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Abstract 
Advanced EM study on catalyst 
formation processes 
Metallic cobalt nanoparticles (NP) are important catalysts for Fischer-Tropsch 

Synthesis (FTS), in which synthesis gases (CO and H2) are converted into long 

chain hydrocarbons such as olefins and waxes. Typically, those cobalt NPs 

catalyst are synthesized through calcining and reducing a precursor phase such as 

CoCO3 or Co(OH)2. Those precursor phases are synthesized using the deposition 

precipitation method (DP) and the morphology, structure and size distribution of the 

precursor phase will influence the morphology and structure of Co catalyst and, 

subsequently, influence the catalytic performance. Understanding the formation 

process of the precursor phase could help us to improve the catalytic activity and 

long chain hydrocarbon selectivity of the Co catalyst.  

In this thesis, cryoEM and in situ TEM are applied to study the formation of the 

precursor for the Co catalyst in solution. The ammonia evaporation DP process is 

studied with cryoEM using high-resolution imaging at the early stage and electron 

diffraction at a later stage, whereby it is revealed that the precursor formation 

evolves through the formation of polymeric aggregates of complex particles, their 

transformation to an amorphous solid and a solid state amorphous-crystallization 

transformation.  

In situ liquid cell TEM (LC-TEM) is used to study the growth kinetics of the 

amorphous CoCO3 nanoparticles and the nucleation and growth of crystalline 

hollow CoCO3 nanoparticles. New methods to observe the particle growth in 3D 

have been developed by combining experiments and quantitative interpretation of 

(S)TEM micrographs. Furthermore, a tool box to measure the liquid layer thickness 
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of the LC-TEM has been developed, which brings further optimization of spatial 

and temporal resolution.  

In addition, in situ TEM using a gas heating holder is applied to study the formation 

of Co catalyst from the precursor (amorphous CoCO3). With the help of electron 

diffraction and electron energy loss spectroscopy, the morphological, structural and 

valence changes are captured, giving quantitative analysis for understanding the 

formation process at gas pressure close to real synthesis at lab scale. 

In summary, cryoTEM and in situ TEM provide unique information on the catalyst 

precursor formation in solution at their native state, which is the first step to 

optimize the activity and selectivity of the catalyst.  

 





 

 

1 Introduction  
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 Cobalt catalyst for Fischer-Tropsch 
synthesis 

The Fischer-Tropsch synthesis (FTS) process was invented by Franz Fischer and 

Hans Tropsch, who discovered that a synthesis gas (syngas, a mixture of CO and 

H2, and often some CO2) can be converted over catalysts into industrially useful 

hydrocarbons, i.e., gasoline, diesel, jet fuel and petrochemicals such as olefins and 

waxes.1 The fuels and petrochemicals produced from the FTS process are of 

superior quality compared with those produced from crude oil, containing no sulfur 

and other unwanted impurities. 2-5 Moreover, the syngas for the FTS process can 

be derived from different feedstocks including renewable biomass, 6 which is highly 

relevant to fossil fuel saving. In the FTS synthesis, hydrocarbons of different 

molecular weights are formed based on the following equations: 

𝑛𝑛𝑛𝑛𝑛𝑛 + (2𝑛𝑛 + 1)𝐻𝐻2 → 𝑛𝑛𝑛𝑛𝐻𝐻2𝑛𝑛+2 + 𝑛𝑛 𝐻𝐻2𝑛𝑛 (1) 

𝑛𝑛𝑛𝑛𝑛𝑛 + 2𝑛𝑛 𝐻𝐻2 → 𝑛𝑛𝑛𝑛𝐻𝐻2𝑛𝑛 + 𝑛𝑛 𝐻𝐻2𝑛𝑛 (2) 

𝑛𝑛𝑛𝑛𝑛𝑛 + 2𝑛𝑛 𝐻𝐻2 → 𝑛𝑛𝑛𝑛𝐻𝐻2𝑛𝑛+1𝑛𝑛𝐻𝐻 + (𝑛𝑛 − 1) 𝐻𝐻2𝑛𝑛 (3) 

Generally, long chain products containing 5 or more carbons (C5+) are preferred 

over short chain products.7-9 The selectivity for C5+ is dependent on the reaction 

temperature and the used catalyst.7,9 The CO hydrogenation process can be 

performed on group VIII metallic nanoparticle catalysts such as cobalt (Co), iron 

(Fe), nickel (Ni) and ruthenium (Ru). 7 It has been reported that Ru catalysts are the 

most active ones with the highest C5+ selectivity.10,11 However, due to limited 

resources, ruthenium catalysts cannot be applied on a commercial scale. For Ni 

catalysts, their selectivity towards undesired products (mainly CH4) makes them 

unsuitable for industrial FTS processes.12 Therefore, mainly iron and cobalt catalyst 

are applied in FTS. FTS processes based on iron (Fe) catalysts are very cheap, 

but the iron catalyst is not very active, meaning that iron-based FTS asks for higher 

reaction pressure, leading to higher operating costs.13 Also, the coke deposition 

rate for Fe catalysts is relatively high, reducing the lifetime of the catalyst.13,14 As 

cobalt catalysts are more active and are more stable than Fe catalyst, especially at 
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low-temperature regime and low-pressure regime, the higher cost of the catalyst is 

offset by the lower operating cost. 

The activity and stability of cobalt catalysts for FTS have been improved 

tremendously during 80 years of research in academia and industry.15 In general, 

the productivity of the cobalt catalyst can be improved by increasing the surface 

area per unit of weight by decreasing the average cobalt particle size. It has been 

reported that at an average particle size of 20 nm, 95% of the cobalt atoms are not 

located at the surface and therefore they are catalytically inactive.15 However, 

catalysts with extremely small cobalt particles are often not as active as expected 

considering their high surface area and it was found that cobalt particles with a size 

of 7 nm have the highest activity and C5+ selectivity. 2,16,17 

To stabilize small cobalt nanoparticles to prevent sintering in the catalyst 

pretreatment and the FTS process, the active catalyst phase is deposited on a 

support material. This support material can be TiO2, SiO2, Al2O3 or carbon 

nanofibers. Generally, the precursor phase for the cobalt catalyst is deposited on 

the support through different solution-based precipitation methods.18 Subsequently, 

the precursor phase on the support is dried and calcined, forming supported cobalt 

oxide (Co3O4 or CoO) nanoparticles. In the end, the supported cobalt oxide 

particles are reduced forming the supported cobalt catalyst. Although the general 

synthetic routes have been developed, the rational synthesis of 7 nm Co 

nanoparticles on supports remains a challenging issue. One of the major 

bottlenecks is the lack of control on the metallic Co formation process and on the 

understanding how the cobalt ions in solution step by step transform into the 

desired 7 nm particles This requires morphological, compositional and structural 

analysis of the products in their native state at different steps throughout the 

catalyst preparation process. Hence, it is necessary to understand the formation of 

the precursor phases in solution and how their decomposition and reduction takes 

place during the pretreatment of the catalyst. This research can guide us to design 

and tailor the synthesis conditions to obtain optimized supported cobalt catalysts. 
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 Synthesis of cobalt catalyst precursor 
phase using deposition-precipitation 
method      

 

Figure 1: General synthesis procedure of supported cobalt catalyst using deposition-

precipitation method. 

The deposition-precipitation (DP) method was developed for the preparation of 

supported metal catalysts with high metal loading and high dispersion (dispersion 

D is defined as the ratio of the number of metal atoms exposed at the particle 

surface (NS) to the total number of metal atoms NT in the particle (D = Ns/NT), i.e. 

Co on silica.19-21 Figure 1 shows a schematic view of the DP process in supported 

cobalt catalyst formation. The catalyst support is first suspended in a solution 

containing cobalt ions. Through changing the pH of the solution, cobalt precursor 

phases such as Co(OH)2/CoCO3 will precipitate and deposit on the support. The 

supported precursor phases are then dried and calcined to form supported Co3O4 

and subsequently reduced to supported metallic cobalt nanoparticles. 

Theoretically, the heart of the DP method is the nucleation and growth theory. The 

thermodynamic barrier for the formation of particles from solution can be described 

as 22,23 

∆𝐺𝐺tot =  
4
3
π𝑟𝑟3∆𝜇𝜇sl + 4π𝑟𝑟2𝛾𝛾 (4) 

where r is the radius of the particle, Δµsl is the difference in thermodynamic 

potential of the solid and solute, and 𝛾𝛾 is the surface energy of the solid in contact 

with solution/support materials. The presence of the catalyst support reduces the 
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surface energy of the nuclei and decreases the energy for nucleation. Hence, the 

precursor phases have a preference to precipitate on the support, forming 

supported precursor phases. 18 

Inducing precipitation of the Co(OH)2/CoCO3 species can be done through two 

experimental routes: by pH increase or ligand removal.18,24 pH increase can be 

done through either injection of the precipitant in an alkaline solution or addition of 

a compound that can slowly increase the OH- concentration. Generally, the liquid 

injection method is challenging since the injection can lead to concentration 

gradients from the injection point, making the size of precipitate inhomogeneous.25 

Therefore, the second route termed homogeneous deposition precipitation method 

is preferred, whereby the pH of the solution changes homogeneously throughout 

the reaction vessel, making the precipitation of the precursor phase take place 

homogeneously.19,26 A homogeneous pH increase can be achieved by adding urea 

(at room temperature), and slowly hydrolyzing it at 90 °C, resulting in the formation 

of OH- and CO32- etc. homogeneously throughout the solution (equation 5). Hence, 

the concentration gradients will be minimal, and also the growth of the precipitate 

will be homogeneous throughout the solution. 

𝑛𝑛𝑛𝑛(𝑁𝑁𝐻𝐻2)2 + 3 𝐻𝐻2𝑛𝑛
90 °𝐶𝐶
�⎯� 𝑛𝑛𝑛𝑛32− + 2𝑁𝑁𝐻𝐻4+ + 2𝑛𝑛𝐻𝐻− (5) 

Ligand removal DP takes place at elevated pH, using systems in which ligands 

such as ammonia and EDTA are added to stabilize the transition metal ions in 

water.27,28 To remove the stabilizer, evaporation or oxidation is used. For the 

synthesis of a cobalt catalyst using ligand removal, an excess of NH3 is added to a 

cobalt-containing solution, forming cobalt-ammonia complexes. By heating the 

solution to 90 °C, ammonia is slowly outgassed, reducing the pH and making the 

cobalt-ammonia complex unstable and therefore form the precipitates. The 

characterization of those precipitates is discussed in next section. 

 Transmission electron microscopy 
In general, the morphology and structure of the cobalt catalysts and their precursor 

phases are analyzed by a variety of scattering, absorption and microscopy 
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techniques, which include X-ray scattering (WAXS,29 SAXS 30), scanning electron 

microscopy (SEM),31 transmission electron microscopy (TEM),32-34 and electron 

tomography.35,36 Those techniques have their own strengths and limitations. X-ray 

scattering techniques provide information on the crystallinity, structure, and 

orientation of crystals. Those techniques can be used for samples with large 

volumes, but they can provide only an average description of materials. Moreover, 

X-ray scattering methods cannot give information on the materials morphology, 

which will (as discussed above) significantly influence the activity and selectivity of 

the catalyst. Imaging by SEM facilitates analysis of the local morphology, but no 

crystallographic structural information is provided. Moreover, the resolution in SEM 

is generally limited to tens of nanometers, which is too low to study 5-10 nm cobalt 

catalyst nanoparticles. The crystal structure and the morphology are 

complementary and should be studied together at high resolution for the catalyst. 

Based on these requirements for the analysis of both structural and morphological 

properties of the catalyst, TEM is a good candidate as it provides high-resolution 

imaging down to sub-nanometer scale, offering morphological, structural and 

elemental information of the sample. The first TEM was constructed by Ernst 

Ruska and Max Knoll with a magnification of only 16×.37,38 In 1938, Ruska 

upgraded the TEM to reach a resolution of 7 nm. Since then, TEM has developed 

rapidly and the image resolution and contrast have improved tremendously with 

various novel modes of operation.  

In brief, in the transmission electron microscope, electrons generated by the 

electron source ‘hit’ the specimen with high energy. The transmitted electron beam, 

carrying the specimen information after interaction, is transferred to the image 

plane and then magnified and focused on a detector, e.g. a fluorescent screen, a 

photographic film, a charge-coupled device (CCD), or complementary metal–

oxide–semiconductor (CMOS) devices, to form in first approximation a projection 

image.39 The contrast of the image (C) can be defined in terms of the difference in 

intensity (I) between two adjacent areas:40 
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𝑛𝑛 =  
𝐼𝐼2 − 𝐼𝐼1
𝐼𝐼1

 =  
Δ𝐼𝐼
𝐼𝐼1

 (6) 

Due to the elastic/inelastic scattering of the incident electron beam by the 

specimen, the wave of the electrons can change both its amplitude and its phase, 

leading to amplitude contrast and phase contrast, respectively.41,42 An amplitude 

contrast results from variations in mass, thickness, crystalline structure or a 

combination of the three. Phase contrast is due to the phase change of the 

electrons by the different atoms in a material. Most images have both of those two 

components, but their contribution varies depending on the employed imaging 

mode and TEM settings.  

 

Figure 2 Schematic illustration of electron beam path in bright field TEM and STEM. 

Depending on the electron beam path, we can use two main imaging modes, bright 

field (BF)-TEM and scanning-TEM (STEM), as shown in figure 2.43 In the BF-TEM 

mode, the sample is illuminated with a parallel beam and the image is formed from 

the transmitted electrons. At low magnification and low-resolution TEM imaging, 

amplitude contrast is dominant and the thickness of a known material can be 
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approximated using the electron transmission and the material specific electron 

mean free path using Lambert-Beer’s law.42,44-46 In STEM mode, instead of 

illuminating the whole sample with a parallel beam, a convergent beam is scanned 

over the sample and the image is created point-by-point by collecting the scattered 

electrons under different angles .47 With STEM, we, therefore, have the possibility 

to detect different signals with different detectors simultaneously. The electrons 

scattered to the lower angles can be detected using the bright field detector, 

forming bright field (BF)-STEM images, while the electrons scattered to the higher 

angle are collected by an annular dark field detector, forming ADF-STEM images. 

For ADF-STEM imaging, the annular detector can be controlled (by changing the 

camera length) to collect the scattered electrons at a high angle (> 50 mrad, so 

called high-angle ADF (HAADF)), where the recorded intensity is directly related to 

the number of incoherent elastically scattered electrons, allowing Z-contrast 

imaging, where the intensity of the image depends on the composition (atomic 

number) of the object. 48,49 This enables us to quantify the sample features 

(thickness, atomic number) as a function of image intensity, providing extra 

information about materials properties beyond just the morphology.  

Besides the analysis of the morphology of materials, TEM can also help us with the 

structural characterization. 39 Using (selected area) electron diffraction, we can 

distinguish between crystalline and amorphous specimen, as they have different 

diffraction patterns. Moreover, the crystallographic characteristics (i.e. lattice 

parameter, symmetry, etc.), can be obtained by analyzing the electron diffraction 

patterns of the crystalline specimen.  

Furthermore, the elemental composition of the specimen can be investigated by 

TEM using energy dispersive X-ray spectroscopy (EDX)39,50 and electron energy 

loss spectroscopy (EELS).51,52 EDX uses the characteristic X-ray spectrum emitted 

by the sample while it is bombarded by the electron beam whereas EELS makes 

use of the energy distribution of inelastically scattered electrons that have passed 

through the sample. When comparing those two techniques, EDX is easier to use 

and is particularly sensitive to heavier elements. EELS works best for low atomic 

number atoms, in which the excitation edges are sharp, well defined and at 



Chapter 2 

20 
 

experimentally accessible low energy losses. Moreover, combined with STEM, 

EELS allows elemental mapping of the specimen at high spatial resolution. Besides 

the elemental composition, in principle, EELS is also capable of measuring the 

valence of the elements in the materials, providing fine structural information such 

as chemical bonding.   

 CryoTEM and in situ (S)TEM 
As discussed in previous sections, catalyst formation includes the formation of the 

precursor phase in solution followed by calcination and reduction processes that 

are performed in the dry state. In all these steps, the material development 

proceeds through dynamic processes, such as nucleation, crystallization, crystal 

growth and coarsening. Direct visualization of those process is difficult because the 

processes take place either in a solution or at elevated temperature, such that only 

a limited range of tools are available that can provide the required nanoscale 

insights. In this thesis cryogenic TEM (CryoTEM)36,53-57 and in situ TEM58-69 are 

used to do either a time-resolved sampling of a reaction solution or observing the 

dynamic process in real time. These techniques have been widely utilized in 

different reaction systems, including nanoparticle formation, mineral crystallization 

in solution, electrochemical reactions,70,71 and organic system such as self-

assembly of organic vesicles.72,73 
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Figure 3 Scheme of the conventional and high-resolution cryo-TEM sample preparation. 

Figure 3 shows a schematic view of the sample preparation process for 

CryoTEM.74 For conventional CryoTEM, a small volume (typically ~ 3µL) of the 

reaction solution is taken from the reaction vessel and dropped on a TEM grid 

coated with a porous carbon support. Then the droplet is blotted, forming a 100 nm 

-200 nm liquid film, which is subsequently plunged into melting ethane (- 183 °C at 

1 atm). The cooling rate is 10,000 – 100,000 °C/s, leading to all structures in 

solution becoming embedded in a vitrified solvent film. 75 This preparation process 

enables us to make time-resolved arrested samples from the reaction solution. 

Moreover, close-to-focus imaging can be used to improve the resolution of 

CryoTEM through using graphene oxide (GOx) membrane coated grids.44 The GOx 

membrane acts as a hydrophilic electron-transparent support, making it possible to 

vitrify ultra-thin (10 nm) films. This ultra-thin sample enables us to quantify the size 

and size distribution of objects with diameters of ~ 1 nm.  
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Figure 4 a. Schematic view of the Denssolutions LPTEM setup. Two PEEK tubes make it 

possible to flow solution in. b. Side view of two chips without spacer assembled in the 

chamber in the tip center. Grey parts represent the SiN coated Si chips, black dots represent 

the o-rings and the green parts are the chamber that the chips laid. 

