which is negligible compared to the whole nucleation process 

(hours). Thus, the observation of 500 droplets is assumed to be simultaneous. With the 
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implementation of an automated stage and image-processing software, it would be straightforward 

to employ all of these reaction environments in a single data set.  

Looking then at the data obtained on calcium carbonate nucleation, a huge difference in 

induction times can be seen between the droplets and bulk solution. Nucleation in the additive-free 

system could be fitted to a double exponential function, where the rapid (heterogeneous) 

nucleation rate was about 20 times of magnitude greater than the slower (homogeneous) nucleation 

rate (Figure 4). It is noted, however, that the slow rate is unlikely to correspond to true 

homogeneous nucleation, where the chamber walls may offer a small advantage for nucleation.45 

Almost 90% of droplets belonged to the rapid nucleation regime. Given that all of the droplets are 

of the same size and occupy the same environments, this provides strong evidence that impurities 

are present in most (but not all) droplets, which promote nucleation.  

The nucleation rates in the additive-free system can also be compared with that determined for 

the crystallization kinetics of amorphous calcium carbonate (ACC) within 100 ȝm diameter 

surfactant-stabilized droplets held in individual wells.14 ACC precipitation occurred within 30 min 

on exposure of droplets of 1 M calcium chloride solution to ammonium carbonate vapor, and its 

subsequent transformation to crystalline phases was monitored over the following 5 days. A 

nucleation rate of 1.2 cm-3 s-1 was determined, and once a calcite particle was detected, it grew 

within 1 h to consume all of the ACC.  

The solution composition of [CaCl2] = [Na2CO3] = 3 mM exceeds the solubility of ACC, but 

little ACC is precipitated at this supersaturation.46 In our tudies, the rapid nucleation rate is 286 

cm-3 s-1, and slower nucleation rate is 12.6 cm-3 s-1. The latter is 10 times larger than that with an 

upper limit of 1.2 cm-3 s-1 reported for the transformation of ACC to vaterite and calcite.14 The 
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latter study was conducted by exposing microfluidic droplets containing 1 M CaCl2 solution to 

ammonium carbonate vapor, where extensive precipitation of ACC occurred. The solution 

compositions prior to nucleation will therefore not be identical in both experiments. Moreover, 

surfactant was added in the reported work, and the present one is surfactant-free, which is possibly 

the factor for the nucleation retardation. Nucleation was then significantly suppressed by the 

addition of magnesium ions, as is widely recognized.33,37,47 The nucleation kinetics could be 

divided into three regimes (Figure 5), but could not be adequately described by a function 

comprising a small number of exponentials. The unusual nucleation curves from the crystallization 

with magnesium come from the inhibition effect of magnesium and suggest different nucleation 

pathways48,49 in the system, which is also evidenced by different crystal morphologies shown in 

Figure 6. The existence of a number of nucleation mechanisms is also consistent with other 

findings when studying the nucleation of other crystals in small volumes. 29,30,50 

5. CONCLUSIONS AND PERSPECTIVES  

This paper presents a high-throughput and zero-water-loss microfluidic chip with 10 000 

microcavities (droplets), where a multilayer structure and integral water chamber beneath the 

microcavities were key to preventing water evaporation. It was then employed to study the 

nucleation kinetics of calcium carbonate in the absence and presence of magnesium ions, where 

maintenance of a constant volume is essential for studying slow nucleation processes. All of 500 

droplets were used to visualize the crystals in the current setup. Our results showed that nucleation 

was significantly slower in these microcavities as compared with bulk solution and that nucleation 

in the additive-free solutions could be described by a double exponential function. This was 

attributed to heterogeneous nucleation in droplets containing impurities, where nucleation that was 

about 20 times in magnitude slower in impurity-free droplets. The addition of magnesium then 
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significantly retarded nucleation. This microfluidic device therefore presents an excellent platform 

for performing longterm nucleation studies in aqueous solutions, with the additional advantages 

of low contamination levels, surfactantfree conditions, good stability, and the opportunity for 

highthroughput measurements. Further improvements such as image capture and analysis, and the 

use of a clean room environment to minimize the introduction of impurities could be developed in 

the future. 
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