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We report the enhanced stability of Co nanocrystals (NCs) when they are highly ordered at both 

nanometer and micrometer scales. We show for the first time that both the crystalline structure 

of Co nanoparticles (NPs) and their 2D hexagonal organization have a significant impact on the 

oxidation process rate enabling to produce various types of nanostructures including core-shell 

NPs. The Co core can be either polycrystalline or hcp single-crystalline whereas, the oxide shell 

is composed either of CoO or of the spinel structrure Co3O4. The present results have been 

evidenced through a careful High-Resolution Transmission Electron Microscopy (HRTEM) 

study and are highly reproducible. 

 
 
 



 
1. Introduction 

 

Inorganic nanoparticles (NPs) with well-defined structural characteristics (composition, 

size, geometry and crystalline structure) have attracted a great deal of attention not only for 

their fundamental interest, but also for the applicative possibilities in fields such as catalysis, 

energy storage and conversion and information technology.[1-8] When they are characterized by 

a narrow size distribution, they can be used as building blocks in two and three-dimensional 

superlattices, [9-15] whose unique properties are determined not only by the atomic structure, but 

also by the interparticle interaction. Thus, in recent years, specific mechanical, [16] transport, [17] 

magnetic, [18-20] optical, [21-24] vibrational [25-27] and chemical [28-34] properties have been shown 

to arise from long-range mesoscopic organisation of nanocrystals (NCs). However, the 

influence of the NP crystalline structure (also called nanocrystallinity) on the physical and 

chemical properties has been scarcely studied. [30-35] This is clearly due to the difficulties 

encountered by the researchers in controlling nanocrystallinity while, all the other parameters 

are kept unchanged (composition, size, geometry, stability and coating agent). Using our ability 

to control both Co nanocrystallinity and NP organisation, we showed very recently, a metallic 

structure effect on the nano-Kirkendall process occuring only when NCs are closely packed in 

a 2D array. [30] Although Transmission Electron Microscopy (TEM) is a powerful technique for 

the observation of NP structures, it is also well known to induce structural and chemical 

transformations. [36-41] In this paper, we have used an electron beam not only to characterize Co 

NCs but also as a tool in order to study their stability as a function of their mesoscopic 

organisation and their crystalline structure. Our results show that cobalt NCs, when exposed to 

a high-energy and controlled electron beam, can partially oxidize, forming Co-core/Co-oxide 

shell structures. Co NC oxidation is found to be greatly hindered if they are single-crystalline 

and/or closely packed in a hexagonal network. We show for the first time that the kinetic 



transformation rate depends on both the particle nanocrystallinity and/or their structural 

environment. We are able to control both the structural Co core, which can be polycrystalline 

or hcp single-crystalline and the nature of the Co-oxide (either CoO or Co3O4). We emphasize 

that in addition to the fundamental aspect of this study, the control and/or prediction of the 

nature of the Co-oxide growing at the surface of the Co core is an important topic for many 

potential applications. For example, the monoxide is highly desirable for high-density magnetic 

storage, [8] whereas the spinel oxide are expected to be ideal candidate materials for Li-ion 

batteries. [7] 

 
2. Results 

For this study, some drops of a colloidal solution of Co NCs dispersed in hexane, were 

deposited on amorphous carbon-coated copper grid, suitable for TEM observations. The 

dodecanoic acid-coated Co NCs are either poorly crystallized (polycrystals) or hcp single 

crystals, and can be either isolated or self-organized in 2D arrays. The images were recorded at 

intervals of 1 min up to a maximum of 19 min (see Experimental section for further 

explanations).  

First, we focused on the comparative study of the resistance under electron beam irradiation 

of Co polycrystals as a function of their organisation on the substrate. Co polycrystals obtained 

just after synthesis are characterized by a mean size and size distribution of 7.1 ± 0.4 nm and 

9.5 % (Figure 1a). [43] HRTEM image (Figure 3c) displays few crystalline domains, whose 

typical size does not exceed 1 nm, indicating a highly disordered polycrystalline structure that 

is further confirmed by a wide diffuse ring in the corresponding power spectrum (Figure 3a). 

Figure 1A shows a TEM image of a 2D hexagonal array of Co polycrystals coexisting with the 

isolated ones. The mean interparticle distance in the 2D array is 2 nm (Figures 1a, 2a).  