CryoTEM indeed provides us with high-resolution time-resolved morphological and 

structural information of the sample in solution. However, the samples are 

completely static, and no dynamics can be observed such that the history, future, 

and rate of formation of the observed nanostructure remains unknown. In contrast, 

in situ (S)TEM allows researchers to observe chemical reactions in real time, under 

close-to-native conditions. Generally, in situ (S)TEM uses a system to isolate the 

chemical reaction from the TEM vacuum. For in situ liquid phase TEM, the most 

used and commercial available LP(S)TEM set up is a cell in which the liquid is 

enclosed between two electron-transparent films.45 The electron-transparent films 

are generally made from silicon nitride windows supported on a silicon frame. To 

control the thickness of the liquid layer, spacer materials with a thickness of 50 nm 

to 5 µm are added around the window (figure 4). In the initial designs, the cell was 

completely closed and no flow was possible.76 Currently, the commercial holder is 

usually equipped with one or two inlet lines and one outlet lines, making a liquid 

flow through the chamber possible.  

Another commonly used in situ (S)TEM technique is in situ gas heating TEM. 77 

This technique enables us to perform dynamic studies of gas-solid interactions at 

the sub-nanometer level at high temperature. The reaction chamber of the heating 

gas cell is similar to the one for liquid phase TEM, but the silicon frame utilizes a 

few millimeters size Micro-Electrical-Mechanical-Systems (MEMS) devices to 

control the temperature. The composition and pressure of the gas are controlled by 
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an external gas supply system. The capabilities of high-resolution imaging in a gas 

environment at high temperature provide us insight into the catalyst formation 

mechanism and catalytic reaction and performance through observing the 

morphological and chemical change at the industrial condition. 

Despite these advantages, in situ (S)TEM has its limitations. For the LP(S)TEM, 

the presence of liquid severely limits the achievable resolution comparing with 

CryoTEM and imaging in a vacuum. Moreover, as the confined reaction cell is 

utilized, the growth kinetics and the chemical diffusion are different from bulk 

reactions. Furthermore, the electron beam-solvent interaction can strongly 

influence the kinetics and products by influencing the pH, ion concentrations and 

reaction potentials. Therefore, a careful control of the electron flux during the 

observation is essential for in situ (S)TEM experiments. The details of dose control 

are addressed in chapter 4.   

 Thesis outline 
As previously indicated, catalyst formation includes multiple steps, and, many 

knowledge gaps remain in understanding how the precursor phases form and how 

the precursor phase transforms into the catalyst phase. Therefore, the aim of this 

thesis is to gain fundamental, detailed insight into the formation and transformation 

processes of cobalt catalyst precursor phases towards metallic cobalt 

nanoparticles, exploring the morphology, chemistry, composition and structure 

development during different steps of the reaction. Hereto, advanced EM methods, 

such as cryoTEM, liquid phase TEM (LP-TEM), and in situ heating gas TEM were 

employed, where we strived to obtain high-resolution insights of the nucleation, 

growth, and crystallization at these different synthesis steps. Those techniques 

provide unique information on the catalyst precursor formation in their native state, 

which is the first step towards rational tuning of catalyst structure and morphology 

as is essential to optimize the activity and selectivity of the catalyst.   

Chapter 2 studies the ammonia evaporation deposition precipitation process using 

cryoTEM. High-resolution cryogenic imaging was applied to study the early stage 

and electron diffraction is utilized at the later stages. In combination with liquid 
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phase NMR and FTIR, the formation of the precursor phase is discussed in terms 

of morphology, structure, and chemistry. Our results lead to new insights into the 

formation mechanism of the precursor phase and the mechanism could be 

extensively applied to explain the crystallization process in another system.  

In chapter 3, a method to measure the confinement in LP-TEM has been 

developed. With this approach, the liquid layer thickness in the cell can be mapped 

using two low magnification images, which can be acquired before each 

experiment. This is the first step to understand the bulging of the liquid cell in the 

microscope vacuum. In addition, strategies are evaluated to control the thickness 

of the liquid layer to optimize resolution and to design the best possible in-situ 

experiment.  

Chapter 4 describes a study of growth kinetics of the amorphous CoCO3 using LP-

STEM. By imaging with BF-STEM and ADF-STEM simultaneously, 3D growth 

kinetics were quantified. Effects of the electron beam were compensated for 

through systematically controlling the electron flux during observation. High-

resolution LP-TEM imaging of nucleation and growth can provide unique insights 

into cobalt carbonate formation and the role that it plays as precursor phase of the 

cobalt catalyst for the FTS process. 

In chapter 5, a room temperature urea hydrolysis DP method was developed 

suitable for LP-TEM, in which the urea is hydrolyzed by the electron beam. CoCO3 

formation was imaged in real time and the growth kinetics were controlled by the 

electron dose. With this procedure, hollow CoCO3 particles with a thin shell could 

be obtained. 

In chapter 6, in situ TEM using a heating gas holder was applied to study the final 

formation stages of a metallic Co catalyst from amorphous CoCO3. With the help of 

electron diffraction and EELS, the morphological, structural, and valence changes 

were captured, giving quantitative insight into the formation process at gas 

pressures close to a lab-scale synthesis.  
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Finally, the thesis is concluded in chapter 7. The perspectives on how to synthesize 

5-7 nm cobalt catalyst from amorphous CoCO3 are presented to be the next step 

for this thesis work. Future prospects on applying in situ TEM technique on catalyst 

study are also discussed.  
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2 Formation of long-range order 
within networks of amorphous 
clusters 

 

Many crystallization processes in aqueous solutions start from the nucleation of 

amorphous precursors in the form of nanoclusters, yet their crystallization 

transformation processes are not fully understood. Here we unravel the mechanism 

of long-range order formation within networks of amorphous nanoclusters, utilizing 

the carbonation of cobalt/ammonium complexes as a model system. The 

combination of cryogenic transmission electron microscopy and other techniques 

shows the formation of ~ 0.8 nm sized (Co)(NH3)5CO3 complexes at the initial 

stage. By NH3 - CO32- -OH- ligand exchange, those complexes become bridged by 

CO32- and OH- ligands and form 2 nm sized amorphous clusters, which further 

aggregate into networks. The networks possess platelet-like shapes, most probably 

due to the heterogeneous geometry of the amorphous clusters. By further ligand 

change and adjustment in orientations, crystalline long-range order is generated for 

these clusters, which lead to the nucleation of nanocrystals. Our observation adds 

supplementary information to the previously proposed solid-state transformation 

mechanism and provides a new insight into the multi-step crystallization pathways.  

 

 

 

The results in this chapter will be submitted as: Hao Su, Yifei Xu, P. H.  H. 

Bommans, H. Friedrich and N. A. J. M. Sommerdijik. Formation of long-range order 

in amorphous clusters network. 
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 Introduction  
Many solution crystallization processes involve the formation of metastable 

intermediates, such as poorly crystalline, amorphous or even dense liquid phases. 
1 Amorphous precursors have been reported for a broad range of calcium minerals 

such as calcium carbonate, 2-4 phosphate, 5-7 sulfate8 and oxalate,9 but also for iron 

oxide,10,11 both from biogenic or synthetic origins. On several occasions, these 

disordered precursors were shown to form from the assembly of nanoscopic 

building blocks, described as nanoclusters, pre-nucleation clusters or primary 

particles.2,7,10 As they lack crystalline order  these amorphous precursors usually 

present isotropic spheroidal shapes, 3 however, more anisotropic morphologies 

including nanosheets,12 nanorods13 or porous spheres2 have also been observed.14 

These precursors are generally unstable in solution and spontaneously transform 

into crystals, although their lifetime can be significantly increased by ionic, or 

macromolecular additives.15 However, despite several detailed studies, still little is 

known on the mechanism of transformation from amorphous precursors to the 

crystalline phase.  

The most well-studied precursor phase is amorphous calcium carbonate (ACC).16 

Several studies have shown its transformation to crystalline CaCO3  where the 

formation of Calcite was shown to occur through a dissolution/recrystallization 

process,17,18 related to the higher solubility of the amorphous phase than the 

crystalized phase.19 However, the ACC to vaterite conversion was shown to follow 

a solid-state transformation process.20 Also for the formation of the sea urchin 

spine, a direct transformation has been proposed, 4 where EXAFS detected a 

separate ACC dehydration step and XANES showed the gradual appearance of 

short and long-range order. More recently we showed that amorphous calcium 

phosphate (ACP) is formed via the precipitation of [Ca(HPO4)]34- complexes,5 and 

that the atomic arrangement of the complex is preserved in the subsequently 

formed octacalcium phosphate and hydroxyapatite crystal structures. Nevertheless, 

the significant morphological rearrangements during these transitions imply a 

dissolution/re-precipitation process. In contrast to what has been demonstrated, 

e.g. for metals,21 none of these studies were able to provide the spatial resolution 
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that shows how, in aqueous media, minerals transform from the amorphous into 

their crystalline forms.  

Also for several cobalt salts, amorphous phases are commonly reported, e.g. 

cobalt hydroxide,22 cobalt phosphate12 and cobalt carbonate,23 which often display 

nanosheet or nanowire morphologies. Cobalt carbonate is an important precursor 

for synthesizing cobalt catalyst nanoparticles in the Fischer-Tropsch synthesis24-26 

and can be formed via the carbonation of Co2+/NH3 complexes.25 Here we show, 

with sub-nanometer detail, how in this aqueous synthesis ammonium cobalt 

kambaldaite (ACK, (NH4)2Co(II)8(CO3)6(OH)6·4H2O) forms through the assembly of 

pre-nucleation complexes and the subsequent solid state crystallization of the 

resulting amorphous intermediate. By comparison with previous observations made 

for other mineral systems, we propose that the observed mechanism may be 

common for a broad range of minerals and that it also may explain the formation of 

anisotropic amorphous morphologies. 
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 Results  

 
Figure 1 a. pH values of the solution with (green) and without (red) cobalt. Error bars were 

calculated from the standard deviation between 3 different experiments. b. The color change 

of the solution (top right) and concentration of the cobalt (II) ions obtained from UV-vis 

absorption at 525 nm (red) and 375 nm (black) using Lambert-Beer’s law.  

To perform the carbonation of Co(II)/NH3 complexes, 1.8 g CoCO3 was dissolved in 

60 ml of 32% ammonia solution.25 Subsequently, 12 g (NH4)2CO3 was added and 

the mixture was diluted to 250 ml in a Teflon flask, as it has been reported that the 

precipitates formed using this method have a strong interaction with glass.27 The 

reaction solution was then heated to 90 °C and kept at this temperature for 24 

hours. The pH of the solution was monitored during the whole process and a 

reference experiment was conducted to measure the pH of the solution without 

cobalt (Figure 1a). During the first 2 hours of reaction, the pH dropped fast, 

indicating that the reaction consumed the OH- in the solution. Then for the next 12 

hours (2-14 hours), the pH of the solution stabilized with a variation of ±0.05, 

indicating the dynamic equilibrium of the OH- generation and OH- consumption. For 

the remaining reaction time (14-24 hour) the pH dropped at a rate (slope of the 

curve) that is comparable with the reference solution, indicating the termination of 

the outgassing. During the reaction the solution changed color from brown (pH ~ 

9.8), to dark red (1 hr, pH 8.5) to violet (2h, pH 8.4) before becoming colorless due 

to the formation of a black precipitates and the concomitant depletion of cobalt ions 

(Figure 1b, supplementary Figure S1a). 28-30 The color changes at the early stages 
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(t ≤ 120 min) were monitored by UV-vis spectrometry, which showed absorption 

bands at 375 nm and 525 nm, resulting from the d orbital splitting of Co due to the 

formation of Co (II)/NH3 complex.31 The intensity of two absorption peaks is 

proportional to the cobalt (II) concentration and therefore the concentration of 

cobalt(II) can be monitored using Lambert-Beer’s law via a calibration curve.32 It 

can be seen that overall the cobalt (II) concentration decreased during the first 120 

min with a small increase observed during 80 -120 min.  

 

Figure 2 Scheme of the conventional and high-resolution cryoTEM sample preparation 

The early stage products (t ≤ 40 min) were deposited on graphene oxide (GOx) 

coated TEM grids, which allows the preparation of ~10 nm thick vitrified ice layer 

and maximize the resolution of cryoTEM imaging (Figure 2).33 Particles with 

diameters of only 8.4 ± 1.2 A˚ were observed immediately after mixing the solutions 

(t=0) (Figure 3a, see the measurement of particle sizes in materials and methods 

particle size measurement and Figure 4). Instead of Co(II)(NH3)62+, these particles 

were identified as Co(II)(NH3)5CO3 complexes (complex 1) according to liquid state 
1H NMR (Figure 3e), which shows two populations of NH3 protons (Ha and Hb), with 
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an peak area ratio of 4:1. VAMP simulation34 (a semi-empirical molecular orbital 

simulation, using Materials Studio from Accelrys Inc.) shows that the accessible 

surface area of complex 1  is 230 Å2, corresponding to a diameter of 8.5 Å, which 

matches very well with the cryoTEM observations. After 20 mins, 4 new signals 

appear in the 1H NMR spectra (H1−4, Figure 3e), co-existing with the first two peaks 

indicating Ha and Hb. The area ratios of these new peaks are H1:H2:H3: H4 ≈ 

6:3:3:1, indicating the presence of another NH3 ligand in the complex at the 

position adjacent to the CO32- was replaced by OH− (complex 2). CryoTEM shows 

no change in average distance for the complexes at this time point. Indeed, VAMP 

simulation shows the size of complex 2 is 8.3 Å, which is close to that of complex 

1. 

 

Figure 3 Morphological and structural development of the reaction products. (a-d) CryoTEM 

image of the products at t= 0, 40, 60 and 80 min, respectively. Several ~0.8 nm complexes 

and ~2 nm clusters are highlighted by red circles in (a) and (b), respectively. Inset of (c) and 

(d) are corresponding LDSAED patterns. GOx grids were used for (a) and (b) and lacey 

carbon film grids were used for (c) and (d). (e) Liquid phase 1H NMR spectra of the reaction 
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solution at t=0, 20 and 40 min, respectively, and the VAMP simulated structures of complex 

1 and 2. 

During the next 20 min of reaction, cryoTEM shows that the complexes develop 

into amorphous 2 nm clusters, which form loosely aggregated networks (Figure 

3b). Correspondingly, the H1-4 peaks in the 1H NMR spectra became partially 

obscured by a broad signal (Figure 3e), while the Ha,b  peaks were still present with 

very low intensity, indicating the formation of a solid phase with reduced proton 

mobility in 1H NMR. Additionally, a more dense phase appeared within the loose 

cluster networks at t=60 min (Figure 3c). This phase consisted of 3-5 nm thick 

plates as shown in Figure 3c and clusters that were much smaller than the plates 

were still clearly recognized in the surrounding area. Despite its anisotropic plate-

like morphology, this phase does not show yet any sign of crystallinity in low-dose 

selected area electron diffraction (LDSAED, inset of Figure 3c). The powder-XRD 

pattern of the freeze-dried solid also does not give evidence of crystallinity (Figure 

5b top). Therefore it is concluded that those nanoplates at this stage are 

amorphous. Due to the broadness of the liquid phase 1H NMR peaks, the 

composition of this phase can no longer be assessed. Poly-crystalline patterns 

eventually developed for the platelets after 20 min of further reaction (in total 80 

min), of which the LDSAED signal matches with the diffraction of ammonium cobalt 

kambaldaite phase (ACK, (NH4)2Co(II)8(CO3)6(OH)6·4H2O)) (Figure 3d and inset).35 

Indeed, powder-XRD patterns of the final product collected after 24 hrs of reaction 

proved the formation of ACK phase (Figure 5b bottom). Those final products are 

however micrometer-sized particles instead of nanoplatelets (Figure 6). 
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Figure 4 (a) Contrast Transfer Function (CTF) of cryoTitan at defocus -150 nm, -300 nm, 

and -600 nm. Purple arrows indicate the point resolution at certain defocus. Red arrows 

show the diameter of objects that has the highest contrast at the defocus value. Imaging of 

the complex was done at -150 nm defocus, where the frequency corresponding to the object 

with 0.8 nm diameter has the highest transfer. (b) Size distribution derived from around 80 

nanoparticles. 

To compare the chemical composition of amorphous nanoplates and the 

crystallized ACK, FTIR analysis of the freeze-dried samples after 60 min and 24 

hours was performed (Figure 5a). FTIR of the 60 min sample (Figure 5a top) shows 

a broad signal from 3500- 2500 cm−1, which is assigned to the mixture of stretching 

vibration of the O−H from water and N-H from NH4+/NH3. A sharper band at 1650 

cm-1 represents the O-H bending band corresponding to the structural water, and 

the peak at 1609 cm-1 corresponds to the N-H bending vibration in NH3. The peak 

at 1000 cm-1 is ascribed to Co-OH bending vibration.36 The remaining peaks at 

1755, 1392, 1090 and 874 cm-1 represent the vibrations of carbonate ions.37 The 

24-hour sample (Figure 5a bottom) shows a much lower signal from 3500- 2500 

cm−1, indicating a lower amount of water and NH4+/NH3 is present. The peak at 

1609 cm-1 disappeared, indicating that NH3 has been removed from the sample. 

The Co-OH bending vibration shifted to 942 cm-1, while the O-H bending of the 

structural water shifted to 1622 cm-1, which should be due to the presence of 

crystallized water in ACK. The crystallization also induced the change of carbonate 

signals. The peak at 1755 cm-1 corresponding to the ν1+ν4 symmetrical vibration 

disappeared, while ν3 asymmetrical peak split into two peaks at 1460 and 1409    
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cm-1. The bending vibration of the N-H bond in NH3 in the 60 min sample indicates 

that a part of the ammonia ligands was not replaced yet.  

