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Faceted cobalt-cobalt oxide based nanoparticles (NPs) with high density and narrow size distribution (50 

± 5 nm) were selectively casted inside the channels of multi-walled carbon nanotubes (CNTs) through the 10 

controlled thermal decomposition of cobalt stearate in the presence of oleic acid as surfactant. The total 

loading of the NPs is ca. 60 wt % due to the confinement effect of CNTs, which play the role of 

"nanoreactors" for the cobalt complex filling and its further decomposition. The casted Co-based NPs are 

consisted with a Co-CoO core-shell structure with a relatively high contribution of metallic phase thanks 

to the confinement effect which prevents excessive oxidation. The Co-CoO NPs were transformed into 15 

highly porous cobalt aggregates constituted by small cobalt clusters (5 nm) after reduction with a high 

effective surface area. These cobalt clusters display an extremely high resistance towards oxidation 

thanks to the confined medium. The evolution of the Co-based NPs microstructure of the as-synthesized 

and the reduced composites, as a function of temperature, was evaluated by in situ heating the systems 

inside the TEM. On the as-synthesized sample with a mixture of Co and CoO the heating process leads to 20 

a rapid shape modification and coalescence of the NPs at a temperature of 400°C along with the 

formation of a cobalt carbide interface. On the contrary, the reduced sample displays a much higher 

sintering resistance upon annealing under the same conditions as cobalt NPs with a mean diameter of 10 

nm are still present at annealing temperature up to 800°C. The work reported here underlines the benefit 

of the confinement effect to improve the oxidative and sintering resistance of casted metal NPs and also 25 

in the synthesis of new porous structure containing small metal NPs which could be of high interest for 

catalytic and magnetic applications.  

1. Introduction 

In recent years, magnetic nanoparticles (NPs) have received an 

ever growing attention and several current issues in NPs research 30 

focus on the development of new synthetic strategies to control 

their structural and magnetic properties. Such nanostructures 

were found to exhibit physical and chemical properties 

significantly different from the bulk materials, and can be 

promising for several nanotechnology applications including 35 

heterogeneous catalysis [1-5] and biomedicine [6-12]. However, 

unsupported or "naked" NPs tend to aggregate together in order 

to reduce their surface free energy and their nanoscopic size 

renders them more sensitive towards oxidation or corrosion upon 

air exposure, i.e. pyrophoric character or surface oxidation 40 

process leading to the alteration of the pristine NPs properties, 

which severely limits their applicability. Therefore, major efforts 

have lately been devoted to synthesize magnetic NPs sufficiently 

protected against such degradations by encasing them into inert 

chemical components such as polymers and carbon 45 

nanostructures [13-16]. 

 Since the first report on the unique electronic and mechanical 

properties of carbon nanotubes (CNTs) in 1991 [17], these 

materials have generated broad and interdisciplinary scientific 

interest. The methods of CNTs synthesis, opening, filling, as well 50 

as their wetting and filling properties have been largely explored 

[18-22], but the possibility of using their inner channels as nano-

sized reactors still remains an exciting challenge regarding the 

potential fields of application. In fact, the combination of these 

two classes of materials (CNTs and NPs) significantly modifies 55 

their intrinsic properties, leading to the development of new 

hybrid materials. In this context, the development of nanopeapod-
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like structures for specific applications is a hot research topic, not 

only from a fundamental point of view but also for potential 

industrial interest use [23-30]. 

 The magnetic NPs in association with such a 1D spatial 

arrangements as the CNTs are strongly susceptible to develop 5 

interesting anisotropic and collective properties [31-35], which 

are of extreme interest for applications in the domains of 

magnetism, catalysis and nanotechnology. In previous work, we 

have synthesized Fe3-xO4 NPs selectively deposited inside or on 

the outer surface of CNTs and we observed that the NPs display 10 

magnetocrystalline anisotropy higher than the unsupported ones, 

due to the dipolar interactions that are more important in this 

arrangement [36]. Recently, Fu et al. have reported the synthesis 

of spherical Co3O4 NPs in multi-walled CNTs for the electrical 

transport in electronic devices using the supercritical-solution 15 

method [37]. Also, Trérapier et al. have synthesized cobalt NPs in 

CNTs by incipient wetness impregnation of cobalt nitrate 

solution. The as-prepared nanomaterial with 30 wt % of cobalt 

loading was further tested as catalyst for the Fisher-Tropsh 

reaction with 86 % of CO conversion [38]. 20 

 The control of the filling process within the tubes channel is 

mandatory for a good optimization of the properties of such 

hybrid materials. The researchers currently employ techniques 

such as the incipient wetness impregnation by capillarity (with 

NPs or metal salt in solution) [23, 38, 39], the sublimation of 25 

metal precursors in CNTs cavity [40, 41] or by producing CNTs 

inside anodic membranes followed by the filling of resulting 

template with NPs solution following by a thermal treatment 

steps and subsequent membrane dissolution [35, 42]. The main 

drawback while using such synthesis methods relates to the low 30 

filling rates and a selectivity less than 50 %, which implies 

significant lost of precursor and/or NPs and as a consequence the 

production costs are considerably high (especially in the case of 

anodized alumina membrane). In addition, the microstructural 

shape of the NPs is not well controlled which could hinder their 35 

downstream application. 