Whatever the particle environment, the mean particle size remains unchanged and the particle 

contours appear always well defined, without core-shell contrast, suggesting the absence of 



oxidation. We studied the effects of irradiation exposure using a magnification of 250 000 times 

with an electron beam spread to obtain a low electron current density. After 5 min, the TEM 

study reveals that isolated NCs start to be surrounded by diffuse intensity, which suggests the 

presence of shell-like structure that progressively expands at the expense of the core, with 

increasing irradiation time. At 15 min, Figure 1b clearly shows that Co NCs, when self-

organized, remain almost unchanged whereas the isolated ones have undergone a drastic 

structural transformation from uniform 7.1 nm-NCs to core-shell structures. The residual core 

and expanded shell are found equal to 4.4 nm and 3.9 nm respectively, giving a total diameter 

of around 12.2 nm. The HRTEM image shown in Figure 1C (selected area of Figure 1b) reveals 

that the shell is composed of crystallized domains characterized by three sets of lattice planes. 

The characteristic distances, accurately measured on the power spectrum (Figure 1d) are found 

equal to 2.00 Å, 2.41 Å and 2.88 Å, corresponding to the (400), (311) and (220) planes of Co3O4 

phase respectively. Therefore, while self-organized Co polycrystals remain stable, the isolated 

ones have already transformed into core (Co)-shell (Co3O4) NCs. This study clearly 

demonstrates that the 2D organisation induces greater stability against such oxidation compared 

to the same NCs when isolated. 

A second set of experiments was dedicated to a comparative study of the enhanced stability 

of the 2D organisations composed of either poorly crystallized Co NCs or hcp-Co single 

crystals. Hcp-Co single crystals were obtained by solution-phase annealing of the Co 

polycrystals. [44] The HRTEM images show one single NP characterized by two sets of lattice 

planes with 2.01 Å and 2.18 Å spacing corresponding to the (002) and (100) planes of Co-hcp 

structure (Figures 2f, 3e, 3g). The average diameter of the single crystals is slightly decreased 

by comparison to one of the polycrystals, i.e., 6.8 nm against 7.1 nm while the size distribution 

remains constant, of 9.4%. Similarly to the polycrystals, the single-crystals self-organize into a 

2D hexagonal array with an interparticle gap distance of 2 nm (Figure 2f). We studied the 



structural changes for both polycrystalline and single-crystalline samples. Using a 

magnification of 800.000 times, the electron beam was focused on the sample in order to 

conserve the same current density as in previous experiments (5.7 pA cm-2). Let us first focus 

on the polycrystalline sample. For the first 5 min Co NCs do not undergo any structural 

transition (Figure 2b and Figures 2a, 3a, 3c). They remain poorly crystallized and no trace of 

oxide can be detected. Conversely, at 6 min a few lattice planes with 2.46 Å and 2.1 Å distances 

start to develop and correspond, without any ambiguity, to the (111) and (200) lattice planes of 

CoO (Figure 2c and selected area). By increasing the exposure time to 10 min, CoO domains 

progressively growth, giving rise to structures that we entitle as “scales” (Figure 2d and 

selected area). These domains remain unchanged until 16 min, when they suddenly transform 

into the spinel structure Co3O4. This transition is well illustrated by the HRTEM images 

(Figures 2e, 3d) and corresponding power spectra (Figure 3b) which show new distances i.e., 

2.32 Å and 2.02Å related to (222) and (400) lattices planes of the spinel oxide, respectively. It 

is worth to underline that the oxidation induced by high-energy electron beam exposure for 16 

min is not accompanied neither by aggregation nor by coalescence between NCs, which remain 

well organized in a 2D array with unchanged hexagonal parameter. By subjecting the 2D arrays 

composed of hcp single crystals to rigorously the same irradiation treatment employed for the 

polycrystalline sample (Figures 2g-j), no structural change is noticed. The 2D organizations 

keep their integrity (Fig. 2J) and the three sets of lattice planes characterized by 1.91 Å, 2.01 Å 

and 2.17 Å spacings corresponding to the (101), (002) and (100) lattice planes, well indicate 

the presence of pure hcp Co (Figures 3f, 3h). Whatever the nanocrystallinity, we observe that 

particle size never changes. Further irradiation left the two systems unchanged. This result 

demonstrates that Co NCs closed packed in a hexagonal array are much more robust and stable 

under high-energy electron beam when they are highly crystallized in a hcp structure.  