 

Figure 5 FTIR (a) and of XRD (b) the samples centrifugal separated at t=60 min and t=24 

hours, respectively. 

In order to capture the transformation process from the amorphous cluster network 

to the ACK polycrystals, we vitrified the reaction product at 60 min (as shown in 

Figure 3c) on GOx grid33 and thoroughly examined it using high-resolution 

cryoTEM. Similarly, denser nanoplatelets could be visualized within the loosely 

aggregated 2 nm clusters (Figure 7a). LDSAED patterns of the nanoplatelets (inset 

of Figure 7a) recorded after high-resolution imaging only showed broad diffraction 

rings and the diffraction pattern of GOx, indicating that the product is still mainly 

amorphous even after electron beam exposure. Within these nanoplatelets, 2-10 

nm substructures were still clearly observed by high-resolution imaging (Figure 7b). 

Although the overall platelet only produced an amorphous diffraction signal, at the 

nanoscopic scale, three ~10 nm regions displaying lattice fringes (Figure 7b) were 

observed. Fast Fourier transformation (FFT) of the image shows 3 pairs of spots 

corresponding to the lattice fringes in the three regions, respectively. The spots are 

in different orientations but have a uniform d-spacing of 5.04 ± 0.1 A˚ that matches 

with the (011) planes of ACK, indicating that randomly oriented ACK nanocrystal 

domains are formed. Notably, the uniform intensity distribution in the TEM image 
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indicates that the crystallized regions are not thicker than other areas, suggesting 

that the crystals are unlikely nucleated on the surface of the amorphous phase, but 

did develop within it. 

 

Figure 6 SEM image of the final product. 

 Discussion 
The results above show that amorphous ACK transforms into crystals with their 

platelet-like morphology preserved. Furthermore, while the amorphous precursors 

are networks of ~2 nm clusters, the crystals nucleated within the network also have 

comparable size (~10 nm containing 2 nm substructures), and the cluster 

morphology and structure are maintained within the crystal domains, suggesting 

that they originate from the clusters. These observations all point to a solid-state 

transformation process.  

10 µm 
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Figure 7 High-resolution cryoTEM image of the nanoplates formed at 60 min on GOx grid. 

(a) Image showing densified nanoplatelets surrounded by 2 nm clusters. The inset shows 

the LDSAED pattern recorded after high-resolution imaging, indicating only the diffraction 

pattern of single layer GOx. (b) Zoom-in image of the area highlighted by the red square in 

(a). Three ~10 nm sized regions show lattice fringes, as highlighted by magenta dash lines. 

The orientation of the lattice fringes is highlighted by yellow dash lines. The inset shows FFT 

of the image, indicating 3 pairs of spots corresponding to the lattice fringes in 3 regions, 

respectively. The spots have a d-spacing of 5.04 ± 0.1 A˚, matching with the (011) planes of 

ACK.  

To understand the crystallization process we observed, it is necessary to take a 

closer look at the chemical evolution during the process. By checking the atomic 

arrangement of ACK (Figure 8a),35 we can see that there are two types of Co 

atoms in the structure (Co-1 and Co-2), which are both 6-coordinated with oxygen 

atoms from either CO32− or OH−, forming an octahedral geometry. The CO32-: OH- 

ratio is 3:3 for Co-1, and 4:2 for Co-2 (Figure 8b). These octahedrons are bridged 

by CO32- and OH-, while NH4+ in the structure is only balancing the charges. 

Meanwhile, all the initial Co(II) complexes observed in our experiments are also 6-

coordinated. While initially the ligands are only NH3, they are gradually replaced by 

CO32− or OH− during the reaction and after the replacement the CO32- and OH- 

brings heterogeneity into the complexes, leading to preferred ligand exchange. The 

shape of the initial precipitates cannot be predicted as the heterogeneity can 
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change during the replacement and connection. Therefore, this heterogeneity 

could lead to the preferred growth of the precipitates, forming nanolines, nanorods, 

or as in our case, nanoplates. Therefore, we propose a crystallization process with 

the complexes rather than ions as building blocks. As shown in Figure 8c, the 

reaction starts with the formation of stabilized metal complexes, e.g., Co(II)(NH3)62+ 

(stage 1).27 The NH3 ligands can be considered as “stabilizers” since they provide 

steric hindrance and are shown to be on a crystal lattice to facilitate the solid state 

transformation process. In CO32- rich solutions, one NH3 ligand is immediately 

replaced by CO32- (stage 2), as the Co(II)(NH3)62+ cannot be detected by liquid 

phase NMR. Then the remaining NH3 ligands are further replaced by OH- or CO32-. 

The CO32− and OH− ligands act as “connectors”, which link the cobalt ions in 

solution, forming amorphous ~2 nm clusters, which could be another kind of cobalt 

complex as quite large complex particle can form in the cobalt system.38 Those ~2 

nm clusters further connect to networks (stage 3). Noteworthily, as the octahedral 

symmetry of the complex is broken by the first CO32- replacement, the ligand 

exchanges happen in a preferred position (e.g., positions adjacent to the first 

CO32-), which indeed was observed by liquid state 1H NMR (Figure 3e). This brings 

heterogeneity to the bridging process of the clusters, and generates networks with 

heterogeneous morphologies such as platelets. Forced by their coordination 

geometry, the clusters also have to rotate into optimized orientations to allow 

further bridging to happen. Eventually, the long-range order is generated by 

extended bridging randomly throughout an amorphous plate, and nanocrystals are 

formed (stage 4).  
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Figure 8 Formation of long-range order from amorphous clusters. (a) Atom arrangement in 

ACK crystal structure. Two types of Co atoms, Co-1 and CO-2, are highlighted by blue and 

orange circles, respectively. (b) The structure of Co-1 and Co-2. (c) Scheme of the solid-

state transformation process of amorphous clusters. The scheme is plotted in 2D for the 

sake of clarity. The reaction starts from metal ions stabilized by “stabilizer” ligands (stage 1). 

Upon reaction, one of the stabilizers is replaced by “connector” ligands (stage2), introducing 

heterogeneity to the complexes. The complexes are further bridged by the connectors and 

precipitate into networks of amorphous clusters (stage 3) with heterogeneous morphology. 

To achieve complete bridging, the complexes are forced to rotate into optimized 

orientations, generating long-range order (stage 4).  

We propose that this crystallization pathway may also apply to other amorphous 

clusters. For example, for amorphous calcium carbonate (ACC) clusters, the 
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stabilizer is water, while the connector is CO32-. Although this pathway is kinetically 

more favorable than dissolution-recrystallization, it is also largely limited by the 

dynamics of the amorphous precursors, i.e., by how fast they can rotate. It is 

reasonable to assume this pathway plays a more important role in systems where 

nanosized amorphous clusters can form, like the system we studied here, as those 

clusters will rotate more easily in water. Another limiting factor is that the atomic 

arrangement of the complexes does not always match with the one required in the 

final crystalline product. For instance, only complexes with the atomic arrangement 

of Co-1 or Co-2 can be exploited for ACK crystal formation, while other complexes 

have to first dissolve into ions before becoming a component into the crystal. As a 

result, dissolution-recrystallization pathway will still play an important role, which 

can explain the stable pH from 2-14 hour and the Co (II) increase at 100 min and 

why ACK particles instead of platelets are found as final products (Figure 6). 

 Conclusion 
Here we studied a general route used for cobalt carbonate synthesis in which Co2+ 

can coordinate with 6 NH3 molecules in aqueous solution, forming ~0.8 nm sized 

Co(II)(NH3)62+ complexes. Upon the evaporation of ammonia, the NH3 ligands are 

replaced by CO32- or OH- in the reaction solution and form crystalline precipitation. 

Since amorphous precursors with heterogeneous morphologies often form during 

cobalt carbonate synthesis, and the reaction starts from a chemically well-defined 

complex that is visible in (cryo)TEM, it provides an ideal model system for an in-situ 

cryoTEM study on how amorphous clusters nucleate, organize into heterogeneous 

morphologies, and finally transform into crystals.  

In this work, we tracked the morphological, structural and chemical evolvolution 

from amorphous clusters to crystalline materials, using the carbonation of 

Co(II)(NH3)62+. The products at different reaction stages were captured in their 

native hydrated states using cryoTEM, where graphene-oxide(GOx) coated TEM 

grids were used to achieve lattice-resolution.33 The chemistry of the crystallization 

process was studied by 1H liquid phase nuclear magnetic resonance (NMR) and 

other analysis techniques. The initial specimen we captured consisted of ~0.8 nm 
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sized Co(II)(NH3)5CO3 complexes. By NH3-CO32-/OH- ligand exchange, those 

complexes become bridged by CO32- and OH- ligands and form ~2 nm sized 

amorphous clusters and then connect with each other forming networks. We 

propose networks possess platelet-like shapes due to the coordination asymmetry 

of the complex. By further ligand change and adjustment in orientation, long-range 

order is generated for these clusters, which lead to the nucleation of nanocrystals.  

Our findings for the first time provide direct evidence that amorphous clusters can 

indeed transform into crystalline materials via a solid-state transformation process 

in solution. We, however, want to emphasize that the process is not exactly the 

same as typical solid-state transformation processes found in alloys or ceramics,39 

where the solution does not play any role in a typical solid-state transformation 

process. In our experiments, the chemical structures of the complexes are 

continuously evolving, which is correlated to ligand exchange with the solution. 

This was also reported in our previous study on CaP complexes, which during 

mineralization take Ca2+ from solution.5 As a result, the dynamics of the process 

will also be influenced by the solution environment, for instance, the pH and 

‘stabilizer’ concentration. Therefore, we propose to label this process as a solid 

state crystallization. Our findings provide an important supplementary for 

crystallization theories.  

 Materials and methods 
ACK crystal mineralization reaction 

Analytical grade CoCO3, (NH4)2CO3, and 32 % w/w ammonia solution were 

purchased from Sigma-Aldrich Corporation. The mineralization of ACK crystal is 

induced by out-gassing of NH3 at 90 °C from the Co-NH3 complex solution.25 The 

solutions were prepared by dissolving 1.8 g CoCO3 in 60 ml of 32% ammonia 

solution. Subsequently, 12 g (NH4)2CO3 were added and the mixture was diluted to 

250 ml. A Teflon coated round bottom flask was used to avoid reaction with the 

container.25 The growth proceeded over periods from 20 min to 24 hours, with a 

stirring rate to 150 rpm. Reaction solutions were collected near the solution/air 

interface for cryoTEM observation.  
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Cryogenic transmission electron microscopy 

For conventional cryoTEM, 3 µL of the reaction solution at different time points 

were applied to a cryoTEM grid and plunge frozen using a vitrification robot (FEI 

Vitrobot™ Mark III, FEI Company) with the sample application chamber at 21 °C 

and 99 % humidity. Prior to freezing, lacey carbon cryoTEM grids were plasma 

treated using a Cressington Glow Discharge system for 45 s. Subsequently, the 

grid was plunged into liquid ethane which was maintained at approximately – 

183 °C. The vitrified sample was then transferred to the TU/e cryoTITAN (FEI, 

FEG, 300 kV, Gatan Energy Filter, 2k x 2k Gatan CCD camera) and kept at liquid 

nitrogen temperatures at all times. 

For the high-resolution cryoTEM imaging, graphene oxide layers were applied by 

diluting a 0.01 mg/mL GOx solution 2 times prior to vigorous stirring. Before 

application of the GOx solution, the TEM grids were hydrophilized by glow 

discharge using a Cressington 208 carbon-coater for 40 s. By observing the grid at 

a low magnification at different regions we established that approximately 75% of 

the grid surface was covered. The TEM grids that were used without GOx 

monolayers were hydrophilized in a similar procedure before vitrification. For grids 

pretreated with GOx, a mixture of 20% (v/v) isopropanol in ultrapure water was 

used in the humidifier. The grids were blotted for 5 s after a stabilization time of 5 s 

at 99% relative humidity. After blotting, another 5 s at 99% relative humidity was 

used. Subsequently, the grid was plunged into liquid ethane which was maintained 

at approximately –183 °C. Imaging on the GOx prepared grids was done using a 

parallel beam with an illuminated area between 550 - 600 nm (nanoprobe mode) at 

the dose rate of          60 e/s/Å2. Defocus value during the observation was chosen 

by the CTF of the cryoTEM, which is described in a previous work.33 

Nuclear magnetic resonance measurements 

Liquid-state 1H NMR spectra of reaction solutions were performed at the early 

stages of the reaction on a 500 MHz Varian Unity Inova NMR spectrometer. 60 mg 

CoCO3 was dissolved in 2 ml of 32% ammonia solution. Subsequently 40 mg 

(NH4)2CO3 was added into the solution and the mixture was diluted by D2O into 8.5 
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ml. The ammonia out-gassing reaction was allowed to proceed for 60 min. About 1 

mL solution was taken at different time points and analyzed at room temperature. 

Spectrum analysis was done with MestReNova 10.0.2-15465. The signal from H2O 

was subtracted due to its high intensity. 

Uv-vis spectroscopy 

UV-vis spectra were acquired at room temperature on a Perkin-Elmer UV-vis 

spectrometer Lambda 40 between 300 nm and 800 nm in 1 nm increments using a 

quartz glass cuvette with an optical path length of 1 mm. The samples were taken 

at different time points, cooled down and centrifuged at 20k rpm to remove the 

solids. The UV-vis spectra were corrected using Milli-Q water as a background 

reference.  

FTIR measurements  

ATR-FTIR spectra of the crystallized and amorphous ACK sample were 

measured directly on the powder sample using a Varian FT-IR 3100 

spectrometer with Golden Gate ATR accessory. Both of the powder samples 

were centrifuge-separated (20k rpm) and freeze-dried to maintain their original 

structure.  

Powder X-ray diffraction 

PXRD measurements were obtained from a Rigaku Geigerflex powder 

diffractometer with Bragg-Brentano geometry using copper radiation at 40 kV 

and 30 mA and a graphite monochromator to eliminate Cu Kβ radiation. The 

powder samples were centrifuge-separated (20k rpm), freeze-dried and then 

loaded on cover glasses. The PXRD patterns were acquired by step scans from 

2θ =5° to 2θ = 70°. The step size is 0.01°. 

Complex size measurements 

Cobalt complex size distributions were determined by manually measuring both 

the long and short axis of approximately 80 individual complexes in MATLAB. 

The average of the short and long axis is considered as the diameter of the 
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complex particles. The size of the complex particles is reported as the mean ± 

standard deviation of the diameter.  
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3 Mapping and controlling 
confinement in liquid phase 
(S)TEM 

In situ liquid phase (scanning) transmission electron microscopy (LP-(S)TEM) has 

become an essential technique to observe chemical reactions in liquids in real 

time. In LP-(S)TEM, the chemical reaction is imaged in a liquid layer, which is 

confined by two ultrathin electron transparent SiN windows that separate the liquid 

from the vacuum of the microscope column. Due to the pressure difference 

between the liquid and the microscope vacuum, bending of the SiN membrane 

occurs that causes a spatially varying confinement which makes interpretation of 

LP-(S)TEM results difficult in terms of the underlying chemistry and locally varying 

achievable resolution. Here we demonstrate a method to easily map the thickness 

profile of the liquid layer to mediate these difficulties. With this procedure, only two 

bright-field TEM images, one flat field image without sample and one image of the 

filled cell, need to be acquired before the experiment at low magnification and 

without the need for energy filtering. Using our method, the local liquid layer 

thickness can be determined throughout the entire viewing area for any window 

dimension, window thickness, and solvent. Our results demonstrate that the 

confinement and, hence, resolution and diffusion of materials into the viewing area 

can be modulated. This work is the first step to understanding the bulging observed 

in (S)TEM liquid cells to quantify and modulate confinement, therefore, enabling a 

better control of the underlying chemistry and attainable resolution in LP-(S)TEM 

experiments. 

The results in this chapter will be submitted as: Hao Su, A. D. A. Keizer, Hanglong 

Wu, J. P. Patterson, N.A.J.M. Sommerdijik and H. Friedrich. Mapping the actual 

confinement in liquid cell TEM. 
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 Introduction 
(Scanning) Transmission Electron Microscopy ((S)TEM) is a key technique for 

morphological and compositional characterization of materials from the nanometer 

to the micrometer scale.1-4 For beam stable thin and solid samples, a sub-angstrom 

resolution can nowadays be achieved, while for beam sensitive cryogenic samples, 

such as nanoparticles in vitrified liquids, (sub-)nanometer resolution is possible.5 

The direct observation of liquid samples is in most instances only possible by 

employing a liquid phase (S)TEM. LP (S)TEM provides the ability to image the full 

dynamics of the material forming processes in situ with nanometer resolution.6,7 

The unique benefits of LP (S)TEM over conventional, dry (S)TEM or cryogenic 

approaches for the field of chemistry have been elaborated in recent reviews.8,9 

Here we focus on mapping and controlling the confinement present in a liquid cell 

suitable for (S)TEM which due to diffusion limitations and/or charged interfaces 

may affect synthesis results as compared to the bulk scale. 

The most used and commercially available LP (S)TEM set up is a closed cell in 

which the liquid is confined between two electron-transparent membranes.10 The 

electron-transparent membranes are most frequently made from silicon nitride 

(SiN) supported on a silicon frame. To control the thickness of the liquid layer, 

spacer materials with a thickness of 50 nm to 5 µm are added around the electron-

transparent membranes. However, to infer the liquid layer thickness from the 

spacer minimum is too simple because of the pressure difference between the 

interior of the cell (1 atm) and the vacuum present inside the TEM column which 

leads to the SiN windows bulging outward. This, in turn, causes the liquid layer 

thickness to vary across the observable area. Moreover, even at the edge of the 

window close to the spacers, the liquid layer thickness will vary from experiment to 

experiment with liquid layer thicknesses of 500 nm - 700 nm being observed for Si 

chips with 100 nm spacers! 11,12 This means that the thickness of the liquid layer is 

actually not determined by the spacers. Employing EELS as used in ref. 11 and ref. 