 The morphological modification upon confining has been 

reported elsewhere [43]. The aim of this work is to report on the 

benefit of confinement medium on the enhancement of both 

oxidative and sintering resistance of cobalt-based NPs casted 40 

within multi-walled CNTs, with a total filling of 60 wt%, which 

are synthesized by using a solvothermal method. We have also 

investigate the pseudomorphism transformation of the mixed 

cobalt composite (Co-CoO) during the reduction step into a 

metallic cobalt clusters with a highly porous structure along with 45 

high oxidative resistance. Finally, a detail investigation on the 

influence of a pre-reduction step on the sintering behavior of the 

confined cobalt NPs will be carried out by in situ heating process 

and a mechanism of sintering will be discussed. These peculiar 

physical properties are obtained by combining several 50 

characterization techniques including transmission electron 

microscopy (TEM)-based techniques: HR-TEM and STEM-

HAADF imaging and tomography, EEL spectroscopy, with the 

X-ray Photoelectron Spectroscopy (XPS), X-ray diffraction 

(XRD) and magnetic measurements. Such a multi-scale and 55 

multi-selective approach provides valuable details concerning the 

microstructure and the crystallographic orientation within the 

cobalt-based NPs in confinement medium. The reactivity and 

structural change of the confined NPs will be also investigated 

through in situ reduction inside the microscope. The results 60 

indicate that by such approach one is able to synthesize new class 

of porous metal hybrid with an extremely small particle size for 

numerous potential applications. 

2. Experimental 

2.1. Carbon nanotubes support.  65 

Hollow vapor-grown multi-walled CNTs (Pyrograf Products) 

were used as starting materials for the filling with NPs. The 

CNTs present a straight and open-ended channel (excluded some 

exceptions) with an average inner diameter between 40 and 60 

nm. Before filling, the CNTs were annealed under argon flow at 70 

900 °C for 2 h in order to remove the oxygenated functional 

groups from their surface which could lead to a side-adsorption 

reaction during the filling process. 

2.2. Co-CoO@CNTs.  

The synthesis method consists in the thermal decomposition of 75 

cobalt stearate in the presence of oleic acid as surfactant and the 

adequately pre-treated CNTs. More precisely, 50 mg of CNTs 

previously defunctionalized under argon were suspended in 20 

mL of octadecene (Alfa Aesar, 90%) under ultrasonication for 10 

minutes. After adding 1.389 g (2.2 mmol) of cobalt stearate 80 

(Strem Chemicals, 9-10% Co) and 1.4 mL (4.4 mmol) of oleic 

acid (Alfa Aesar, 99%), the reaction medium was heated up to 

120 °C under stirring overnight in order to dissolve the reactants 

and to eliminate traces of water or dissolved impurities. The 

system was heated up to reflux (318 °C) under argon atmosphere 85 

with a heating rate of 5 °C min-1. The reaction was allowed to 

stand for 2 hours at this temperature. 

 After cooling at room temperature, the NPs and CNTs were 

first precipitated by adding to the suspension an excess of acetone 

and then centrifuged (8000 rpm, 10 min). The resulting black 90 

precipitate was then washed 3 times by adding a mixture of 

hexane and acetone (50:50), then centrifuged (8000 rpm, 10 min) 

and filtered to separate the NPs synthesized outside the CNTs. 

 In order to identify the confinement effect on the as 

synthesized cobalt-based  NPs, similar preparation method was 95 

performed but by replacing the CNTs with another support 

consisting in of few layer graphene (FLG) (200 mg), which has 

been prepared by mechanical ablation of graphitic materials 

(pencil lead) [44]. The same purification approach was used. 

2.3. Metallic Co@CNTs.  100 

The reduction of the core-shell Co-CoO-based@CNT was carried 

out in a tubular quartz oven under hydrogen flow at 400 °C 

(heating rate of 2 °C/min) during 2 hours. The resulted material 

was cooled down to room temperature under H2. To avoid any 

excessive oxidation of the sample, a passivation treatment using a 105 

gas mixture containing 1% of oxygen in helium for 30 minutes 

was applied to the sample prior to its removal from the oven. 

