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Calcium carbonate is not only one of the most abundant minerals in the earth’s crust, but also an 

important mineral due to its significance as a biomineral and its various industrial applications, such as 

an abrasive, additive in the paper, adhesives, paints, plastics and so on. Calcium carbonate occurs mainly 

as three minerals of each different crystal structure: the most stable state of calcite, metastable state of 

aragonite and unstable state of vaterite [1]. The specific precipitation of calcium carbonate polymorphs 

depends mainly on surrounding conditions such as pH, temperature, pressure and the presence of 

additives. Although extensive approaches to the selective formation of calcium carbonate polymorphs 

have been done to meet the demands of practical applications, precise control of the biomineralization is 

still challenging [2, 3]. This limited understanding partly results from the difficulty of visualizing 

mineralization process with sufficient spatial and temporal resolution simultaneously. With the recent 

development of in situ liquid cells for electron microscopy, it is now possible to observe the 

mineralization process directly with sufficient resolution. In the present work, we attempt to give an 

explanation of the mineralization of calcium carbonate and the effect of the electron beam irradiation on 

the polymorph appearance using the graphene liquid cell (GLC) electron microscopy technique [4]. 

 

In this work, a 50mM of calcium bicarbonate solution was placed in a GLC inside the TEM to observe 

real-time calcium carbonate mineralization. The electron beam radiolysis of water initiated nucleation 

and growth of calcium carbonate particles. We used few-layer graphene as the vacuum resistive 

membranes for increasing the yield of liquid cell fabrication while maintaining atomic-scale spatial 

resolution [4]. The studies were performed with the Titan-G2 transmission electron microscope at an 

accelerating voltage of 80 keV to reduce the knock-on damage on graphene membrane. The dark field 

and high-resolution time-lapse imaging were conducted complementarily to observe the mineralization 

dynamics. Moreover, in situ electron loss spectroscopy (EELS) in TEM mode was performed to identify 

the precipitation mechanism and the effect of the electron beam irradiation.  

 

In TEM bright-field imaging mode, we observed several GLCs with an average diameter of around 50 

nm confined between multi-layer graphene membranes (Figure 1a). The mineralization of calcium 

carbonate which has the low mass-thickness contrast was visualized effectively with the dark-field 

imaging. With increasing time under the electron beam irradiation, more particles appeared and grown 

into bigger particles individually (Figure 1b). The mineralization was confirmed again with in situ TEM-

electron energy loss spectrum (EELS) of Ca-L23 edge (Figure 1c). The peak intensity and its separation 

became noticeable as the mineral particles precipitated [5]. Interestingly, metastable aragonite particles 

which are known as high-temperature and high-pressure polymorph were precipitated together with the 

calcite particles (Figure 2) [6]. 

 

In this paper, we present the real-time imaging of calcium carbonate nucleation and growth with liquid 



transmission electron microscopy with the combination of in situ atomic resolution imaging and EELS 

spectroscopy. The possible mechanisms of beam induced mineralization and polymorph appearance are 

discussed.  
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Figure 1.  In situ imaging of calcium carbonate precipitation.  (a) TEM Bright-field image of graphene 

liquid cell. (b) Time-lapse dark field image of calcium carbonate precipitation by electron-beam 

radiolysis. (c) EELS spectra for irradiation time-dependent changes of Ca-L2,3. 

 

Figure 2.  HRTEM images of precipitated nanoparticles. (a) calcite structure. (b) aragonite structure.   

 