12 to estimate the thickness of the liquid layer for an entire imaging area before 

each experiment is considered too time-consuming or impossible in many TEM 

labs. Furthermore, EELS and EFTEM for thickness measurement are always 
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asking for high dose imaging, leading to beam damage of the liquid samples.13 As 

reported previously, one of the key challenges for LP(S)TEM is electron beam 

induced effects, such as the radiolysis of water, generating reactive species such 

as H+, OH-, H•, OH•, H2, H2O2, and eaq-. Both OH- and H+ species can locally 

change the pH of the solution in liquid cell, while the eaq- can reduce metal ions in 

aqueous, inducing a significant change of chemistry in solution. 7,13-15 The 

concentration of those electron beam induced species cannot be quantified without 

knowing the thickness of the liquid layer.13 Thus, to quantitatively control the 

chemical environment in the liquid cell, a simple method is needed that can be 

used to map the liquid layer thickness at low electron doses before each 

experiment.16 

In addition, during the LP(S)TEM imaging, the achievable resolution is closely 

linked to the spatial broadening of the electron beam and broadening of the energy 

spread due to electron scattering in the liquid layer. Theoretical estimates of which 

particle sizes can be reliably observed are only possible when the thickness of the 

liquid layer is known. Therefore, mapping the thickness of the liquid layer 

throughout the entire viewing area can be considered the most critical prerequisite 

towards improved experiment design, modeling beam effects, and contrast 

simulation to understand the chemistry in LP confinement. 

In this study, we present a fast method to map the liquid layer thickness throughout 

the entire viewing area of the liquid cell from only two low magnification and low 

dose bright-field TEM images. The method only requires a CCD camera and 

knowledge of the SiN window thickness and the elastic mean free path of the liquid 

but not an energy filter and can be applied to all kinds of TEM operating conditions 

including different acceleration voltages. Moreover, the mapping process can be 

done prior to any experiment, offering essential information for experimental design 

and quantitative data analysis. Furthermore, we also extended our analysis to 

different filling states of the liquid cell and demonstrated that the confinement of the 

cell can be controlled by reducing the liquid pressure during the flow experiment or 

using a static cell with ultra small liquid volumes loaded inside. 
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 Results and Discussion 
We use the Denssolutions in-situ TEM holder (type Ocean) for our experiments 

(figure 1a). Two Si chips with 200 µm * 30 µm SiN membranes, used here as an 

example, are assembled with the SiN membranes perpendicular to each other 

forming a 30 µm × 30 µm sized imaging area. The thickness of the employed SiN 

membranes is 50 nm. The two 2.2 mm × 2 mm chips are without spacer materials 

and are positioned in the chamber of the tip, forming a liquid cell that is isolated 

from the TEM vacuum. The holder tip in which the two chips are assembled can be 

considered as a cylindrical chamber with a diameter of 3 mm and a height of 1 mm. 

(figure 1b). In this work, the three types of standard LP-(S)TEM experiments were 

performed: (1) Flow mode, in which the resulting liquid cell was filled with water 

using a syringe pump at a flow rate of 10 µL/min. The liquid fills the inlet tube, the 

cell created between the chips and the surrounding chamber and then flows out 

from outlet tube. (2) Negative pressure mode, in which the system (tubes, 

chamber, and chip) was filled, the inlet tube was closed off and suction was applied 

to the outlet tube using a syringe. (3) Static mode, in which the liquid is loaded on 

the bottom chip through drop-casting, and while closing with the top-chip also fills 

the chamber, while the inlet and outlet tubes are empty.  

In all three types of experiments the volume created between the two chips is 

completely filled with liquid. The resulting liquid cell has a flat geometry in the Si 

frame region between the chips with a constant thickness (tflat) and another bulging 

region with varying thickness (tbulging) in the SiN window area (figure 1c). Since the 

thickness of the SiN membranes is the same for both sides, we assume that the 

cross packed window bulges equivalently to the two directions (figure 1d).  

First the thickness map in flow mode, which is mostly utilized in LP(S)TEM 

experiments was studied. To map the liquid thickness in the viewing area, two low 

magnification low dose images were taken: one flat field image without sample 

containing information on the electron flux and one low magnification image 

containing information on the number of electrons that are locally transmitting the 

window area. Because imaging is done at low magnification, low resolution and 
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close to focus, phase contrast can be neglected. Thus, with information on the SiN 

thickness, the thickness of water throughout the imaging area can be estimated in 

the mass-thickness contrast approximation using their electron transmission (It/I0) 

as calculated from Beer-Lambert’s law and the elastic electron mean free path 

(EMFP).17 18 The detailed calculation of the liquid thickness is provided in the 

supporting information section. To simplify calculations, the original TEM images 

are first rotated and aligned with each other in MATLAB. An example of an aligned 

bulging window is shown in figure 2a (the original image is shown in figure S2). 

Following from the above, the liquid thickness at the corners of the viewing area 

closely approximates the flat thickness (tflat), while the thickest area appears in the 

center of the bulging liquid cell where                         tmax = tflat + tbulging max (figure 

2a). The calculated thickness map of the imaging area expressed in nm of water 

thickness is shown in figure 2b. It can be seen that tflat obtained from the corners is 

1000 nm and that tflat + tbulging max, the thickest area in the center, is 2400 nm. By 

subtracting the flat thickness obtained from the corner, the bulging map tbulging max = 

f(x,y) of the window can be retrieved showing the actual bending of the SiN 

membranes (figure 2c). As this bulging map represents two windows deforming 

equivalently, we can conclude that in the flow state for the largest bending of each 

window the maximum deflection of each SiN membrane is approximately 700 nm. 
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Figure 1 a. Schematic view of the Denssolutions LP-(S)TEM holder. a) Two PEEK tubes 

connect the holder tip to the outside, enabling in and outflow of liquids. b. Side view of two 

chips without a spacer, assembled in holder tip. Grey parts represent the SiN coated Si 

chips, black dots represent the o-rings and the green parts are the holder tip. c. Schematic 

side view of the liquid cell, including the Si frame area (flat) and the SiN window area 

(bulged). d. Schematic 3D view of the bulging of the cross assembled window.  

Besides the electron dose and the electron transmission, we only need the 

thickness of SiN window and EMFP of the solvent present inside the liquid cell to 

perform the thickness calculation. 

To adapt our method to any liquid the EMFP needs to be approximated from the 

chemical composition of the liquid and the acceleration voltage of the employed 

microscope using well established methods.10,17,18 As an illustration we show the 

thickness map (tflat+tbulging) of an 18000 nm *18000 nm liquid cell filled with acetone 

in figure 2d.  
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Figure 2 a. Aligned window with areas of interest at the corner and the center (red squares). 

b. The confinement mapping of a. c. The bulging thickness of a. d. Confinement mapping of 

an acetone filled cell.  

By reducing the thickness of the water layer, the scattering of the electrons could 

be reduced, improving the resolution of LPTEM. The reduction of the liquid layer 

could be achieved by reducing the pressure in the cell. Therefore, we closed one 

side of the tube and applied a negative pressure at the other end of the tube using 

another syringe, reducing the pressure in the cell. The confinement created by the 

SiN windows at reduced pressure is shown in figure 3a. Comparing with figure 2b it 

can be seen that, upon reducing the pressure, the flat thickness of the liquid layer 

decreases from 1000 nm to 600 nm. Moreover, when considering the bulging of the 

window, we see that the largest deflection of the SiN windows is reduced to around 
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300 nm per window (figure 3b). When the negative pressure was removed, the 

thickness of the confinement increased again to what has been shown before in 

figure 2b. Therefore, it can be concluded that through controlling the inlet and 

outlet pressure during the LPTEM observation, the flat thickness and the bulging of 

the liquid cell can be controlled. Moreover, it can be calculated that by applying the 

negative pressure, the volume of water in the cell decreased from 4.4 nanoliters (1 

µm *2200 µm *2000 µm) to 2.64 nanoliters (0.6 µm * 2200 µm * 2000 µm). When 

the negative pressure got released, the volume of water in the cell increased back 

to 4.4 nanoliters. The change of volume of water in the cell indicates that by 

changing the liquid pressure, we adjusted the diffusion of water between the cell 

and the chamber. Thus, during this pressure change, the influx of the water into the 

cell also changed, leading to a possibility to modulate the diffusion of chemicals 

into the cell. Hence, by modulating the liquid flow pressure, it is possible to control 

both the confinement and the diffusion of liquids, leading to new experimental 

designs in liquid cell (S)TEM. The modulation of the liquid pressure could be 

achieved by using a pressure control pump instead of the commercial syringe 

pump that we employed. 
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Figure 3 Confinement (a) and bulging (b) mapping of the cell after applying negative 

pressure (the state without negative pressure is shown in figure 2). Confinement (c) and 

bulging (d) using a static cell with a small amount of water. 

The thickness of the liquid layer could be further reduced using a static cell, in 

which only a small amount of liquid was added through drop-casting on the bottom 

chip and the tube and the chamber was empty without any liquid. Generally, static 

cells are prepared by direct drop-casting on the silicon chip with a liquid volume of 

~500 nL.15,19,20 In our experiments, prior to cell assembly, a SciTEM liquid 

dispensing system was used to drop a specified amount of water at specified 

positions on-chip before closing (SI SciTEM system, figure S3).21 Here, only 25 nL 

water was loaded into the system. By applying this ultra-small amount of liquid, the 
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liquid flat layer thickness was reduced to ~500 nm at the edge, and the bulging was 

approximately 250 nm for each window. It can be observed that the static cell has a 

thinner water layer thickness reducing the electron scattering by water and leading 

to better imaging conditions than we obtained in flow mode.  
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Figure 4 a. Schematic view of the general static cell. b. A proposed static cell with an ultra-

small amount of liquid and an ultra-thin liquid layer at the viewing window. 
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For the static cell, from the confinement thickness data we obtained (figure 3c), it 

can be approximated that the volume of the liquid layer between the silicon chips is 

around 2 nanoliters (500 nm flat thickness of liquid layer at 2 mm * 2.2 mm area), 

which is much smaller than the volume that was actually drop casted (25 nL). 

Therefore, most of the liquid was pushed to the chamber during assembly of the 

lower and upper half of the liquid cell. The chamber, which can be considered as a 

cylinder with a diameter of 3 mm and a height of 1 mm, needs ~6 nL water to get 

100% relative humidity (RH) at 1 bar pressure and 20 °C temperature. Thus, the 

liquid distribution in a static cell can be described as shown in Figure 4a. This 

schematic view illustrates that a liquid layer is formed between the chips and that 

the excess of water act as humidifier increasing the relative humidity in the air 

surrounding the chips. Since the SiN layer is hydrophilic, the liquid layer will form a 

cylinder-like curvature at the edge, generating a Laplace pressure, of which the 

force direction is shown in figure 4a.22 The Laplace pressure reduces the pressure 

difference between the TEM vacuum and liquid cell, reducing in the static case the 

bulging thickness as compared to the flow cell. 

The Laplace pressure shown in figure 4a can be calculated as: 

∆𝑃𝑃 =
−2𝛾𝛾
𝑟𝑟

 (1) 

where 𝛾𝛾 is, the surface tension of water at 20  ͦC (7.3 · 10-2 N·m-1). The radius of the 

curvature r can be calculated using Kelvin’s equation23: 

ln (RH) =
2𝛾𝛾𝑉𝑉m
𝑟𝑟𝑟𝑟𝑟𝑟

 

 

(2) 

where Vm is the molar volume of water, 18 · 10-6 kg/m3, R is the universal gas 

constant and T is the temperature. Therefore, the Laplace force of the curved water 

can be calculated as: 

Δ𝑃𝑃 =
−2𝛾𝛾
𝑟𝑟

=
−𝑟𝑟𝑟𝑟𝑅𝑅𝑛𝑛 (𝑟𝑟𝐻𝐻)  

𝑉𝑉m
 

 

(3) 



Mapping and controlling confinement in liquid phase (S)TEM 

67 
 

From equation 3 it can be concluded that the Laplace pressure is controlled by the 

relative humidity. It is shown in Table S1 that the Laplace pressure could be ~70 

atm at 95% relative humidity.23 Because of the high pulling force from the Laplace 

pressure, it is possible for us to generate a ‘negative’ bulging where the thinnest 

liquid layer appears at the center of the viewing area. Therefore, the thickness of 

the confinement in the static cell can also be controlled by controlling the Laplace 

pressure, which can be adjusted by changing the relative humidity in the liquid cell 

chamber. This leads us to propose a sample preparation method to realize ultra-

thin liquid layers at the imaging area. The ideal case is shown in figure 4b, which 

requires applying an ultra-small volume of liquid on the chip and the controlling 

humidity of the chamber. In the ideal case, the loading of the liquid and assembly 

of the holder should be done in a highly humidified environment, preventing the 

liquid from evaporating. After the assembly, a gas (air, Ar, N2, depending on the 

sample requirements) with 100% humidity should flow into the chamber so that the 

liquid layer between the chips will not evaporate. Afterward, during the observation, 

gas with lower humidity, for instance, 95%, is flowing into the system. The liquid 

between the chips can evaporate and may not cover the chip as shown in figure 

4b. However, the high Laplace pressure at lower humidity (~70 atm at 95%) may 

lead to a negative bulging at the center of the window. This could provide us with a 

larger and thinner area for high-resolution imaging.  

 Conclusion  
In this paper we demonstrated a quick method to evaluate the thickness of the 

liquid layers used for in situ LP (S)TEM experiments. The method can be applied to 

a large variety of TEM equipment and experiments as it only requires two bright-

field TEM images to be acquired before any experiment. Unlike using EELS, for 

which a high electron dose is required, our method relies on two low magnification 

images acquired at very low electron flux and dose. Thus, electron beam effects on 

the liquid inside the cell can be neglected and the influence of mapping 

confinement on the in situ observation is minimized. Knowing the liquid layer 

thickness suitable experimental areas can be defined including estimates for 

achievable resolution.16,24,25  This “on-the-fly” measurement of the liquid layer 



Chapter 3 

68 
 

thickness for each experiment opens the way to precisely control LP-TEM 

experiments. Moreover, through changing the liquid flow pressure at the outlet 

side, it is possible to control the confinement and the chemical diffusion, again 

making it possible to achieve a better control for the LP-TEM experiments. Finally, 

we propose that using a static cell with a small amount of water extra thin 

confinements can be generated for high-resolution imaging in liquids. 

 Supporting information 
3.4.1 SI1 Matlab codes 
The data analysis was implemented by in-house scripts programmed in Matlab 

(Mathworks). The analysis includes 2 parts: (1) Alignment of the window (2) 

Thickness calculation 

(1) Alignment of the window 

An example of a low magnification image of the window is shown in figure S2. The 

window is rotated and there are ‘dark’ regions around the window. To align and 

isolate the window area, an in-house Matlab code was developed. Initially, the low 

magnification image is read and displayed. By clicking the four corners of the 

window, the window area is aligned and isolated.  

(2) Calculation of the thickness  

To calculate the thickness of the water layer, parameters including the electron 

dose (average intensity of the flat field image), SiN thickness, elastic mean free 

path (EMFP) of liquid and SiN (this parameter varies at a different voltage) need to 

be provided. Then the thickness of the water layer is calculated using the method 

shown in SI2 pixel by pixel.   

3.4.2 SI2 Thickness calculation 
The Beer-Lambert law is written down in equation 1 as 26,27 

𝐼𝐼t
𝐼𝐼0� = exp (− 𝑡𝑡

Λ
) (1) 
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where t is the thickness of the sample and Λ is the material total EMFP, which is 

calculated from the elastic electron scattering cross sections of different 

components using the well-established methods.17,18,26,27 To map the thickness of 

the water layer in the imaging area, the amount of electrons that is scattered by 

SiN and water needs to be known. To calculate the electrons scattered by the SiN 

window, the SiN window is simplified as a beam fixed on both ends. The load on 

the beam is homogeneous, as a result of the pressure difference between the 

inside of the liquid cell (~1 atm) and the surrounding vacuum of the TEM column 

(~0 atm). Due to the bulging (bending of the SiN “beam”), the effective electron 

path through the SiN is not constant, resulting in differences of electron scattering 

of SiN window from the edge to the center (figure S1). At the edge of the window, 

the electron path of SiN is larger than the thickness of the window, resulting in 

more electron scattering at the edge than in the flat part of the window. While in the 

center, the electron path is close to the thickness of the window, as the window is 

almost flat in the center. Therefore, for the water layer in the center of the viewing 

area, electrons transmitted through the objects (double layer SiN and water) 

contribute to the signal collected by the CCD camera, resulting in the signal 

electrons: 

𝐼𝐼signal = 𝐼𝐼0𝑒𝑒
−(𝑡𝑡water

Λwater
+
2∗𝑡𝑡SiN
ΛSiN

)
   (1) 

where I0 is the electron flux calculated from flat field image, tSiN is the thickness of 

SiN window (50 nm in our case) and ΛSiN is the EMFP of SiN window (112 nm for 

200 kV acceleration voltage). Therefore, the thickness of the water layer can be 

calculated as 

𝑡𝑡water =  −Λwater ∗ (ln
𝐼𝐼signal
𝐼𝐼0

− 2∗𝑡𝑡SiN
ΛSiN

)  (2) 

By averaging over 50 · 50 pixels in the center of the window, it can be calculated 

using equation 2 that the thickness of the liquid layer in the center is 2.2 µm, which 

is small compared with the length of the window (30 µm). Based on this calculation, 

the longest electron pathway at the corner of the window is 50.2 nm. Therefore the 
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electron path change due to the bulging can be neglected. Thus the water layer 

thickness of the whole imaging area can be approximated using equation 2.  