2.4. Characterization Techniques. 

The classical TEM observations, HAADF-STEM EELS analysis 

and HAADF-STEM tomographic experiments have been 110 

performed using a JEOL 2100F TEM/STEM electron microscope 

equipped with a Cs probe corrector, GIF Tridiem filter and a 
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tomographic set-up. The traditional and high-resolution images 

were acquired using both the HAADF-STEM and BF modes. The 

STEM EELS analysis and the corresponding HAADF images of 

the selected areas were recorded using a 0.2 nm electron probe 

and an energy dispersion of 0.3 eV/channel, with an acquisition 5 

time of 3 sec/pixel for each EEL spectrum. 

 For the tomography experiments, the HAADF-STEM tilt 

series were acquired using the ADF detector by tilting the 

specimen in the angular range of ± 70° using an increment of 2.5° 

in the equal mode, giving thus a total number of images equal to 10 

57 images in the series. The relatively large inner radius chosen 

for the ADF detector, 40 mrad, allowed us to consider that the 

intensity in the corresponding images scales with the mean 

atomic number. Finally, the gain of the ADF detector was chosen 

such that any saturation effect in the HAADF images during the 15 

series acquisition was prevented. The images of the tilt series 

were spatially aligned using in a first step cross correlation 

functions applied to the consecutive images, followed by a fine 

alignment procedure in which the NPs were considered as 

fiducial markers. Both procedures used for the alignment are 20 

implemented in the IMOD software [45]. For the volume 

calculation, we have used iterative methods as they are more 

accurate than the one-step ones, providing high quality 

reconstruction volumes even from series with rather limited 

number of projections. The algebraic reconstruction techniques 25 

(ART) [46] implemented in the TomoJ macro [47] working in the 

ImageJ software [48] were used to obtain the reconstructed 

volumes of the analyzed sample presented in this paper. Finally, 

the volumes visualization and the analysis were carried out using 

the displaying capabilities and the isosurface rendering method in 30 

the Slicer software [49]. 

 The X-ray photoelectron spectroscopy (XPS) measurements 

were carried out in an ultrahigh vacuum (UHV) setup equipped 

with a VSW ClassWA hemispherical electron analyzer (150 mm 

radius) with a multi-channeltron detector. A monochromated 35 

AlKα X-ray source (1486.6 eV; anode operating at 240 W) was 

used as incident radiation. The base pressure in the measurement 

chamber was ~ 1x10-9 mbar. XP spectra were recorded in the 

fixed transmission mode using pass energy of 20 eV resulting in 

an overall energy resolution better than 0.4 eV. The binding 40 

energies were calibrated based on the graphite C 1s peak at 284.5 

eV. The thermal treatment of the CNTs was carried out in the 

preparation chamber of the apparatus for 60 min at each 

temperature. After each treatment, the samples were transferred 

under UHV conditions to the analysis chamber. Prior to 45 

individual elemental scans, a survey scan was taken for all the 

samples to detect all of the elements present. The CASA XPS 

program with a Gaussian-Lorentzian mix function and Shirley 

background subtraction was employed to deconvolute the XP 

spectra. The % oxygen content was calculated by O 1s and C 1s 50 

core level peaks, properly normalized to the photoemission cross 

section and assuming a homogeneous distribution arrangement 

model. 

 The specific surface area measurements were performed with a 

Micromeretics Tristar 3000 porosimeter using N2 as adsorbent. 55 

The surface area of the sample was calculated from the nitrogen 

isotherm using the BET method. Before measurements, the 

sample was outgassed at 250°C for 2h in order to remove the 

moisture from its surface. 

 The powder X-ray diffraction (XRD) experiments were carried 60 

out with a Bruker D8 diffractometer. The XRD pattern was 

recorded in the 30-65° (2θ) range with a scan step of 0.03. Profile 

matching refinement was performed through the Fullprof 

program [50] using the modified Thompson Cox Hasting (TCH) 

pseudo-Voigt profile function [51]. 65 

 Magnetization measurements were carried out using a 

Quantum Design MPMS SQUID-VSM magnetometer. 

Magnetization curves as a function of the applied magnetic field 

have been measured at 400 and 5 K by sweeping the magnetic 

field from +5 T to -5 T, and then from -5 T to +5 T. 70 

3. Results and discussion 

3.1. Carbon nanotubes support.  

Low and high-resolution TEM micrographs of the pristine CNTs 

(Fig. 1) show that the tubes are relatively straight with both tips 

opened, except from a few cases (as indicated by arrows). The 75 

average length of the tubes corresponds to few tenths of 

micrometers, the average outer diameter is of about 110 ± 30 nm, 

the wall thickness of about 15 nm, the inner diameter ranges 

between 50 and 100 nm, and the specific surface area before 

filling was around 10 m2/g according to the BET measurement. It 80 

is expected that both straightness and large inner diameter of 

CNTs will have a strong impact on the deposition process of the 

cobalt-based NPs inside the channels. Indeed, it was reported that 

CNTs with inner diameters below 30 nm could not be effectively 

filled by capillarity with solution containing a metal salt 85 

precursor [52].  