To determine the extend of Co nanocrystallinity effect on the NP stability, we performed a 

last series of experiments involving isolated Co NCs (Figures 2, 3). Figure 4 illustrates the 

various behaviours observed after irradiation times of up to 15 min for poorly crystallized Co 

polycrystals and hcp-Co NPs, characterized by similar initial mean diameter, i.e., 6.6 nm and 

6.4 nm respectively (Figures 4a, 4g). Starting from 2.5 min, the HRTEM image of the 

polycrystal (Figure 4c) already reveals structural changes (Figures 4a, 4b). The NC is 

surrounded by diffuse intensity, which suggests the presence of a core/shell structure. Besides, 

an extra growth domain appears at one particle edge (Fig. 4C, selected area), showing lattice 

planes with 2.38Å and 2.4 Å distances corresponding to the (222) and (311) planes of Co3O4. 

The mean core diameter and shell thickness are found equal to 6.3 nm and 1.33 nm respectively, 

giving a mean NC diameter of 8.9 nm, against 6.6 nm for the initial NC. By further irradiating 

the particle, the core size drastically decreases, whereas the shell expands (Figures 4d-f). At 

6.5 min and 15 min (Figures 4e, 4f), lattice planes are well visible all over the particle with an 

additional distance equal to 2.8 Å, corresponding to (220) spacing of Co3O4. This feature further 

confirms the presence of a pure spinel structure. After 15 min, the induced core-shell structure 

is characterized by mean sizes of the core and shell equal to 3 nm and 3.75 nm respectively. 

From this result, we conclude that the 10.5 nm NC is composed of a poorly crystallized Co core 

and a highly crystallized Co3O4 shell. The same treatment performed on the hcp single crystals 

produces a rather different behaviour. One example is illustrated through the HRTEM images 

in Figure 4g to Figure 4m. Conversely to the polycrystalline case, no change occurs before 5 

min (Figures 4g, 4i).  At 5 min, a domain initiates at one edge of the particle (Figure 4j, selected 

area) showing lattice planes with 2.13 Å distance corresponding to the (200) planes of CoO. 

Further increase in the irradiation time results in the growth of this oxide domain while new 

ones initiate (Figure 4k). Domain size progressively increases, and at 8.6 min (Figure 4l), (220) 

planes of Co3O4 can be identified. At 15 min, 8.3 nm-NCs are characterized by a core-shell 



structure with a mean core diameter and shell thickness equal to 5.6 nm and 1.33 nm 

respectively. The coexistence of 2.13 Å and 2.8 Å distances indicates the presence of both (200) 

planes of CoO and (220) planes of Co3O4 in the shell, while the core probably keeps the hcp 

structure. In conclusion, the significant time increase observed for the structural change 

occurring under electron beam between the two crystallographic structures combined with 

different oxidation processes denote a significantly enhanced stability of Co-hcp single crystals 

by comparison to the poorly crystallized NPs. 

 
2.1. Discussion 

 
Our results show that Co NCs are more stable under a high-energy electron beam if they are 

self-organized in a 2D hexagonal array and highly crystallized into hcp single crystals. 

However, when transformations occur, they clearly result in the oxidation of the metal into 

either CoO or Co3O4. This rather unexpected behaviour is explained by the combination of a 

local-scale elevated temperature and the presence of oxygen. Despite the fact that the synthesis 

and preparation of the 2D superlattices were carried out in an N2 glove box, residual oxygen 

remains trapped in the amorphous carbon of the TEM grid [36]. High local temperature combined 

with quite high vacuum (2 x 10-5 Pa) favours the release of oxygen from the carbon film. Hence, 

O2 molecules can diffuse through the organic shell on the Co NCs by direct interchange of Co 

and O atoms, inducing metal oxidation. 

Whatever the cobalt nanocrystallinity, we have shown that the oxidation process is hampered 

when the NCs are organized in a hexagonal array, by comparison to the isolated NCs. This 

change of stability as a function of self-organisation on the substrate is partly explained by a 

change in the permeability of dodecanoic acid chains to oxygen. [46] In a 2D array, the alkyl 

chains, covalently bonded to Co surface, are confined to the spaces between the NCs and either 

interdigitate with neighboring NCs or form a continuous shell. [43, 47, 48] Compared to the single 

layer surrounding an isolated NC, the diffusivity of oxygen atoms is significantly reduced and 



this inhibits the oxidation of NCs. [46] On the other hand, a change in the red-ox potential of the 

Co/O2 couple with the structural environment of Co NCs cannot be excluded and such effect 

could contribute to their higher resistance to oxidation when they are close packed in a 2D 

array. This result reinforces the role played by the 2D self-organizations of metallic NPs on 

their chemical stability properties. [29, 36] It is also consistent with the large effective Young’s 

modulus found on 2D arrays of dodecanethiol-ligated 6 nm-Au NCs, which indicates a high 

tensile strength that has been attributed to the strong interaction between coating molecules in 

the vicinity of the NCs. [49] Finally, as well illustrated in the HRTEM images (Figures 2j, 3f), 

the significant increase in the contrast of the area surrounding the NCs with increasing the 

exposure time, is probably related to the graphitization of the coating chains, which results in 

the formation of a highly protective shell. [50] While the stability of the 2D arrays is mainly 

ensured at low exposure time by the self-organization effect, it is probably reinforced at higher 

exposure time by the alkyl chain graphitization.  