 

Figure S1 Schematic view of the electron pathway through a bulged SiN window. Simplified 

window profile. The red square indicates the zoom in of the relationship between electron 

pathway and the thickness of the SiN membrane at the corners of the viewing area, at the 

center of the window and at another bulging area of the window.  
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Figure S2 Window overview of the filled window (left) and the intensity profile from white 

rectangular (right). 

3.4.3 SI3 SciTEM system 
With the help of the SciTEM liquid dispensing system, it is possible to dispense 

ultra-low volumes of liquids onto different parts of a TEM support (down to 300 pL 

droplets). As shown in Figure S3, 25.2 nL of water is applied in total to the bottom 

chip of the cell using the SciTEM system. More specifically, 18 nL water is applied 

on the SiN window in the center, and another 7.2 nL water is applied at the corner 

of the chip (figure 2a, 2b) to make sure that the water could fully wet the chip after 

assembly. 

 

Figure S3 Overview of the liquid droplets applied by the sciTEM system. a. drop distribution 

on the chip: the square droplet in the center contains 3.6 nL water while the square droplet 
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at other positions contains 1.8 nL water; b. overview of the bottom chip after the liquid was 

applied. 

3.4.4 SI4 Laplace Pressure 
Table S1 Laplace pressure at different RH 

RH P(Laplace)/atm 

0.999 1.35 

0.99 13.59 

0.95 69.40 
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4 Growth kinetics of cobalt 
carbonate nanoparticles 
revealed by liquid phase 
STEM 

Liquid-phase (scanning) transmission electron microscopy LP(S)TEM allows direct 

in-situ observation of the nucleation and growth of nanoparticles in solution and 

holds great promise as a powerful tool to study nanoparticle growth kinetics. 

However, controlling the electron dose and understanding its effect during in-situ 

observation is of paramount importance because the interaction of the electron 

beam with the solution may cause morphological, chemical and structural changes 

to the observed nanoparticles during their development. In this work, we directly 

observe the nucleation and growth of cobalt carbonate nanoparticles using 

simultaneous acquisition of bright-field and annular dark-field LPSTEM to visualize 

the 3D growth kinetics. By systematically changing the electron flux we 

demonstrate that the growth kinetics of the nanoparticles are linearly related to 

electron flux, where extrapolation to zero electron flux provides unique information 

on the unaltered growth dynamics of these particles. By adjusting the initial 

concentration of the reacting components we demonstrate that the growth rate 

dependence on electron flux is due to a local pH increase caused by the electron 

beam. We anticipate that direct imaging of nucleation and growth demonstrated 

here can provide unique insights into cobalt carbonate formation and the role that it 

plays as the precursor for Co nanoparticles used in catalysis, e.g. in the Fischer-

Tropsch process. 

The results in this chapter will be submitted as: Hao Su, B. L. Mehdi, J. P. 

Patterson, N. A. J. M. Sommerdijik and N. D. Browing, H. Friedrich. Growth kinetics 

of cobalt carbonate nanoparticles revealed by liquid phase STEM. 



Chapter 4 

76 
 

 Introduction 
Cobalt carbonate (CoCO3) nanoparticles are an important intermediary precursor in 

the synthesis of Co nanoparticles that are used in catalysis, e.g. in the Fischer-

Tropsch process.1-3 The size and morphology of the formed CoCO3 have a high 

impact on the final morphology and, hence, the catalytic performance of the final 

Co nanoparticles.2,4 Understanding the growth kinetics of CoCO3 nanoparticles will 

help us to optimize the morphology and performance of the final Co catalyst, such 

as catalytic activity and long-chain hydrocarbon selectivity. 

Liquid-phase (scanning) electron microscopy LP(S)TEM provides unique 

advantages for analysis of nanomaterials, by allowing direct observation of the 

dynamics of nanoparticle nucleation and growth in solution.5 The method has been 

applied for the observation of nucleation and growth of nanostructures in different 

solvents,6 and holds great promise as a powerful tool to study nanoparticles growth 

kinetics in situ. However, controlling the electron dose and flux during dynamic 

observation is of paramount importance because of the electron beam with the 

solution may cause morphological, chemical and structural changes of 

nanoparticles during their development.7-11 While controlling the electron dose and 

electron flux is not trivial, when it is calibrated correctly, we can quantify and 

eliminate electron beam effects to infer the growth dynamics of nanoparticles in 

their native state.12  

In this work, we directly observe the dynamics of the nucleation and growth of 

cobalt carbonate nanoparticles in LPSTEM. By acquiring bright field and annular 

dark field STEM images simultaneously we are able to visualize the 3D growth 

kinetics of the nanoparticles.13 By systematically changing the electron flux we 

demonstrate that the growth rate of the nanoparticles is linearly related to the 

electron flux; with extrapolation to zero electron flux providing unique artifact free 

information on the growth dynamics of these particles. By performing reactions at 

different concentrations of Co2+ and CO32- at a predetermined electron flux, we 

reveal that a local pH increase is the underlying driving force behind electron beam 

effects on particle growth.  
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 Results and discussions 
LPSTEM showed that aggregated nanoparticles were present from the beginning 

of the observations, approximately 15 min after mixing of the reagents during the 

assembly of the cell (Figure 1). The complete absence of nanoparticle motion 

throughout the viewing area suggests that they are adhered to the SiN window 

which is beneficial for quantitative analysis. Combined ex-situ electron energy loss 

spectra (EELS) and electron diffraction of the dry particles after the experiment 

confirmed that they consisted of amorphous CoCO3 (Figure 2, Figure S1). 

As seen in Figure 1 the amorphous CoCO3 nanoparticles grew in size from ~50 nm 

(Figure S1b) to 100-300 nm depending on the electron flux used. Faster growth 

rates were observed at higher electron fluxes, suggesting that electron beam 

effects increased the supersaturation of the solution. The appearance of new 

particles was only observed at electron fluxes above 15.6 e-/nm2/s. These newly 

appearing particles can either be attributed to the nucleation of new CoCO3 

nanoparticles or to the growth of particles present at the beginning of the 

observation that were below the detection limit. In our experiments the detection 

limit is estimated following Ref14 to be 40 nm for CoCO3 nanoparticles in a 500 nm 

water layer imaged with an electron flux of 30 e- /nm2/s. 

Post analysis of the image series showed that alongside the nanoparticles there 

was also a thin film of mineral deposited on the chip surface homogeneously 

throughout the STEM observation area (Figure 2). The thickness of this thin film 

increased when using higher electron flux (SI post analysis Figure S2, from 2-3 nm 

at total dose 1560 e-/nm2 (7.8 e-/nm2/s electron flux and to 8-9 nm at total dose 

6000 e-/nm2 (electron flux 30 e-/nm2/s). EDX showed that those thin films have the 

same composition as the particles, revealing that the thin film was also composed 

of amorphous CoCO3 (Figure 2a, electron diffraction, SI post analysis Figure S2). 
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Figure 1 Bright field STEM images from four different CoCO3 growth experiments, where 

the images in columns 1−4 were taken at 0 min, 7 min, 14 min, and 21 min after inserting 

the holder in TEM. Rows a-d were the growth experiments at electron flux of 7.8 e-/nm2/s, 

9.6 e-/nm2/s, 15.6 e-/nm2/s and 30 e-/nm2/s. The red circle indicate newly observed particles. 
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Figure 2. Post analysis of the formed nanostructures. a. Bright field TEM image at the edge 

of the illumination area. It can be seen clearly that a thin film of material was deposited in the 

imaging area. Scale bar is 100 nm. b. Electron diffraction of the formed nanoparticles in a. 

Only amorphous material was formed. Scale bar 2 1/nm. c-e EELS analysis reveals the 

composition of the particles. The peak at 782 eV matches the L3 edge of Co2+(c) and the K 

edge of oxygen (540 eV)(d) and carbon (290 eV) (e) matches the EELS spectra of CO32.15,16 

Data on the growth kinetics of the amorphous CoCO3 nanoparticles were extracted 

from the time-lapse image series recorded from both the bright field and annular 

dark field detectors. The bright-field STEM signal (Figure 3a), which has a higher 
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signal-to-noise ratio (SNR), was used for image thresholding (SI image analysis) to 

produce an accurate time-dependent mask (Figure 3b, 3c) of the nanoparticles, 

while the annular dark-field (ADF) intensity, which is proportional to the thickness of 

the particles, was used to monitor their thickness development as function of time 

and electron flux. The summed intensities in the masked area of the ADF STEM 

images was used to derive the CoCO3 volume development. 

We derived the volume ratio development (Vt/V0) for different electron fluxes 

(Figure 3f) and show that the CoCO3 nanoparticle volume grows linearly with time, 

indicating that a constant amount of material is deposited on the particles and that 

the Co2+ and CO32- ions were not depleted during the observation period. The 

observed growth dynamics of the nanoparticles cannot be attributed to the 

confinement of the liquid cell as this should lead to inhibition of growth as 

previously reported for CaCO3.17 Therefore, we attribute the linear volume growth 

to a change in the chemical environment caused by the local illumination during 

STEM imaging. Hence, a certain number of electrons lead to a certain amount of 

material being deposited on the particles during each scan. In line with this, the 

volume growth rate increases linearly with the increase of the electron flux (Figure 

3g). Furthermore, in STEM mode the sample is only illuminated in a limited area 

(from 3 µm ×3 µm to 8.5 µm × 8.5 µm in these experiments), which is much smaller 

than the total area of the SiN chip (2000 µm × 2200 µm). The fact that only a small 

area is imaged prevents depletion of Co2+ and CO32- ions during observation.  

To further demonstrate how the electron beam influences the growth kinetics of the 

nanoparticles, we analyzed the nanoparticle growth in the vicinity of the imaging 

area (Figure 4). It can be seen from Figure 4a and Figure 4b that the size of 

particles surrounding the imaging area also increases after imaging. Performing the 

same volume analysis from particles at different distances from the imaging area 

(Figure 4c) demonstrated that the volume growth rate decreases with an increase 

of the distance from the imaging area (Figure 4d). When particles are 3 µm or more 

away from the imaging area, the growth rate is comparable with the growth rate 

extrapolated to zero electron flux (Figure 4f). It has been reported that most of the 

species which are generated by the e-beam-water interaction cannot diffuse further 
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than 2 ~ 3 µm7, thus the growth of the nanoparticles 3 µm away from the imaging 

area is indeed not influenced by the e-beam. Therefore, it can be concluded that 

the extrapolation of the growth rate to zero electron flux shows the actual growth 

rate, unaffected by the electron beam.  
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Figure 3. Analysis of image series and volume development of the nanoparticles. a. Bright 

field STEM image of CoCO3 at electron flux of 7.8 e/nm2/s at t = 0 min. The red rectangle 

indicates the cropped area from which the data is shown in d. b,c. Binary image mask derived 

by thresholding a. The particles mask (b) or the background mask (c) are with intensity ‘1’ in 

bright regions. d. 3D intensity plot of the particles from c, indicating the nanoparticles volume 

development in time. e. Volume development at different electron flux. f. Linear fit of volume 

ratio growth rate at different electron flux. 
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To understand how the interaction of the solution with the electron beam increases 

the supersaturation, a control experiment was performed with the cell only filled 

with 120 mM Co (NO3)2 solution and illuminated in TEM mode (a previous study 

has shown that chemical processes resulting from solution-e-beam interactions are 

independent of the imaging mode).7 In this control experiment we observed the 

formation and growth of nanoparticles (see SI control experiment Figure S4) for 

which post-experiment EDX showed that they contained Co and O, indicating that 

they consisted of CoO or Co(OH)2. According to the Pourbaix diagram of the Co-

water system, CoO and Co(OH)2  only precipitate at a pH higher than 9.18 This 

implies that the pH of the solution increased under electron radiation when Co2+ 

ions are present and that the electrons promoted growth due to a local increase of 

the pH in the illumination area. This is similar to what was reported for solutions 

containing Ce4+ ions where the pH of the solution also increased due to 

interactions with the electron beam.19 It is important to note that this contrasts the 

situation in pure water where, amongst the formation of many radiolysis products, 

the formation of H3O+ is dominant, and a drop in the local pH of the solution is 

predicated upon electron irradiation.7 
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Figure 4 Bright-field (left column) and annular dark-field (right column) STEM images of the 

sample before (a) and after the reaction (b). The red square indicates the in-situ imaging 

area. Particles in the surrounding area also grew larger due to the diffusion of CO32- ions 

generated by the electron dose by reaction casicade. Five aggregates of particles were 

chosen for analysis (c) and their volume increase is shown in d. The red line in d represents 

the extrapolated volume ratio growth rate. 



Growth kinetics of cobalt carbonate nanoparticles revealed by liquid phase STEM 

85 
 

 

 

Figure 5 Volume ratio increase at different reactant concentrations. The electron flux was set 

to 30 e-/nm2/s unless indicated otherwise. a. CO32- kept at 60 mM and varying the Co2+ 

concentration. b. Co2+ kept at 60 mM and varying the CO32- concentration. c. Volume ratio 

increase at the different CO32-/Co2+ molar ratios. d. Volume ratio increase at the different CO32-

/Co ratios and for varying electron flux.  

For the full reaction, in parallel with reducing the solubility of the cobalt ions, the 

locally increased pH in the CoCO3 growth experiments will drive the conversion of 

HCO32- ions into CO32. The increased CO32- concentration leads to a higher 

supersaturation, in turn, driving the precipitation of amorphous CoCO3.  
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The above findings are further supported by experiments performed at a constant 

electron flux (30 e- /nm2/s) but with different initial reactant concentrations. These 

experiments showed that with an increasing Co2+ concentration, the volume growth 

rate of CoCO3 decreased (Figure 5a). In contrast, when the CO32- was increased 

from 15mM to 30 mM, the volume ratio development was nearly unchanged, while 

upon increasing the initial CO32- concentration to 60 mM a significant increase in 

the volume development was observed (Figure 5b). Significantly, further analysis of 

these data revealed that the volume ratio growth rate was only dependent on the 

initial [CO32-]/[Co] ratio in solution (Figure 5c). While the growth rate is invariant at 

molar ratios of [CO32-]  /[Co2+] < 1 (Figure 5c), the volume growth rate increased 

with the [CO32-]/[Co] ratio for values of [CO32-]/[Co2-] ≥ 1.  

Here it is important to consider the pH dependence of the speciation in the 

carbonic acid / bicarbonate / carbonate system.20,21 As significant concentrations of 

CO32- are only present above pH = 8.3, the formation of CoCO3 can only occur 

above this critical value. Ex situ experiments (SI Figure S5) show that the higher 

[CO32-]/[Co2+] values are associated with a higher starting pH, relating also the 

observed higher volume ratio growth rate to a higher starting pH value. For the 

concentration control experiments, the electron flux was set at the same value (30 

e-/nm2/s). Thus, the solution with a higher starting pH should also end up with a 

locally higher equilibrium pH after electron radiation, creating locally a higher CO32- 

concentration and volume growth rate. 

To summarize, the volume growth rates at different [CO32-]/[Co2+] ratios and 

electron flux are plotted in Figure 5d. This shows that when reducing the electron 

flux by 50%, the volume ratio growth rate at [CO32-]/[Co2+] =1:1 is equivalent to the 

volume ratio growth rate at [CO32-]/[Co2+] =1:2 or [CO32-]/[Co2+] = 1:4, meaning that 

we can simulate the reaction kinetics at different reactant concentrations, namely 

pH, by adjusting the electron flux. 

Linear volume growth of CoCO3 was observed for different electron fluxes and at 

different concentrations of reactants, similar as reported for beam-reduced metallic 

particle growth.22,23 This indicates that the growth of the particles is not driven by 
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the attachment or detachment of ions in a supersaturated solution, where the 

diameter of the particles should increase linearly with time 24. In contrast, we 

observe a volume growth rate that increases linearly with the increase of the 

electron flux (Figure 3e, 3f), indicating that the volume growth rate increases 

linearly with the supersaturation. 

 

 

Figure 6 cryoTEM image of the Co(NO3)2 and (NH4)2CO3 solution mixture after 

centrifugation. Red circle indicates the typical ~10 nm nanoparticles in solution. Red squares 

highlight the region of the ~10 nm particles merging. 

Classical nucleation theory predicts that the nucleation rate (number of formed 

nuclei/volume/time) is proportional to the supersaturation of the solution24,25. This 

implies that the volume of the first solid objects formed – we will call them primary 

particles - should be proportional to the supersaturation. Accordingly, we propose 

that the growth of the CoCO3 in the liquid cell is driven by the aggregation of these 

primary particles of CoCO3 nuclei that individually are below the detection limit. 
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Thus, during the reaction, the consumption and generation of CO32- will lead to an 

equilibrium with the diffusion of ions from the surroundings, resulting in a constant 

supersaturation in the imaging area. Therefore, the formation rate of primary 

CoCO3 particles in the imaging area is constant, leading to a constant volume of 

CoCO3 being deposited in time and thus leading to the observed linear volume 

growth.  

The proposed mechanism is supported by dynamic light scattering (DLS) and 

cryoTEM analysis of the reaction solution after centrifugation. CryoTEM reveals 

that there are ~10 nm nanoparticles present in solution. CryoTEM also shows that 

some of those particles were merging to form larger structures, revealing that the 

growth of CoCO3 is through nucleation-aggregation (Figure 6), as was also 

proposed for the formation of CaCO3. 26,27In addition, DLS indicated the existence 

of objects with an average diameter of 15 nm (Figure S6), which were growing 

larger during the DLS experiments, further supporting the above mechanism. 
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Figure 7. Proposed reaction mechanism before (a) and after electron illumination. The 

electron beam generates OH- ions and therefore locally increase the pH. Subsequently, the 

HCO3- ions are converted to CO32- ions, increasing locally the supersaturation. Thus, more 

CoCO3 nuclei are formed and aggregate on either the SiN window (thin film deposit) or the 

present CoCO3 particles. The electron beam also influences particle growth in the vicinity of 

the imaging area with particles more than 3 µm away showing an unperturbed growth rate. 