 

Inner surfaceOuter surface

D

A

500  nm

50 nm

C D

B

100 nm

 
Fig. 1 (A-C) TEM micrographs of the pristine multi-walled carbon 

nanotubes with open ends. In image (A) the white arrows indicate the 

presence of few   closed ends. (D) High-resolution TEM micrograph 90 

showing the presence of an amorphous layer at the outer surface of the 

CNT. 

Also, Figure 1D shows that the outer surface of the CNTs is 

covered by an amorphous carbon layer, while the inner channel is 

well structured by the graphitic planes, which could most 95 

probably facilitate the interaction with the NPs during the filling 

process. 

 In order to explore the different species present on the pristine 
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CNTs, further analyses by X-ray photoelectron spectroscopy 

(XPS) was carried out [36, 43]. The XPS survey spectrum of the 

pristine CNTs (Fig. S1 in Supplementary Information) revealed 

the existence of oxygenated species on their surface. The atomic 

concentration of these species was found to be ca. 4.9 %. 5 

Deconvolution of the XPS C 1s spectra revealed that the pristine 

CNTs exhibit components corresponding to single and double 

carbon-carbon bonds at 284.5 eV and to oxygen-containing 

moieties C-O (C-O-C, C-O-H), C=O and O-C=O at binding 

energies between 286.5 eV and 290 eV. Analysis of the 10 

corresponding O 1s peak confirmed the presence of C=O and C-

O groups resulting from the CNTs synthesis procedure [43]. Such 

oxygenated functions at the CNTs surface can be considered as 

anchorage and/or nucleation sites for the NPs growth, which can 

potentially decrease the filling selectivity [53, 54].    15 

 As mentioned previously in the Experimental Section, the 

CNTs used for this study were pre-treated at 900°C for 2 h under 

argon, a treatment that is considered efficient enough for the 

removal of the oxygen functional groups from the tube’s surface 

[55, 56]. The evolution of oxygen during the pre-treatment of 20 

CNTs was studied by XPS. As it can be observed in the inset of 

Figure S1, already at 650 °C a negligible amount of oxygen (ca. 

oxygen atomic concentration: 0.5 %) was detected on the CNTs 

surface, confirming the elimination of the oxygenated species by 

the annealing procedure. 25 

3.2. Co-based NPs @CNT. 

3.2.1. Microstructural Investigations. 

At first, information concerning the distribution and the 

microstructure of the as-synthesized Co-based@CNTs were 

obtained from TEM analysis (Fig. 2). The micrographs clearly 30 

indicate that the NPs are homogenously casted within the CNTs 

and the presence of several Co-based peapod-like structures as a 

function of the CNTs channel diameter, i.e. one row of NPs 

filling the CNTs with an inner diameter of about 50 nm and two 

rows of NPs filling the CNTs with inner diameter of ca. 100 nm. 35 

The TGA curve indicates that the NPs loading is about 60 ± 5% 

(Fig. S2A). 

100 nm

C

E

50 nm

D

200 nm

BA

500 nm

10 nm
 

Fig. 2 (A-C) Representative TEM images of Co-based@CNTs structures 

showing the filling density as a function of the CNTs diameter. (D) 40 

Medium TEM micrograph showing the densely packing of the cobalt NPs 

within the CNT channel. (E) High-resolution TEM micrograph of the 

cobalt-carbon interface with an smooth interface. 