Using our ability to control accurately the nanocrystallinity of Co NPs (while keeping 

unchanged their size, and coating agent) from highly disordered polycrystals to hcp single 

crystals, we highlight an unambiguous nanocrystallinity effect on the electron beam-induced 

oxidation. The higher the Co nanocrystallinity, the higher the NP robustness. Co polycrystals 

are composed of crystallized domains with sizes below 1 nm, and contain numerous defects, 

such as grain boundaries, whereas single crystals are totally defect-free. Within the poorly 

crystallized NPs, it is likely that the diffusion process, via direct interchange of Co and O atoms, 

preferentially occurs along the defects and not along the hcp lattice planes, as this is the only 

possibility within the single crystals. The oxidation is then more favourable in polycrystals than 

in single crystals. Here also, a change in the red-ox potential of the Co/O2 couple with the 

nanocrystallinity of Co NCs could contribute to their higher resistance to oxidation when they 

are highly ordered. 



To the best of our knowledge, in the literature, the nanocrystallinity has been rarely taken 

into account in the understanding of the physico-chemical properties of such particles. The lack 

of results in this domain is mainly related to the difficulty of accurately controlling this 

parameter while keeping unchanged the other structural characteristics (size, shape and coating 

agent). Some reports relate the nano-Kirkendall effect to the crystalline structure of silver NCs. 

[32] Recently, we have shown the very low effect of the nanocrystallinity of the same Co NPs 

on the acoustic breathing mode frequency, [33] while a total absence of structural characteristic 

effect is observed during the oxidation under oxygen of the same Co NCs isolated on the 

substrate. [30] Here, we have shown that isolated Co-hcp single crystals are much more stable 

under a high-energy electron beam than poorly Co crystallized polycrystals resisting oxidation 

for longer. In addition, the oxides formed are Co3O4 in the first case and CoO in the second 

one. For the first time, we have clearly demonstrated the significant impact of crystallographic 

nanostructure on the oxidation process of isolated Co NCs. We emphasize that Co NCs studied 

here are characterized by the same size, shape and coating agent, whatever their 

nanocrystallinity.  

This study permits to conclude that Co NCs are significantly more robust under a high-

energy electron beam when they are: (1) highly crystallized and (2) closely packed in a 2D 

hexagonal network. In addition, the more stable systems, when they undergo oxidation, always 

transform from Co to CoO, while the less stable systems directly oxidize in the spinel form 

Co3O4. Actually, Co3O4 is the most thermodynamically stable form of cobalt oxide, but requires 

relatively high temperatures to form. [51] The difference in the nature of the oxide we obtain is 

explained by the stability effect of the Co NPs. The higher the NC stability, the slower the 

kinetic formation of the Co-oxide, thus favoring CoO formation. Conversely, the use of a less 

stable system (isolated polycrystals) drives faster the kinetic formation of the oxide, preventing 



the transition to CoO to give rise directly to Co3O4. The oxidation behaviours reported here 

have been reproducible several times with two different TEM apparatus.  

Finally, such an in-situ study meets together an efficient way to oxidize the sample and a 

powerful tool to simultaneously characterize the induced-structural transformation. It is highly 

important to notice that these specific conditions (particular apparatus, vapor pressure of 

oxygen, diameter of the beam…) allowed us to accurately evidence the nano- and super-

crystallinity effects on the oxidation process, which would be more ambiguous otherwise.  Even 

if the oxidation conditions are specific to TEM experiments, the obtained results are, 

nevertheless, characteristic to the NPs oxidation behaviour and thus constitute a good predictive 

model. This investigation could be extended to other oxidizible nanomaterials in order to 

provide additional informations on the impact of the structural characteristics on the oxidation 

of materials based on NCs, that suffer, even today, of a severe lack of knowledge.  

 
 
3. Conclusions 

Our results clearly show the effects of nanocrystallinity and/or self-organisation of Co 

NPs on their stability under a high-energy electron beam. For the first time, we have shown that 

the irradiation-induced oxidation rate drastically depends on these two structural parameters. 