 Conclusions 
We have demonstrated that LCSTEM is able to quantify the CoCO3 nucleation and 

growth by acquiring simultaneously bright-field and annular dark-field signals, by 

careful dose control during the imaging, and by quantitative post analysis of the 

image series, to arrive at the real-time growth kinetics in solution. 
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Although the electron beam-solution interaction cannot be avoided, we can obtain 

the actual growth kinetics by measuring the volume ratio growth rate at different 

electron flux and then extrapolating the growth rate to zero electron flux. Moreover, 

we can also use the electron flux to controllably vary the supersaturation in 

solutions with different concentrations of the reaction components which provides 

interesting opportunities for future experiments.  

From our experimental observations, we conclude that the growth of amorphous 

CoCO3 is driven by an electron beam induced local pH increase to above pH = 8.5, 

which in the viewing area leads to a locally increased supersaturation. Around this 

area the concentration of different reactants is constant and forms a feedstock for 

the reaction. The supersaturation in the viewing area induces the nucleation of 

CoCO3 forming ~10 nm CoCO3 primary particles, which then deposit on the 

existing particles that were formed upon mixing of the precursor solutions (Figure 

7). 

 Materials and Methods  
In-situ imaging was performed using the Denssolutions Ocean type in-situ holder 

which holds two 2.2 ×2.0 ×0.2 mm SiN/Si microchips with a liquid layer of 400-1000 

nm in between. The microchips consist of Si supports with a 200 × 18 µm window 

made from a 50 nm amorphous SixNy membrane. The two chips are assembled 

orthogonally forming a viewing area of 18 µm × 18 µm. To minimize the thickness 

of the liquid layer, no additional spacers were used. The chips were plasma 

cleaned (Fischine Model 1020 plasma cleaner) for 1 min with a 50:50 (v/v) Ar/O2 

plasma at a pressure of 150 mTorr. In all experiments milliQ water was used as the 

solvent. Growth of the CoCO3 nanoparticles as initiated by mixing a drop of 

aqueous (NH4)2CO3 solution (500 nL) and a drop of Co(NO3)2 solution (500 nL) to 

the bottom chip.  

TEM observations were performed on a monochromated and probe corrected FEI 

Titan which was operated in STEM mode at 300 kV with simultaneous use of the 

bright-field and the annular dark-field STEM detectors. The electron flux was first 

calibrated based on previous published procedures 28 and imaging performed at a 
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set of predetermined values (between 7.8 e-/nm2/s to 30 e-/nm2/s). For control 

experiments without (NH4)2CO3 solution being present, an FEI Tecnai TEM was 

used, operated at 200kV in TEM mode. The 120 mM Co2+ solution was illuminated 

at electron flux of 50 e-/nm2/s. 

Image analysis is discussed in detail in SI image analysis.  

After the reaction (20 min-25 min in TEM column), the two SiN/Si chips were taken 

out from the in situ TEM holder and washed with milliQ water. They were 

subsequently studied individually in conventional TEM and SEM by electron energy 

loss spectroscopy (EELS), electron diffraction, and energy-dispersive X-ray 

spectroscopy (EDX).  

 Supporting information 

4.5.1 Ex-situ synthesis 

 

Figure S1.a. Nanoparticles in dry state. The particles were synthesized by mixing 150 nl 

120 mM (NH4)2CO3 solution with 150 nl 120 mM Co(NO3)2. Electron diffraction indicates that 

the particles are amorphous. b. magnified figure of the red square in a. Red circles indicate 

the particles at the edges of the aggregates which have a radius of 50 nm. 
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4.5.2 Post analysis 

 

Figure S2 EDX analysis of the reaction at higher electron flux (60 e-/nm2/s). The deposition 

layer is much thicker than those at the lower electron flux. The particles region and the 

deposition layer have similar chemical composition (Si, N, C, O, Co). 

4.5.3 Image analysis 

 

Figure S3 Schematic view of the imaging area. Pink area represents the regions with 

nanoparticles, while grey area indicates the region without particles. 

The signal of dark-field STEM is formed by the electrons scattered by the object 

and collected by the ADF detector, resulting in the Nsignal signal: 
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𝑁𝑁signal
𝑁𝑁0

= 1 − 𝑒𝑒
−𝑇𝑇

𝜆𝜆total ≈ 𝑇𝑇
𝜆𝜆total

 𝑤𝑤ℎ𝑒𝑒𝑛𝑛 𝑟𝑟 ≪ 𝜆𝜆  

 𝜆𝜆total =  1
1
𝜆𝜆el

+ 1
𝜆𝜆inel

, 𝜆𝜆el =  𝑀𝑀w
𝜌𝜌𝑁𝑁A𝜎𝜎el

, 𝜆𝜆inel =  𝑀𝑀w
𝜌𝜌𝑁𝑁A𝜎𝜎inel

 

where T is the thickness of the sample and λtotal is the mean free path of the object. 

The total mean free path of the sample can be calculated from the elastic mean 

free path (λel) and inelastic mean free path λinel. The elastic an inelastic mean free 

path are calculated from elastic cross section σel and inelastic cross section σinel : 

𝜎𝜎el =  
ℎ2𝑍𝑍4/3

π𝑚𝑚0
2𝑐𝑐2

1

1 + (𝛽𝛽𝜃𝜃0
)2

 

𝜎𝜎inel = 𝜎𝜎el
20
𝑍𝑍  

Where h is the Plank constant, m0 is the mass of electrons, Z is the atomic number 

of the material, c is the light velocity, β is the collection angle of the annular dark-

field detector (43.86 mrad - 220 mrad), θ0 is the characteristic angle calculated 

from Bohr radius, atomic number, and electron wavelength.  

In region A, electrons need to go through 4 objects: 2 layers of SiN window, the 

water layer, the deposition, and the particles while in region B, the electrons need 

to path three objects without the nanoparticles. Therefore, the signal in region A 

and the signal in region B (figure S2) can be calculated as: 

𝑁𝑁A
𝑁𝑁0

= 1 − 𝑒𝑒−(2∗𝑇𝑇SiN𝜆𝜆SiN
+
𝑇𝑇w−𝑇𝑇d−𝑇𝑇p

𝜆𝜆w
+ 𝑇𝑇d
𝜆𝜆CoCO3

+
𝑇𝑇p

𝜆𝜆CoCO3
) 

𝑁𝑁𝐵𝐵
𝑁𝑁0

= 1 − 𝑒𝑒−(𝑇𝑇SiN𝜆𝜆SiN
+𝑇𝑇w𝜆𝜆w

+ 𝑇𝑇d
𝜆𝜆CoCO3

) 
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The thickness of the deposition of CoCO3, amorphous CoCO3 particles are 

calculated using Lambert-Beer’s law using the transmission of the electrons. The 

water layer of the imaged region is around 400 – 600 nm and the thickness of the 

SiN window is 50 nm. The mean free path and the thickness of the objects are 

listed in table 1:  

Table 1 Mean free path hand the thickness of objects (collection angle 43.86 mrad 

- 220 mrad) 

 
Water  Particle  SiN  

Mean free path (λ) 

(nm) 

3300 1260 5000 

Thickness (T) (nm) 400-600 8-12 120 

It can be seen from table 1 that all the thickness of the objects are much smaller 

than the mean free path and the thickness of amorphous CoCO3 is much smaller 

than the water layer thickness. Therefore, the signal formation equation can be 

simplified as:  

𝑁𝑁particle
𝑁𝑁0

=
𝑟𝑟SiN
𝜆𝜆SiN

+
𝑟𝑟w − 𝑟𝑟d − 𝑟𝑟p

𝜆𝜆w
+

𝑟𝑟d
𝜆𝜆CoCO3

+
𝑟𝑟p

𝜆𝜆CoCO3

≈
𝑟𝑟SiN
𝜆𝜆SiN

+
𝑟𝑟w
𝜆𝜆w

+
𝑟𝑟d

𝜆𝜆CoCO3
+

𝑟𝑟p
𝜆𝜆CoCO3

 

 

 
𝑁𝑁bkg
𝑁𝑁0

=
𝑟𝑟SiN
𝜆𝜆SiN

+
𝑟𝑟w − 𝑟𝑟d
𝜆𝜆w

+
𝑟𝑟d

𝜆𝜆CoCO3
≈
𝑟𝑟SiN
𝜆𝜆SiN

+
𝑟𝑟w
𝜆𝜆w

+
𝑟𝑟d

𝜆𝜆CoCO3
 



Growth kinetics of cobalt carbonate nanoparticles revealed by liquid phase STEM 

95 
 

To derive the signal from the CoCO3 particles, bright field image series were 

converted to binary image series using adapt threshold in MATLAB (using local fist-

order statistics). The binary image series (figure 3b) and the derived inverted binary 

image series (Figure 3c) were used as a mask to define the nanoparticles and the 

overlaying amorphous film in the ADF images, to allow for the subtraction of the 

background from the particle signal (SI image segmentation method). As the 

masked ADF image series contains both area information and the thickness 

information of the nanoparticles, plotting the integrated intensity in 3D (Figure 3e) 

visualizes the growth kinetics of the CoCO3 nanoparticles. Moreover, as the sum of 

the intensity in the masked image is proportional to the volume of the CoCO3 

nanoparticles. 

We use the binary image series which are generated from the bright field STEM 

image series as filter. There are two different kind of binary image series, one the 

particles with the intensity as 1 and the other one background with the intensity as 

1. We applied the two kinds of binary image on the ADF image series and therefore 

images with only particles intensity (Figure S3 top) and background intensity are 

filtered (Figure S3 bottom). As we already have filtered images with only the signal 

from A (Figure S3 top) and signal from B (Figure S3 from bottom), We calculate 

∑ �𝑁𝑁𝐴𝐴(𝑖𝑖,𝑗𝑗) − 𝑁𝑁𝐵𝐵�����  (𝑖𝑖,𝑗𝑗)  for each frame.  𝑁𝑁𝐵𝐵���� is the average intensity of bright area from 

B where NB ≠ 0 ,  (i,j) is the bright position in A, where NA ≠ 0. Thus, the signal from 

the particles are isolated, representing the volume growth of the nanoparticles. 
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4.5.4 Control experiment 

 

Figure S4 Control experiment with the cell filled with 60 mM Co(NO3)2 solution. TEM mode 

was applied. Electron flux was set as 50 e-/Å2/s. Particle were formed and grew under 

continues electron illumination (a). Post analysis was done using SEM (b). EDX indicates 

that the sample contains Co and O, showing that the product is Co(OH)2.  

4.5.5 Ex situ experiment 
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Figure S5 Ex situ pH experiment for the control experiment. a. 5 ml 120 mM CO32- were 

added in the beaker and stirred for around 150 seconds. Then 5 ml Co2+ with concentration 

of 30 mM to 120 mM were added into the solution. b. 5 ml CO32- solution with concentration 

of 30 mM, 60 mM and 120 mM are stirred for 150 seconds and then 5 ml 120 mM Co2+ was 

added in. The total reaction time is set at around 30 minutes. pH values at 15 min 

represents the pH of the sample that is used for STEM observation. 

The equilibrium of the Co2+-CO32+-H2O system can be calculated as 

𝐻𝐻𝑛𝑛𝑛𝑛3− + 𝑛𝑛𝐻𝐻−  ⇋ 𝑛𝑛𝑛𝑛32− +  𝐻𝐻2𝑛𝑛 

𝑛𝑛𝐶𝐶2+ + 𝑛𝑛𝑛𝑛32− ⇋ 𝑛𝑛𝐶𝐶𝑛𝑛𝑛𝑛3 

𝐻𝐻𝑛𝑛𝑛𝑛3− + 𝐻𝐻+ ⇋ 𝐻𝐻2𝑛𝑛𝑛𝑛3 
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Figure S6 DLS measurement of the centrifuged sample after mixing from 30 to 50 minutes. 

~15 nm particles were found. The broadening and shift of the peak indicates those particles 

were growing during the experiment. 
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5 Hollow CoCO3 nanoparticle 
formation revealed by liquid 
phase TEM 

 

Liquid phase transmission electron microscopy (LPTEM) has been widely used for 

real-time imaging of chemical processes taking place in liquids at the nanoscale, 

such as nanoparticles nucleation and growth. It has been frequently reported that 

the electron beam of the TEM can initiate the chemical reactions. Here, we show 

the formation and growth of hollow half spheres of CoCO3 induced by electron 

beam radiation in solutions containing Co(NO3)2 and urea. Through image analysis, 

we propose that the electron beam radiation induced the formation of gas bubbles 

at the water-window interface, containing CO2 and NH3. The gas bubble templates 

the growth of polycrystalline CoCO3, forming a hollow half-sphere structure on the 

SiN window. 

 

 

 

 

 

 

The results in this chapter will be submitted as Hao Su, Hanglong Wu, H. Friedrich 

and N. A. J. M. Sommerdijik.. Room temperature deposition precipitation process 

revealed by liquid phase TEM 
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 Introduction 
Liquid-phase (scanning) electron microscopy LP(S)TEM provides unique insight 

into the nanoscale dynamics of chemical reactions, e.g., by the real-time imaging of 

nanoparticle nucleation and growth in solution.1-3 During in situ observation, the 

electron beam induced temperature change is not significant,2,4 however, as the 

electron beam itself is an ionizing radiation, the energy transfer from the electron 

beam to solution will lead to significant changes in the solution composition. 5-7 

Urea hydrolysis deposition-precipitation (UHDP) is commonly applied to synthesize 

CoCO3, a precursor phase for Co3O4, which is widely applied as catalyst or 

electrode material. 8-11Generally, the reaction takes place at 90 °C, at which the 

urea gets hydrolyzed forming NH3 and CO2, increasing the pH and forming CO32-, 

making the CoCO3 precipitate. It has been reported that the urea can get 

hydrolyzed under gamma radiation at a total dose of ~6*105 Gy, which is much 

smaller than the radiation of LP(S)TEM even at low dose imaging conditions (dose 

rate ~107 Gy/s).12 Thus urea can also be hydrolyzed under the electron beam. 

Therefore, it is possible to design a UHDP experiment in a liquid cell holder at room 

temperature, using an electron beam to initiate the reaction. 

Here, we demonstrate the UHDP synthesis of CoCO3 at room temperature in an 

LP(S)TEM holder. Hollow half-sphere CoCO3 nanoparticles were formed at the SiN 

window. Image analysis indicates that the inner diameter of the hollow structure did 

not change in time and only the wall thickness increased during the reaction. The 

analysis of image series also demonstrates that the intensity of the core of the 

particle is comparable with the background, indicating that the hollow structure is 

filled with a gas. We proposed that the gas bubble is CO2, resulting from the fast 

hydrolysis of urea through e-beam irradiation.  
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 Results and Discussions 

 

Figure 1 Bright-field TEM images of the particle formation process at different time points. 

Scale bar 500 nm. 

Nanoparticles formation was investigated in LPTEM using a static liquid cell with a 

solution mixture of Co(NO3)2 and urea loaded inside (details are in experimental 

section). Figure 1 shows the snapshots of one of the observed structures at 

different time points. After continuous electron beam illumination for around 6 

minutes (total dose 50.4 e-/Å2), two particles appeared in the viewing area. After 12 

minutes, it could be clearly observed that the shell of the nanoparticles has a much 

higher contrast than their center. The inner diameters of the particles were 130 nm 

and 400 nm, respectively. During 60 min of observation, the shell of the structure 

continuously became thicker while the cores of the particles were not filled. 
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Figure 2 a. Particles after reaction observed in dry state. b. Selective area diffraction of the 

formed particles. c. Radial average of the diffraction pattern from b. d. Tilt series of the 

particle from -20° to 20°. Decrease of the contrast at one edge indicates that the particles 

are half spheres that adhere to the SiN window. 

Post analysis of the formed particles indicates that the particles adhere to the SiN 

window of the top chip (Figure 2a). Selected area diffraction reveals that the hollow 

particles are polycrystalline CoCO3 (Figure 2b, 2c). A tilt series (Figure 2d) of the 

particles demonstrated that the formed particles were indeed hollow half-spheres. 
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Figure 3 a. Analysis of a single particles is displayed as a cross-sectional time series. b, c 

Radial average intensity plots for the vesicles shown in a. 

To further investigate the formation process of the hollow half-sphere 

nanoparticles, the image of the tilt series were aligned with respect to each other to 

correct for drift (see experimental section). The formation of the single hollow half-

spheres is displayed as a series of central line intensity profiles vs time, from here 

onwards referred to a cross-sectional time series (Figure 3a), or a radial average 

intensity profile vs time (Figure 3b, 3c). It can be seen from the cross-sectional 

times series that the shell formed at the very early stage of reaction (Figure 3a). 

The inner diameter of the hollow particles remains at around 80 nm during the 

reaction and the particle only grew outwards. The radial averaged intensity maps 

quantify the contrast increase of the shell over time (Figure 3b, 3c). It can be seen 

that the shell, indicated by the blue color in the relative intensity scale, appeared at 

around 1 minute of reaction (Figure 3c). The thickness of the membrane was 
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increasing over time and the inner radius of the different particles was constant 

throughout the reaction.  

 

Figure 4 a. Original snapshot of the particle at 6, 18, 40 and 60 min. b. 100 frames average 

of the images of a. c. corresponding intensity profiles for the 100 frame averages. The profile 

is taken at the center of the particles with a width of 1 pixel, show as the red line in b. The 

intensity profile is plotted from right to left. d. Filtered images from a. e. Intensity profile of d. 