 The synthesized Co-based NPs were found to display a faceted 

shape with a quite narrow size distribution of 50 ± 5 nm (Fig. 45 

S2B), which may be associated to the presence of oleic acid that 

plays the role of the organic surfactant for controlling the 

nucleation-growth mechanism during the synthesis [57, 58]. One 

remarks as well the presence of few Co-based NPs on the outer 

surface of the CNTs (Fig. 2A), which can be easily removed by a 50 

repeated washing and magnetic separation. In fact, after removing 

the oxygenated functions by annealing, the adsorption of NPs on 

the outer surface of the CNT can be correlated with the structural 

defects or with the weak intermolecular interactions such as π-π 

stacking, hydrophobic or electrostatic attractions [59]. In our 55 

case, TEM analysis also indicates the extremely high filling 

selectivity of the CNT channel by the synthesized NPs, which can 

be attributed to the large inner diameter of the CNTs, as well as to 

the synthesis conditions with the solution filling-up the tube 

channel in a continuous way. Indeed, it has been previously 60 

reported that CNTs could be easily filled with NPs once the 

solution with the metal salt precursor was drained in tubes, by 

capillary forces [52]. The filling rate reported here highlights the 

advantage of the solvothermal synthesis method to cast metal 

and/or oxide NPs inside the CNT channel. The high diffusion 65 

inside the tube channel is confirmed by TEM showing close end 

CNTs filled with NPs (Fig. S3). To explain this high filling yield, 

the following hypothesis can be advanced: the capillarity forces 

driving the liquid phase inside the CNT’s channel were 

sufficiently high to provide a continuous supply for the cobalt 70 

species to grow the cobalt-based particle. Such conditions 

together with the important cobalt supply induce the formation of 

a dense cobalt-based network inside the CNT’s channel. 

 It is worth observing that the cobalt-based NPs exhibit a 

peculiar shape, i.e. octahedral or cube-like structures with sharp 75 

facets, as compared with the cobalt-based NPs synthesized in the 

same conditions but without confinement (see paragraph 3.5 

below). In general, the confinement effect only influences the 

redox behaviour or the catalytic activity of the casted materials as 

reported by Bao et al. [60] and by Nhut et al. [61], but has not 80 

been reported to influence the shape and the nanostructure of the 

casted material as observed in the present case. 

 The crystalline structure of the Co-based NPs was further 

investigated by X-ray diffraction (XRD). The XRD pattern, in the 

30-70° (2θ) range, displays the characteristic diffraction peaks of 85 

Co and CoO phases (Fig. 3A). An adequate Rietveld refinement, 

using the Fullprof program, was obtained by considering the 

presence of these two crystalline phases: Co (JCPDS file 

n°015−0806) and CoO (JCPDS file n°43−1004). Otherwise, the 

NPs synthesized without the presence of CNTs were found to 90 

display single CoO crystalline structure, certainly due to the 

excessive oxidation by exposure to the air during the recovery 

and storage procedures (XRD pattern was added for comparison, 

Fig. 3B). By contrast, the presence of a relatively large amount of 

metallic cobalt inside the casted sample indicates that the NPs 95 

were sufficiently covered against oxidation due to the presence of 

the surrounding CNTs acting as "protector" [24]. 

 Electron Energy Loss Spectroscopy (EELS) analyses were 

carried out on the casted and anchored NPs, to obtain information 

on their chemical compositions and the Co and O distribution in 100 

the NPs volume. In the case of the casted NPs, the Co:O atomic 
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ratio deduced from the EELS spectra recorded on a line crossing 

three neighbour NPs, confirms their low oxidation degree (Fig. 

4A). 

30 35 40 45 50 55 60 65 70

(111)

(200)

(220)

(220)

 2 Theta (°)

(111)
A

B

NPs inside CNTs

NPs without CNTs

 
Fig. 3 (A) Experimental (black) and refined (red) XRD patterns of cobalt-5 

based NPs@CNTs after synthesis, showing the presence of Co and CoO 

crystalline phases. Difference between experimental and refined XRD 

patterns (blue line). (B) XRD pattern of NPs synthesized without CNTs 

under the same conditions, showing the presence of only the CoO phase. 

 

D EC

 10 

Fig. 4 (A-B) EELS-STEM analyses of the cobalt-based particles located 

inside and outside the CNTs channel showing the relatively low oxygen 

content inside the particle. The oxygen content in the EELS line scan 

represents about 1/5 of the cobalt one. This oxygen can come from 

surface oxidation of the Co NPs during air exposure. (C) High-resolution 15 

TEM micrograph of the interface between the cobalt NP and the inner 

wall of the host carbon nanotube. (D-E) HAADF-STEM and BF-STEM 

micrographs suggesting the octahedral morphology of the confined Co 

NPs inside the CNT channel. The pseudo-fractures can be identified from 

the 2D HAADF-STEM and STEM-BF micrographs, respectively. 20 

 In addition, the evolution of the atoms changes across the 

particles, suggesting the presence of a non-homogeneous 

structure from a chemical point of view. On the contrary, the EEL 

spectra of the NP localized on the outer surface of CNT (Fig. 4B) 

was found to be more uniform, suggesting the presence of a 25 

unique crystalline phase homogenously distributed on the entire 

volume of the NP with a higher Co:O atomic ratio. These results 

are in agreement with those obtained from the XRD analyses, 

demonstrating that the CNTs act as nano-shields to prevent the 

casted NPs against excessive oxidation.  30 

 In order to get deeper understandings regarding the influence 

of the confinement effect on the oxidative resistance of the Co 

NPs a Co-based NPs supported on few-layer graphene (FLG) 

synthesized by a mechanical exfoliation of graphitic raw 

materials [44] with no confinement was synthesized and 35 

analyzed. The EELS analyses performed on different areas (Fig. 