Hcp-Co single crystals self-organized in 2D hexagonal arrays never oxidize, whereas poorly 

crystallized Co polycrystals, isolated on the substrate, tend to rapidly oxidize into core (Co)-

shell (Co3O4) structure. As a result of the interdependence between the NP stability and the 

kinetic oxidation rate, the obtained oxide shell can be either CoO or Co3O4. 

 
 
4. Experimental 

Products: All materials were used without further purification: cobalt acetate, dodecanoic acid, 

sodium borohydride and octylether are from Aldrich, isooctane and hexane from Fluka, sodium 



di(ethylhexyl) sulfosuccinate (NaAOT) from Sigma. The synthesis of cobalt (II) bis(2-

ethylhexyl) sulfosuccinate (Co(AOT)2) was described previously. [42]   

 

Apparatus: High-resolution transmission electron microscopy (HRTEM) was performed using 

a JEOL JEM 2010 UHR microscope equipped with an LaB6 filament and operating at 200 kV. 

The images were collected with a 4008 X 2672 pixel CCD camera (Gatan Orius SC1000) 

coupled with the DIGITAL MICROGRAPH software. For all the studies, images were recorded 

at intervals of about every 1 min up to a maximum of 19 min in order to see the evolution of 

Co NCs under the electron beam exposure. A typical capture time is 1sec for each image to 

limit the electron beam effect. Two magnifications of the images were chosen to observe the 

phenomena. 

 

Synthesis of Co polycrystals: Co NCs stabilized by dodecanoic acid chains are synthesized via 

chemical reduction in reverse micelles (water in oil droplets) as described in a previous paper. 

[43] By controlling the reducing agent (sodium borohydride) concentration, a narrow size 

distribution of Co NCs is obtained. The NCs are dispersed in hexane.  

 

Synthesis of hcp-Co single crystals: (Octylether (having the boiling point at 286°C)) was used 

as solvent in order to anneal the native Co NCs at 250°C. Thus, 2 mL of 10-2 M Co NCs colloidal 

solution were evaporated to remove the hexane and after that, the resulting powder was 

redispersed in octylether  (5 mL). [44, 45]  

A refluxing bath, consisting of a four-necked flask, was used for the annealing 

treatment. This permits the use of a nitrogen flux, control of the solution temperature, solution 

injection and withdrawing with a syringe (to avoid any oxidation of Co NCs), and solvent 

refluxing while heating. The solution was heated up to 140°C with a heating rate of 10°C/min, 



and then, more slowly, with a heating rate of 2°C/min. After reaching 250°C, the solution was 

maintained at this temperature for 60 min and then cooled under stirring to room temperature. 

Then, the solution was taken out of the flask using a syringe and placed in a tube under N2 

atmosphere, inside a glovebox. To avoid the aggregation of the NCs, a volume of (dodecanoic 

acid (0.8 mL of 5 x 10-3 M)) was added. The next day, the solution was purified by suspension 

in (ethanol) and centrifugation (twice) to completely remove the (octylether) and the 

(dodecanoic acid) in excess. At the end, the NCs were dispersed in  (hexane (0.5 mL)). The 

annealing treatment and all other steps took place under N2 atmosphere. 
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Figure 1. HRTEM images of Co polycrystals after exposure to electron beam irradiation for: 

(A) 0 min, (B) 15 min, (C) selected area of (B) at 16.5 min. (D) The power spectrum of (C). 
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Figure 2. HRTEM images of Co polycrystals under electron beam irradiation for: (A) 0 min, 

(B) 1.5 min, (C) 6 min, (D) 10 min, (E) 16 min; and of hcp-Co single-crystals for (F) 0 min, 

(G) 5 min, (H) 7 min, (I) 10 min and (J) 16 min. 
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Figure 3. Power spectra and HRTEM images of a Co polycrystal: after 0 min (A and C) and 

16 min of irradiation (B and D) and an hcp-Co single-crystal: after 0 min (E and G) and 16 min 

of irradiation (F and H). NCs are selected from the Figure 2. 
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Figure 4. HRTEM images of an isolated polycrystal after electron beam exposure for: (A) 0 

min, (B) 1.5 min, (C) 2.5 min, (D) 3.5 min, (E) 6.5 min, (F) 15 min; and of an isolated hcp 
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single-crystal for: (G) 0 min, (H) 1.5 min, (I) 3.5 min, (J) 5 min, (K) 5.6 min, (L) 8.6 min, (M) 

15 min. Scale bars represent 2 nm. The arrows indicate the images taken at the same electron 

beam exposure. 
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