Scale bar 200 nm. 
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To reveal the formation mechanism of the hollow particles, the movies of the 

forming particles were studied for both short and long time domains. Individual 

frames show the dynamics of the dense part at a single time point (Figure 4a). 100 

frame averages (time period of 50 s or 100 s) show where the material gets 

precipitated during that time period (Figure 4b). It can be observed that the material 

was deposited in a hollow structure during the whole 1 hour reaction period. The 

intensity profile through the particle indicates that the background intensity was not 

homogeneous (Figure 4c). This due to the bulging of the liquid cell caused by the 

pressure difference between the TEM vacuum and the inside of the liquid cell, 

leading to an inhomogeneous thickness of the liquid layer and therefore making the 

transmission of the electrons different from the edge of the window to the center of 

the window. Thus, we applied a rolling ball algorithm (see materials and methods 

Image filtering) to the image to remove the background and background corrected 

images shown in Figure 4d. It can be observed that the intensity at the core of the 

particle is comparable with the background, indicating that the core of the particle 

has similar electron transparency as the surrounding solution.  

 

Figure 5 Electron pathway of a liquid-filled particle (left), background (middle), and gas-filled 

particle (right). 
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The electron path through a liquid-filled hollow structure and a gas-filled hollow 

structure is plotted in Figure 5. For the liquid filled hollow structure, because the 

shell also scatters electrons, the intensity at the core of the particle should be lower 

than the intensity in the surrounding solution. While for the particle filled with gas, 

the scattering of electrons at the core is significantly reduced, as the mean free 

path for gas is large and the electron scattering of gas through hundreds of 

nanometers in thickness can be neglected. In our case, the post analysis shown in 

Figure 2d indicates that there is material at the core of the particle. Meanwhile, we 

observed that the electron transparency at the core is comparable with the 

background (Figure 4e). We assume that the as-formed hollow particles can be 

considered as half-sphere. Therefore the gas layer thickness is around 80 nm 

based on the inner diameter shown in Figure 3c. From Figure 3a and Figure 3c it 

can be estimated that the thickness of the CoCO3 layer is around 15 nm. At TEM 

imaging mode without energy filter, the transmission of electron is determined by 

the material thickness to their elastic mean free path ratio (t/λ).13,14 At 200 kV 

operation voltage, the elastic mean free paths of water and CoCO3 crystal are 398 

nm and 73 nm, respectively. Hence, the t/λ for 80 nm water and 15 nm CoCO3 are 

comparable (80 nm/398 nm and 15 nm/73 nm), leading to a similar electron 

transmission. This indicates that the electron pathway in our case is close to the 

hollow structure unfilled with solution (Figure 5). Thus, it can be concluded that the 

observed hollow structure we synthesized was filled with gas. 

We propose that the gas inside the hollow structure is CO2, which is from the 

decomposed urea under electron radiation. At the electron flux we applied (14 

e/nm2/s, corresponding to 106 Gy/s), it is unlikely to generate H2/O2 gas bubbles 

based on previous research. 6,15 However, when comparing with an earlier report of 

gamma irradiation of urea solutions reported before (dose rate ~ 8.3 Gy/s),12 the 

dose rate of the electron beam is 6 orders of magnitudes higher, and will lead to a 

fast decomposition of urea and the formation of a bubble containing CO2 and NH3. 

The NH3 dissolves in the solution rapidly, increasing the pH around the bubble. At 

the same time the CO2 dissolves and forms CO32- ions, forming CoCO3 precipitates 

around the gas bubble.  



Following the formation of cobalt catalyst nanoparticles by in situ heating gas TEM 

111 
 

 

 

Figure 6. Proposed mechanism for hollow particle formation. a. Solution before the reaction, 

urea molecules are present as small aggregations connected by the hydrogen bonds.16 b. At 

the early stage of the e-beam irradiation, urea becomes aggregated. c. The urea becomes 

hydrolyzed rapidly, forming a gas bubble containing CO2 and NH3. This gas locally increases 

the pH and CO32- concentration in solution, concomitantly forming the CoCO3 precipitate at 

the gas-water interface.  
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Moreover, we observed that the formation rate and size of the hollow structures 

were not homogeneous throughout the imaging area. We attribute this to the self-

aggregation of urea in water which is reported to cause non-homogeneous 

distributions. 16-18 Urea is present in a dimerized or oligomerized form in aqueous 

solution by self-aggregation. Furthermore, under ionizing radiation (ϒ-ray), a small 

amount of long-chain oligomers can also be formed, indicating that the radiation 

could promote the aggregation of urea.12 For the formed particles, with an inner 

diameter of 160-300 nm, containing approximately 2.5 × 104 to 1.0 × 105 molecules 

of CO2, which is formed through the same number of urea molecules. Therefore, 

we propose that the electron radiation first promotes the urea aggregation in 

solution. Subsequently the aggregated urea molecules will become hydrolyzed 

immediately (in < 1 minute) under high dose ionizing radiation (with a total dose of 

6 ×107 Gy), forming gas bubbles containing a mixture of NH3 and CO2 at the 

window/water interface. The bubble increases locally the pH and CO32- 

concentration, causing the precipitation of a CoCO3 shell surrounding the gas 

bubble. The proposed mechanism is summarized in Figure 6. 

 Conclusions 
In this work, we demonstrate that hollow CoCO3 structure could be synthesized 

using electron beam induced hydrolysis of urea. Even under low dose TEM 

imaging conditions, the urea aggregates and becomes hydrolyzed in 1 minute, 

forming a gas bubble containing NH3 and CO2. The gas bubble acts as a template 

for CoCO3 precipitation, forming a hollow structure that adheres to the SiN window 

of the top-chip. These effects should be considered when designing LP(S)TEM 

experiments aiming to observe mineral formation processes.  

 Experimental 
Sample preparation: the Co(NO3)2 - urea solution was prepared using the methods 

reported before. 19 4.35 g Co(NO3)2•6H2O (Aldrich, p.a.) and 2.7 g urea (Aldrich, 

99%) was dissolved in 250 ml of milliQ water.  
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Loading a sample in the liquid cell TEM holder: In-situ imaging was performed 

using the Denssolutions Ocean type in-situ holder which holds two 2.2 ×2.0 ×0.2 

mm SiN/Si microchips with a liquid layer of 400-1000 nm in between. The 

microchips consist of Si supports with a 200 × 18 µm window made from 50 nm 

amorphous SixNy membrane. The microchips were O2 plasma cleaned prior to 

loading. 500 nL of the prepared solution was placed at the bottom chip. The liquid 

cell was then closed by placing the second chip on the top.  

Electron microscopy: TEM imaging was performed on an FEI Technai 20 (type 

Sphera) operated at 200 kV equipped with a LaB6 filament and a 1k × 1k Gatan 

CCD camera. The images of 512 × 512 pixels were captured using the TIA image 

series acquirement function. The first 1000 frames were captured at an integration 

time of 500 ms and the rest 3000 frames were captured at an integration time of 

1s. Electron flux was at 14 e-/nm2/s. The data analysis of selective area electron 

diffraction was performed using an in-house Matlab script described in the 

reference 20.  

Image series analysis: The data analysis was implemented by in-house scripts 

programmed in Matlab (Mathworks). The analysis includes 4 parts: (1) alignment of 

the image stacks; (2) Relative intensity calculation (3) Cross-sectional time series; 

(4) Radial averaged intensity maps; 

Alignment of the image stack 

During the observation significant sample drift occurred, making it difficult for direct 

analysis. The drift/shift between frames was estimated using the normalized cross-

correlation as implemented in the Diplib library (http://www.diplib.org/.). Particles 

with the highest contrast were used as a reference to calculate the shift of each 

frame, then the shift data were applied to regions of interests (ROI) for each frame, 

respectively, after which all particles in that area were stabilized, aligned to the 

defined center. To obtain more information, we also cropped and stabilized the 

areas only containing single particles to perform individual particle analysis.  

 

http://www.diplib.org/
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Relative intensity calculation 

The relative intensity was employed in displaying all the images in cross-sectional 

time series and radially averaged intensity maps. For the single frame 𝑖𝑖 in the 

aligned stack, 

𝑟𝑟𝑒𝑒𝑅𝑅𝑅𝑅𝑡𝑡𝑖𝑖𝑅𝑅𝑒𝑒 𝑖𝑖𝑛𝑛𝑡𝑡𝑒𝑒𝑛𝑛𝑖𝑖𝑖𝑖𝑡𝑡𝑖𝑖𝑖𝑖 =  
𝐼𝐼original_i

𝐼𝐼mean_background_i
 

I𝑚𝑚𝑒𝑒𝑅𝑅𝑛𝑛_𝑏𝑏𝑅𝑅𝑐𝑐𝑘𝑘𝑔𝑔𝑟𝑟𝐶𝐶𝑢𝑢𝑛𝑛𝑑𝑑_𝑖𝑖: the mean intensity of the background area beside the particle in the 

frame i; I𝐶𝐶𝑟𝑟𝑖𝑖𝑔𝑔𝑖𝑖𝑛𝑛𝑅𝑅𝑅𝑅_𝑖𝑖: the original intensity of the aligned image only containing the 

single particle in the frame 𝑖𝑖. 

Cross-sectional time series 

The cross-sectional series was obtained using an in-house Matlab script using the 

image series with relative intensity. 1-pixel-width slices in the center of the stack 

were cropped for each frame and the cross-sectional slice at each time point was 

displayed together, forming the two-dimensional time series. 

Radially averaged intensity maps; 

Radially averaged intensity map of each vesicle was made by MATLAB scripts. 

Each frame of the aligned image series movie of the single particle was resized by 

a factor of 7 to decrease the pixel size. The image stack was transformed from the 

cartesian coordinates to polar images. For every frame, we sorted the pixels into 

the new coordinate system (made by radius bins and angular bins). Each ‘pixel’ in 

the new coordinate system can have more than one old pixel, consequently, the 

new pixel intensity was averaged over the old pixels. To show the overall intensity 

(pixel value) evolution of all the frames in one map, the intensity of each frame was 

averaged by angular bins to make an intensity line profile. These line profiles are 

displayed in a time series to make the radial averaged intensity map using ‘jet’ 

color map in MATLAB. 

Image filtering: The image filtering was done using Fiji software (https://fiji.sc/) 

using the function background subtraction using the Rolling Ball algorithm. The 

https://fiji.sc/
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‘Light Background’ option which allows the processing of images with bright 

background and dark objects is selected. The rolling ball radius is set as 100 

pixels.  
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6 Following the formation of 
cobalt catalyst nanoparticles 
by in situ heating gas TEM 

Understanding the formation process of metallic cobalt nanoparticles during drying 

calcination and reduction is important for the design of catalyst for Fischer-Tropsch 

synthesis. Experiments have been performed to understand the valence change of 

Co during the reduction by H2. However, the prior work was performed in 

environmental transmission electron microscopy, in which the H2 gas pressure is 

far from the actual experiment (50 -200 mbar). Here we conducted the reduction 

process in a heating gas TEM holder, which allows the gas pressure to be 1 bar. 

We show that amorphous CoCO3 nanoparticles consisting of granular nanoclusters 

crystallized at 120 °C in air and subsequently decomposed and oxidized at 300 °C, 

forming Co3O4 consisting the same size of the clusters. The size of the reduced Co 

nanoparticles was comparable with the size of Co3O4 at 300 °C but get coarsened 

at 600 °C. Our observation provides microscopic inside of the Co nanoparticles 

formation during calcination and reduction steps and is promising for controlling the 

Co nanoparticle size distribution in the future. 

 

 

 

This chapter will be submitted as Hao Su, Qiang Xu, H. Friedrich and N. A. J. M. 

Sommerdijik. Revealing the morphology, structure and valence state development 

of cobalt catalyst nanoparticles during FT synthesis by in situ heating gas TEM. 
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 Introduction  
Metallic cobalt (Co) nanoparticles are important catalysts for Fischer-Tropsch (FT) 

synthesis.1-3 Generally, Co nanoparticles are synthesized through calcination and 

reduction of intermediary precursor phases, such as CoCO3 /Co(OH)2, 4,5 and the 

calcination conditions of the precursor has a high impact on the catalytic activity 

and long-chain hydrocarbon selectivity.6-9 Previous research shows that the 

metallic Co catalyst can be activated through high temperature (HT) calcination of 

a precursor phase (CoCO3, Co(OH)2 or Co(NO3)2, and forming Co3O4 followed by 

reduction to get to high intrinsic activities. The size and the structure of the reduced 

metallic Co also play an important role in the catalytic activity and long-chain 

hydrocarbon selectivity. It has been reported that extremely small Co nanoparticles 

are not as active as expected for their high surface area and that Co nanoparticles 

with a size of 5-6 nm have the highest activity and best long chain hydrocarbon 

selectivity. When considering the crystallographic structure, hcp-cobalt is more 

catalytically active than fcc-Co. Nevertheless, how the calcination and reduction 

influence the size and structure of the metallic Co is still unclear. Therefore, 

understanding the formation process of Co nanoparticles could help us to optimize 

the reduction conditions and therefore synthesize Co nanoparticles with optimized 

size and structure. 

In situ (scanning) transmission electron microscopy ((S)TEM) using a heating gas 

holder provides unique advantages for analysis of nanostructures, by allowing 

direct observation of the morphological, chemical and structural changes of a 

nanomaterial under different gas environments over a wide range of pressures and  

temperatures.10 This method has been applied for studying the surface faceting, 

structural reconstruction and shape changes of metallic nanoparticles. 11,12 The 

structure, and valence of the metallic nanoparticles are accessible using electron 

diffraction and electron energy loss spectroscopy (EELS). The capabilities for real-

time imaging and material analysis make in situ heating gas (S)TEM an ideal tool 

to understand the formation process of Co catalyst particles during calcination and 

reduction steps.  
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In this work, we study the formation of metallic cobalt nanoparticles from 

amorphous CoCO3, a conventional precursor in industrial FT processes. The 

amorphous CoCO3 consists of aggregates of granular nanoclusters. Pure hcp-Co 

particles were formed through reduction by HT calcination of Co3O4.  

 Results and Discussion 

 

Figure 1 a.CryoTEM image of the precursor nanoparticles. Black arrow points the individual 

nano clusters which have a diameter of ~3 nm. Electron diffraction (top left) shows that the 

particles have no crystallinity. b, c, d EELS of Co, O, and C taken with a dispersion of 0.1 

eV/channel after power-law background subtraction.  
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Analysis of the Co nanoparticle precursor phase 

Figure 1a shows a cryoTEM image of aggregated CoCO3 nanoparticles, which act 

as aprecursor phase for the metallic Co catalyst. The morphology of the 

nanoparticles is similar tothose reported for calcium carbonate, 13 which are 

assemblies of granular nanoclusters which do not show any sign of crystallinity in 

electron diffraction (inset of Figure 1a). EELS results indicate that the particles 

contain Co (Figure 1b), O (Figure 1c) and C (Figure 1d),  while the L3/L2 ratio of Co 

in those nanoparticles is 4.6 (for detailed data analysis, see experimental EELS 

data analysis and figure 2), indicating that they contain Co2+.14,15 The C-K edge 

shows two peaks at 289 eV and 299 eV which are assigned to the C=O (1s →π*) 

and C-O (1s→σ*) of the carbonate group, respectively.16 Based on this elemental, 

structural and valence information, we confirmed that the precursor phase is 

amorphous CoCO3.  
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Figure 2 Example of peak integration. The region filled with parallel lines represents the 

energy window selected. An area filled with downward diagonal represent the subtracted L2 

peak, while the region filled with the dashed line represents the subtracted L3 peak. 

Metallic Co nanoparticle formation 

The synthesis of the Co nanoparticles followed the same steps as carried out for 

catalyst synthesis at lab scale.4,7,17 This synthesis is conventionally carried out in 

three steps: 1) drying of the precursor phase; 2) calcination of the precursor phase 

to cobalt oxide and 3) reduction of the oxide to metallic cobalt.  
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Figure 3 a. Programmed heating at 3 different steps. b-d. ADF image of the morphology of 

the particles: drying in air at 120 °C (b), calcination in air at 300 °C (c) and reduction in H2 at 

300 °C. Black arrows in (a) points where the images in b (1), c (2),d (3) are acquired. White 

arrows point out the 10 nm sized thinner areas present in both calcined Co3O4 and reduced 

hcp-Co.(d). EELS spectra of Cobalt (e), Oxygen (f), and Carbon (g). Black lines represent 

the result after drying, red lines represent the result after calcination and blue lines represent 

the result after reduction. Scale bar of b-d is 50 nm. 

During drying the amorphous CoCO3 nanoparticles were heated to 120 °C in 1 bar 

air environment for around 30 minutes (figure 3a). The morphology of the particles 

did not change significantly (figure 3b). However, poly-crystalline electron 

diffraction patterns developed for the particles after drying, matching with the 

structure of CoCO3 (figure 3b inset, for detailed electron diffraction analysis see 
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figure 4). Also, the C=O (1s →π*) and C-O (1s→σ*) EELS peaks were still present 

(figure 3g black line), and the Co L3/L2 ratio (4.13) indicates that the valence of the 

cobalt was still 2+ (figure 3e black line). 14,15 During calcination the particles were 

heated to 300 °C in a 1 bar air environment for 20 minutes (figure 3a). We 

observed that due to the reduction in mass by thermal decomposition, the particles 

became thinner, as approximately 10 nm “pores” with a lower contrast could be 

observed within the particles (figure 3c). EELS of the particles shows that the C-K 

edge had disappeared (figure 3g red line) while the O K-edge was still present 

(figure 3f red line), indicating that the CoCO3 has decomposed completely. 

Moreover, the Co L3/L2 ratio was reduced to 2.8, characterizing the presence of 

Co3O4 (figure 3e). 14,15 In support, electron diffraction patterns of the porous 

nanoparticles recorded after calcination showed a polycrystalline diffraction pattern 

of Co3O4 (figure 3c inset, for detailed electron diffraction analysis, see figure 4).  
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Figure 4 Radial average of the diffraction pattern from figure 3b (bottom), 3c (middle), 3d 

(top). The detailed analysis method is shown in reference. 18 

During reduction, the temperature was kept at 300 °C for 30 minutes. The gas 

environment in the cell was changed to 1 bar 5% H2/N2 (v/v) at 1 bar pressure for 

the reduction of the nanoparticles. After the reduction process, the morphology of 
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the particles was not changed significantly (figure 3e). EELS indicate that no C and 

O were present in the material (figure 3f blue, figure 3g blue). The Co L3/L2 ratio 

decreased to 3.3. The EELS spectra of O and Co indicated that the cobalt was fully 

reduced (figure 3e). 14,15 Electron diffraction (figure 3c inset, for details, see figure 

4) further confirmed that the reduced nanoparticles were hcp-Co.  