S4) of the cobalt deposited on FLG sample revealed the presence 

of both Co and oxygen from CoO, for both large NPs and small 

clusters and no trace of cobalt metal was observed. Such results 

confirm the high efficiency of the confinement effect provided by 40 

the CNTs to enhance the oxidative resistance of the confined 

metal NPs.  

 In addition, the TEM analysis clearly indicates that in the 

absence of a confinement effect, the NPs morphology varies 

dramatically while the regular octahedral shape which was 45 

present in the Co@CNT is no longer observed. Indeed, two types 

of populations with irregular morphologies and sizes (Fig. 5 and 

Fig. S5) consisted with star-shape aggregates were observed in 

the cobalt-decorated on the FLG surface.  

1 µm

100 nm200 nm

100 nm

A B

C D

 50 

Fig. 5 Representative TEM images of Co-based NPs deposited on FLG 

surface using the same experimental conditions and showing completely 

irregular morphologies and size of the NPs. 

The growth of such star-shaped NPs was already reported in the 

case of systems prepared by a seed mediated technique in a liquid 55 

medium or by exploiting the diffusion effect of metallic seeds 

deposited on a free surface [62, 63], where the confinement effect 

is not present. Such result leads us to conclude that the 

confinement effect also induce shape change as reported 

elsewhere. 60 

3.2.2. Porosity Investigation 

The HR-TEM micrograph (Fig. 4C) of the Co-CoO@CNT 

sample reveals the presence of a difference of contrast within the 

NP surface, which could be associated with a non-homogeneity 

of the chemical structure and/or morphology, whereas the HR-65 

STEM micrographs (Fig. 4D-E) identified the presence of 

porosities defined as "pseudo-fractures" in the NPs structure. In 

order to get more insight about the NPs shape and porosity (pores 
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size, geometry, opening and accessibility) transmission electron 

tomography analyses were performed, using the incoherent 

STEM-HAADF acquisition mode. The results are summarized in 

Figure 6 and an animation of the 3D modelling is included in 

Supplementary Information part 6. The qualitative analysis of the 5 

reconstructed volume provides direct evidence on the 3D 

octahedral shape of the NPs. A careful analysis of the slices 

redrawn from the reconstructed volume shows the presence of 

several individual nanocrystals with different sizes and shapes 

separated by pores (see the individual modes of a NP and its 10 

schematic representation from Fig. 7 A, B). The HR HAADF-

STEM image presented in Figure 7C shows their close 

crystallographic orientation, suggesting a supercrystal-type 

arrangement (Fig. S7 for a similar analysis performed on other 

particles). Such a type of arrangement is marked by the presence 15 

of pores with geometry defined by sharp edges oriented parallel 

to the crystal faces. The crystallographic orientation observed 

here can be interpreted as the results of the sintering of the cobalt 

NPs clusters during the heating process. Indeed thermolysis and 

solvothermal synthesis are known to favour the formation of 20 

colloidal nanoparticle clusters and the key parameter is the 

concentration in capping ligands which has to be not enough to 

protect the primary NPs against aggregation but sufficient to 

stabilize the resulting 3D nanostructures [64]. In addition, the 

synthesis conditions in a confinement space should favour a 25 

reduce amount of ligands and thus the formation of NPs clusters. 

The nanostructure of octahedral NPs observed by TEM suggest a 

sintering of NPs clusters during the synthesis process: this was 

confirmed by experiments slowing the decomposition of cobalt 

stearate which show the formation of NPs cluster inside CNTs. 30 

Furthermore, it has been recently shown that such clustering may 

be favoured by magnetic interactions [65]. Indeed the diameter of 

cobalt NPs is very close to the superparamagnetic-ferromagnetic 

diameter limit and it is well-known that aggregation is a common 

feature of NPs synthesis and can occur as a function of the 35 

amount and type of capping agents and the magnetic effects [65]. 

Thus the octahedral shape NPs results from a clustering of cobalt 

NPs induced by both the low amount of capping ligands and 

magnetic interactions while the pores observed inside the NPs are 

resulted from an aggregation of small cobalt clusters during the 40 

growth process. According to the TEM tomography results (Fig. 