 

Figure 5. In situ HR-TEM images of calcined Co3O4 at 300 °C(a), reduced hcp-Co at 

300 °C. b. and hcp-Co after annealing at 600 °C. c. Scale bar 50 nm (scale bar 5 1/nm for 

the diffraction pattern inset in c). Yellow arrows point out the particle with ~3 nm size. Both 

the particles and pores cannot be recognized after annealing at 600 °C.  

To investigate in detail the morphological changes compared to the precursor 

phase shown in figure 1a, high-resolution TEM (HR-TEM) images were recorded 

from the sample (figure 5). It can be seen that the Co3O4 aggregates are composed 

of granular nanoclusters (figure 5a), of which the morphology is quite similar to the 

amorphous CoCO3 precursor phase. Between the individual nanoclusters, there 

are areas with much lower contrast (figure 5a), which we propose to be nanometer-

sized pores or cracks, formed due to the formation of CO2 during to the 

decomposition of CoCO3. Surprisingly, even after being fully reduced to hcp-Co at 

300 °C, the morphology of the metallic Co nanoparticles is still similar to what was 

observed for the Co3O4 intermediate phase, consisting of granular nanoclusters 

and nanometer pores or cracks. Moreover, the diameter of the Co granular 

nanoclusters (figure 5b) did not decrease significantly compared with the size of 

the Co3O4 granular nanoclusters (figure 5a). When reducing the Co3O4 to metallic 

Co, there is a 26% mass loss due to the removal of oxygen. Meanwhile, the density 
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of the material increased from 6.11 kg/m3 (Co3O4) to 8.90 kg/m3 (hcp-Co). 

Therefore, the total volume of a nanoparticle reduces by 50%. Assuming 

nanoparticles being spheres for which the volume could be calculated as the 

volume of a sphere (V = 4/3 π r3), the diameter decrease should be only about 20% 

for a 50% volume decrease (i.e. 5 nm particles become 4 nm), making the 

diameter decrease from Co3O4 to Co not so obvious.  

 

Figure 6 a. High-resolution TEM image of the nanoparticles annealed at 600 °C. 5-8 nm 

crystallites were formed. b. FFT of the high-resolution image indicates that the crystalline 

structure matches hcp-Co. 

To observe the transformation of hcp-Co to fcc-Co, one of the main reasons for 

intrinsic activity loss during the industrial FT synthesis, we heated the sample from 

300 °C to 600 °C, in the 1 bar 5% H2/N2 (v/v) for 30 minutes. Upon this high-

temperature treatment, the pores or cracks between the 3-5 nm particles 

disappeared (figure 5c). Comparing with the electron diffraction pattern at 300 °C, 

the electron diffraction at 600 °C shows clear diffraction dots, indicating the growth 

of the crystallites (figure 5c inset). HR-TEM indicates that the crystallites were 

growing to 5-6 nm in size (figure 6a). FFT pattern of the HR-TEM after heating still 

matches the structure of hcp-Co (figure 6b), indicating that the hcp-Co did not 

transfer to fcc Co. It has been reported that the hcp-fcc transition of the metallic Co 

takes place at around 427 °C for bulk metallic Co.19 However, in the present 
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experiment only a coarsening of the hcp-Co was observed. Nevertheless, it has 

been shown that hcp-Co can still be stable over 427 °C 20 and the hcp-Co to fcc-Co 

transition depends on the total surface energy.21 We propose that the absence of 

hcp-Co to fcc-Co transition at 600 °C is due to the observed coarsening of the 

nanocrystals. The coarsening to the hcp-Co nanocrystals decreases the total 

surface energy, reducing the total energy and stabilizing the hcp-phase of Co.  

 

 

Figure 7. Co-formation process: the amorphous CoCO3 containing nano clusters crystallized 

during drying at 120 °C, forming polycrystalline CoCO3 with large grains. Subsequently, after 

calcination at 300 °C, porous polycrystalline Co3O4 was formed. Those porous 

polycrystalline structures template the formation of porous polycrystalline hcp-Co during 

reduction, which will be coarsened when annealing at 600 °C.  

From our results, we can derive a scheme for the metallic Co nanoparticle 

formation process, as shown in Figure 7. The amorphous CoCO3 nanoparticles are 

formed by the assembly of granular nanoclusters (shown in chapter 4). By heating 

the amorphous CoCO3 nanoparticles in air to 120 °C, crystalline CoCO3 

nanoparticles form. By heating the CoCO3 nanocrystals to 300 °C in air, porous 

aggregates of 3-5 nm Co3O4 nanoparticles are generated and no significant size 

change take place after reduction to metallic Co nanoparticles. Significant 

coarsening of the Co nanoparticles is, however, observed after heating those 

nanoparticles to 600 °C in an H2 environment, forming Co crystallites with a size of 

5-6 nm. 

Most notably, during the calcination and reduction process, we observed that the 

nanoclusters in Co3O4 and the nanoclusters in metallic hcp-Co have a similar size. 

This is due to the volume decrease from Co3O4 to hcp-Co is 50%, corresponding to 
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only a 20% diameter decrease. It could be further calculated that when calcining 

crystallized CoCO3 (density 4.13 g/cm3) to Co3O4 (density 6.11 g/cm3), the volume 

decrease should be around 67%, corresponding to a decrease of 30% in diameter. 

Thus, based on these considerations to achieve 5-6 nm size metallic Co 

nanoparticles one needs to start from crystalline CoCO3 nanoparticles with a 

diameter of around 11 nm.  

In this work, we observed that the diffraction pattern of the crystalized CoCO3 

contains sharp discrete spots lying on diffraction rings, indicating the existence of 

large crystallites (figure 3b). After calcination at 300 °C, finer crystallites of Co3O4 

were formed, as the diffraction pattern shows continuous rings. Therefore, we 

proposed that during the crystallization of CoCO3, the ~3 nm amorphous 

nanoclusters become aggregated to larger CoCO3 crystallites. Since the diameter 

of the Co3O4 granular cluster was 3 - 5 nm, the size of the CoCO3 crystallite should 

be 5 - 7 nm considering the 30% diameter decrease from crystalized CoCO3 to 

Co3O4. Thus, the overall process of hcp-Co formation can be concluded as 3 - 5 

nm amorphous CoCO3→5 - 7 nm crystalized CoCO3→ 3 - 5 nm Co3O4 → 3 - 4 nm 

hcp-Co.  

Moreover, we could further increase the granular nanoclusters’ size through heat 

treatment. Through annealing at 600 °C, the size could be increased to ~5-7 nm. 

Because of the decrease of the total surface energy, the phase of the Co 

nanoparticles remains at hcp. Thus, our observations provide a promising method 

for Co nanoparticle size control during catalyst synthesis.  

 Conclusion      
In this study, multiple crystallization, oxidation, reduction, and coarsening 

processes during metallic Co nanoparticle formation were observed in real time 

using a heating gas TEM holder. The reaction conditions are close to the industrial 

Co catalyst synthesis on a lab scale. Our results indicate that the amorphous 

CoCO3 precursor phase, the intermediate Co3O4 phase, and the metallic hcp-Co 

consist of granular nanoclusters. For synthesis hcp-Co with 6 nm, a starting size of 

~11 nm for the crystalline CoCO3 precursor is needed. Through annealing at 
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600 °C, the size of the Co nanoclusters can be further tuned. In conclusion, by 

controlling the nanoclusters in the precursor phase and annealing after reduction, it 

may be possible to control the Co particle size to achieve catalyst nanoparticles 

with optimized activity and long-chain hydrocarbon selectivity. 

 Experimental 
Amorphous CoCO3  

Analytical grade Co(NO3)2·6H2O, (NH4)2CO3 was purchased from Sigma-Aldrich 

Corporation. The reactants were dissolved in milliQ water. The formation of 

amorphous CoCO3 was induced by directly drop-casting 100 NL 15 mM Co(NO3)2 

solution and 15 mM (NH4)2CO3 solution. 

TEM observation 

In situ imaging of the reduction process was performed on a field emission 

transmission electron microscope (Titan, Krios, FEI), operating at 300 kV. A 

parallel in situ heating experiment was performed on a TEM (Technai F20, FEI) in 

which electron diffraction of polycrystalline CoCO3 and Co3O4 was done. CryoTEM 

observation of amorphous CoCO3 was performed on TU/e cryoTITAN (FEI, FEG, 

300 kV, Gatan Energy Filter, 2k x 2k Gatan CCD camera). 1.5 µL of the Co(NO3)2 

solution and 1.5 µL of (NH4)2CO3 solution were applied to a cryo-TEM grid and 

plunge frozen using a vitrification robot (FEI Vitrobot™ Mark III, FEI Company)) 

with the sample application chamber at 21 °C and 99 % humidity. Prior to freezing, 

lacey carbon cryo-TEM grids were plasma treated using a Quorumtech Glow 

Discharge system for 45 s. Subsequently, the grid was plunged into liquid ethane 

which was maintained at approximately –183 °C. In situ heating experiments were 

carried out with DENSsolutions heating and gas nanoreactor holders. Details of the 

chip configuration can be found in reference12. The in situ experiments were 

performed at various temperatures (120-600 °C) in different gas environments (1 

bar air/1 bar H2/N2 5:95 v/v). All heating experiments and in situ observations were 

carried out by (S)TEM (Titan, Krios, FEI), with a single tilt heating gas holder, which 

was equipped with 9 electron transparent SiN windows on the top/bottom chip and 
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the heating spiral on the bottom chip. The pressure of the gas in the reactor was 

controlled by the pressure gauge and the temperature was monitored by the 

software. To minimize the electron beam effect, low magnification ADF-STEM 

imaging was used to capture the real-time morphological development, therefore 

the electron beam only illuminated the imaging area without influencing the 

neighboring particles. Furthermore, high-resolution TEM imaging, EELS, and 

electron diffraction were carried out on the samples from different windows, 

providing the morphological, structural and compositional development without 

continuous electron beam illumination. 

EELS data analysis 

The Co-L2,3 intensity ratio was determined by the method described by Pearson et 

al.22 The background was subtracted by fitting a power law to an energy window of 

25 eV in front of the Co-L3 white-line. The Co-L3 intensity under the Co-L2 white-

line was subtracted by the procedure suggested by Pearson et al. 22 A 25 eV 

energy window (figure S1 region filled with parallel lines) was selected which 

contained the contributions of both edges. The linear fit curve of the loss intensity 

in this energy interval was extrapolated toward smaller energy losses. A step at the 

maximum position of the Co-L2 white-line was introduced with a ratio of 2:1. This 

was motivated by consideration of the number of electrons on the initial states 

associated with the Co-L3 edge (2p 3/2, occupied by four electrons) and Co-L2 

edge (2p 1/2, occupied by two electrons). 
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 Conclusions 
The overall objective for this thesis was to gain a fundamental, detailed 

understanding of how cobalt catalyst precursor phases form and transform towards 

metallic Co nanoparticles. To achieve this objective, advanced EM methods, 

including (high resolution) cryoTEM, in situ liquid phase TEM and in situ heating 

gas TEM have been applied to study the morphology, composition and 

crystallographic structure development during the different reaction steps. By 

utilizing advanced EM techniques, the catalyst (precursor) materials are 

characterized in their native state, either in solution or in gas environment at high 

temperature.  

In chapter 2, the ammonia evaporation deposition precipitation process was 

studied using time resolved cryoTEM. The reaction started from ~0.8 nm 

(Co)(NH3)5CO3 complexes. During the outgassing of the ammonia, NH3 - CO32- -

OH- ligand exchange took place and the complexes became bridged by CO32- and 

OH- ligands forming 2 nm amorphous clusters, which further aggregated into 

platelet-like networks. Then crystallization took place and ammonium cobalt 

kambaldaite was formed. Imaging data, supplemented with pH measurements, Uv-

vis, FTIR and liquid phase NMR characterization, allowed us to infer a solid state 

transformation process of amorphous cluster networks to crystalline materials, 

which was discussed in context of recent literature on mineralization process in 

solution. 

Furthermore, a method to quantify the liquid layer thickness in LPTEM was 

implemented in chapter 3. This approach only requires two low magnification 

images and can be done conveniently before each experiment. The thickness map 

of the liquid layer is essential information not only to estimate the reliably 

observable particle size but also to control the chemical environment in the liquid 

cell. Moreover, we proposed two methods to further tune the liquid layer thickness 

during LPTEM observation, leading to an optimized resolution and better design of 

LPTEM experiments. 
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In chapter 4 the growth kinetics of amorphous CoCO3, a precursor phase for Co 

catalyst, were studied using in situ LPTEM. Using BF-STEM and ADF-STEM 

imaging simultaneously, we quantified 3D volume growth kinetics. Electron beam 

effects were compensated for through systematically controlling the electron flux 

during observation. Combining with ex-situ pH measurement and cryoTEM 

imaging, we propose that the formation of amorphous CoCO3 proceeds through 

primary particle assembly. The electron beam increase the pH locally, promoting 

the nucleation of primary particle and accelerating the growth of CoCO3 in the 

imaging area. 

The formation of polycrystalline CoCO3 hollow structure in LPTEM is discussed in 

chapter 5. The method is similar with conventional urea hydrolysis deposition 

precipitation but takes place at room temperature. Utilizing the electron beam, the 

urea in solution becomes hydrolyzed rapidly, forming a gas bubble containing NH3 

and CO2. The NH3 increases the pH around the gas bubble and CO2 dissolves in 

solution forming CO32-, making the CoCO3 precipitate.  

Using the amorphous CoCO3 precursor phase described in chapter 4, we studied 

the formation process of metallic Co, the active phase in FT synthesis in chapter 6. 

The amorphous CoCO3 phase consisted of 3-5 nm granular nanoclusters, which 

become aggregated and crystalized after heating to 120 °C. After calcination at 

300 °C those crystallized CoCO3 split to 3-5 nm Co3O4 nanopaticles, which could 

further be reduced at 300 °C in H2 environment without a significant diameter 

decrease. By annealing at 600 °C, those clusters can grow to 5-7 nm, which is the 

ideal size for Fischer Tropsch synthesis. 

In conclusion, using cryoTEM, LPTEM and in situ heating gas TEM in combination 

with other characterization techniques, we obtained a deeper understanding of 

formation process of the Co catalyst precursors and Co catalyst. We found that the 

formation of the precursor phases is not always following classical nucleation 

theory. In the cobalt system, the precursor could form through nucleation of 

amorphous phase and then solid state crystallization (chapter 2) or through 

nucleation and growth of primary particles and then assembly. We propose that the 
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size of the metallic Co could be actually controlled by tuning the precursor size and 

heat treatment in H2. 

 Perspective 
Generally it is reported that at the heart of the deposition precipitation method is 

the classical nucleation and growth theory.1 This statement is likely to be 

incomplete, as the crystal formation can take place in different pathways.2 The 

work in this thesis provides evidence for mechanisms that do not (completely) fit 

the classical framework of nucleation and growth. We believe that the crystal 

formation we observed in chapter 2 will not only help to obtain further insights into 

Co catalyst synthesis, but may also find to use to improve our understanding of 

crystallization mechanism in other materials, such as calcium carbonate, calcium 

phosphate and iron oxide.  

The direct imaging of nanoclusters in solution with high resolution cryoTEM (see 

chapter 2) allows a systematic study on the nucleation and assembly of the 

amorphous CoCO3 nanoparticles, of which the growth mechanism is through 

primary particles assembly (see chapter 4). In combination with a titration setup 

and pH control electrode, we could slowly mix Co2+ ions with CO32- ions, slowing 

down the primary particle assembly process. With this procedure, amorphous 

CoCO3 nanoparticles o12 nm in size could be synthesized, leading to ~7 nm 

metallic Co nanoparticles with the highest long chain hydrocarbon selectivity and 

reaction activity (see chapter 6). 

Most importantly from our studies, electron beam effects should be taken into 

account when performing LP(S)TEM experiments, especially when analyzing the 

growth kinetics quantitatively, as the chemical environment of the solution, i.e. pH 

values, will change. As discussed in chapter 4, electron beam effects cannot be 

avoided, but can be understood by systematically conducting the experiments at 

different electron fluxes. Moreover, in line with what has been simulated,3 we 

provide the evidence that the chemistry of the solution 3 µm away from the electron 

beam illumination will not be influenced, leading to more effective experimental 
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design to understand the beam effect, i.e. by comparing the growth kinetics at the 

imaging area with the kinetics 3 µm away. 

Moreover, to quantify precise reaction solution conditions during LP(S)TEM 

experiments, it is important to measure the thickness of the liquid layer as 

discussed in chapter 3. The toolbox described in chapter 3, can be regarded as a 

step towards better application of LP(S)TEM technique, providing an easy way to 

quantify the thickness of the liquid layer. With this toolbox, it is possible to measure 

the confinement of the LPTEM easily prior the experiment with minimum influence 

on the chemistry of the solution. The electron beam effect and the achievable 

resolution could be quantified using the data obtained from the toolbox. We believe 

that this toolbox can be used to advantage by many researchers in the future.  

It is also important to gain more insight on developing the application of in situ 

heating gas TEM in studying the catalytic reaction in different areas. This technique 

has the capability to monitor the gas-solid interaction on a single nanoparticle with 

high spatial and temporal resolution. Using this tool, it is possible to investigate a 

catalyst under industrially relevant working conditions: high temperature (up to 

1000 °C) and high gas pressure (1 bar).4,5 It provides a bridge between the 

temperature and pressure gaps between traditional catalysis research and the 

industrial applications, providing the mechanism information on catalytic 

performance and the structure/morphology via in situ research. 
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