7B) part of the pores are well connected from each other through 

the CoO-Co nanoparticles. In conclusion, solvothermal synthesis 

and confinement effect lead to the formation of porous Co-based 

nanoparticles. 45 
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Fig. 6 (A) STEM-HAADF micrograph  at 0° tilt extracted from the tilt series used to reconstruct the volume of the studied object; (B) Transversal and (C) 

longitudinal slices taken at different heights and orientations from the reconstructed volume. (D) 3D tomographic model of several Co-based nanoparticles 

with octahedral shape casted inside a CNT. The cobalt NPs are oriented in different directions with respect to the CNTs channel in order to maximize the 

packing. 50 

 
Fig. 7 (A) Two typical slices from the reconstruction calculated from the HAADF-STEM tilt series, through the sub-volume of an individual nanoparticle 

illustrating the presence of pseudo-fractures inside the NPs, oriented parallel to the lateral facets. (B) 3D tomographic model of the selected nanoparticle 

showing its octahedral shape as well as pseudo-fractures and/or voids (in blue) within the nanoparticle. (C) HR-STEM image on a typical nanoparticle 

allowing the observation of unique crystallographic network while the pores can be visualized as bright zones inside the particle.55 
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To investigate the porosity parameters, the samples Co/CNTs and 

Co/FLG were further characterized by BET technique. Table 1 

summarizes the specific surface (SBET), the pores volume (Vtotal) 

and size (DBJH) of Co-based/CNTs and Co-based/FLG in 

comparison with the correspondent CNTs and FLG without NPs. 5 

Table 1. Specific surface, volume and size of pores obtained from the 

BET of CNTs, Co-based/CNTs, FLG and Co-based/FLG samples 

Sample SBET (m²/g) Vtotal(cm
3/g) DBJH(nm) 

CNTs 10.2 0.058 47.1 

CNTs/Co 21.6 0.124 19.1 

FLG 21.4 0.103 19.3 

FLG/Co 8.7 0.022 17.5 

 

For the CNTs the SBET was found to be higher after the 

introduction of NPs, which indicate the presence of new 10 

component with a high surface/volume ratio, i.e. Co NPs. The 

pores volume of the Co/CNTs also increase which is in good 

agreement with the porous structure of the metal NPs. In contrast, 

the Co/FLG present a lower SBET compared to the pristine FLG 

which could be attributed to the presence of large cobalt particles 15 

with low specific surface according to the TEM analysis. 

3.2.2. Magnetic properties. 

The magnetic properties of the synthesized Co-based NPs 

encapsulated in CNTs were investigated by carrying out 

measurements of magnetization as a function of an applied 20 

external magnetic field at 5 K and 400 K (Fig. 8). For both 

temperatures, the magnetization curves display hysteresis loops 

(characteristic of NPs magnetically active below their blocking 

temperature (TB)). The saturation magnetization (Ms), at 5 K, 

was found to be 57 emu.g-1, which is much lower than the Ms 25 

value of bulk cobalt (168 emu.g-1).  

Such a low magnetization is usually ascribed to defects and/or 

spin canting (modification of the super-exchange angles, the 

values of coupling and magnetic moments) within the volume 

and/or at the surface of the particles [66-68]. The presence of 30 

oxidized layer of antiferromagnetic CoO at the NPs surface (the 

presence of Co3O4 being excluded by the XRD analysis) also 

explains this relatively low magnetization value. The coercive 

field measured at 5 K and 400 K are about 470 Oe and 320 Oe 

respectively, and also related to these facts. 35 

 The magnetic behavior at the macroscopic scale was 

confirmed by applying an external magnet to a suspension 

containing the sample (Fig. inset). After 5 min of contact, the 

quasi-totality of the NPS@CNTs was attracted to the surface of 

the vial in contact with the magnet, which is of great interest for 40 

applications in catalysis (to realize a magnetic separation of 

catalysts) or in the biomedical field (for driving the composite 

position in the physiologic or biologic mediums). 
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Fig. 8 Magnetization curves as a function of the applied magnetic field of 45 

Co based NPs encapsulated inside CNTs measured at 5 K (blue) and 400 

K (red). Inset, top: zoom out on hysteresis loops, showing the saturation 

of magnetization; down : optical photos of the cobalt-based NPs@CNTs 

solution after ultra-sonication (0 s) and after contacting with an external 

magnet for 600 s. 50 

3.3. Metallic Co@CNTs: Microstructure after reduction 

According to the previous results the cobalt NPs are consisted by 

a metal core surrounded by a CoO shell. This part of the work is 

devoted to the study of the impact of the reduction process (under 

H2
 atmosphere at 400°C) on the microstructure of the Co-based 55 

NPs@CNTs, i.e. influence of the reduction process on the 

microstructure of the hybrid Co-CoO core-shell NPs. The TEM 

micrographs (Fig. 9) show that such a treatment not only 

modifies the crystalline structure of the NPs but their external 

shape as well. More specifically, the well-defined facets of the 60 

octahedral as-synthesized NPs have lost their sharpness and the 

NPs are rather constituted by pseudo-cubic aggregates of smaller 

entities (around 5 nm) separate by pores. 

In fact, one may advance the hypothesis of NPs "explosion" due 

to the reduction treatment, which could be in agreement with the 65 

formation of octahedral non reduced NPs by oriented aggregation 

induced by the CNT confinement. As it can be deduced from 

Figure8, the reduction occurs along the facets and grain 

boundaries of the former NPs aggregates. The pseudo-fractures 

being opened under the impact of  the reduction process, but 70 

being confined in the CNTs channel. During the reduction 

process the CoO shell oxide surrounding the cobalt metal clusters 

is converted into cobalt metal leading to a modification in the 

apparent density and thus, fracturing occurs leading to the porous 
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NPs with several aggregates of small cobalt clusters. The 

observed pseudo-morphism transformation is in agreement with 

the Kirkendall mechanism [69], which explains the formation of 

the larger voids within the NP by the diffusion of chemical 

species along the crystallographic defects, represented here by the 5 

fractures. 

 

200 nm

100 nm 50 nm

A

C D

B

 
Fig. 9 Representative TEM micrographs of Co@CNTs after reduction at 

400 °C for 2 hours under H2. 

 Similar structural change leading to the formation of porous 10 

structure has already been reported by Pham-Huu and co-workers 

: during the pseudomorphism transformation of a low specific 

surface area MoO3, either bulk and supported on SiC, under H2 

and C6H14 into a highly porous MoOxCy structure while the 

macroscopic shape remains almost unchanged [70-71]. The 15 

formation of a higher amount of pores inside the MoO3 

consecutively to the oxide to carbide transformation also 

increases the effective surface area of the small cobalt clusters for 

subsequence reaction. 

The crystalline structure of the reduced NPs was analyzed by 20 

XRD in the range of 30-57° (Fig. 10A). The XRD pattern clearly 

shows the absence of CoO peaks ((111) and (200) at 37° and 42° 

(2θ), respectively), which were present in the initial XRD pattern 

of the Co-based NPs prior to reduction. The refinement of the 

XRD pattern also reveals the presence of both alpha and beta 25 

crystalline phases of cobalt (JCPDS files n°01-89−4307 and 01-

89−4308, respectively). Indeed, the HR-TEM micrograph (Fig. 

9D) shows that the density of the pseudo-fractures within the 

reduced NPs is considerably higher than for the as-prepared 

specimen, which is confirmed by the strong contrast in the HR-30 

HAADF-STEM micrographs in Fig. 10B. This finding backups 

our previous result on the NPs porous character after reduction 

and such porosity could be explained by the transformation of the 

CoO phase, principally present on the grain boundary into pure 

metallic cobalt. From the crystallographic point of view, cobalt, 35 

as metal, is denser than its corresponding oxide. One can 

therefore consider pseudo-fracture opening and subsequent 

differentiation of the cobalt crystals. Obviously, the sizes of the 

resulting pores are considerably higher than the spacing between 

the cracks edges within the non-reduced specimen (Fig. 10C). 40 

According to the TEM analysis a large part of the pores and 

channels created inside the cobalt NPs are directly connected to 

the outside of the particle which significantly improve the 

accessibility of the clusters localized within the particle. 

 

30 35 40 45 50 55 60 65

2 Theta (°)

30 35 40 45 50 55

(1
0
1
)

(1
0
0
)

(0
0
2
)

(2
0
0
)

2 Theta (°)

(1
1
1
)

CNT

A

B

C

50 nm100 nm

 45 

Fig. 10 Caption (A) XRD pattern of the CNTs containing cobalt NPs 

prior (left side) and after reduction (right side) showing the presence of 

alpha-Co (red) and Beta-Co (blue) after the hydrogen assisted thermal 

treatment; (B) HAADF-STEM images showing the fractured character of 

the reduced nanoparticles casted inside the CNT channel, as compared to 50 

initial system; and (C) Schematic representation of the microstructure 

changes (pseudo-fractures opening) induced by the reduction leading to 

the formation of connected pores running through the particle. 

 Such porosity is of high interest as it allows the reactant to 

fully access to the active sites localized in the particle core and 55 

also for the escaping of the intermediate products. It is also 

worthy to note that the reduced sample remains in its metallic 

state after air exposure according to the XRD analysis, despite 

that some superficial oxidation cannot be evidenced by the XRD 

technique, and confirm again the significant role of the CNTs to 60 

prevent excessive oxidation of small metal clusters inside its 

channel which is not the case for unprotected small metal clusters 

where spontaneous oxidation occurs upon air exposure. 

3.4. Dynamical morphological change of Co based@CNTs 
under heating by in situ TEM  65 

In this section the morphological change and sintering behaviour 

as a function of the heating temperature will be investigated on 

both Co-CoO@CNT (after synthesis) and Co@CNT (after 

reduction under hydrogen at 400°C). The morphological and 

sintering resistance were conducted with in situ heating inside the 70 

TEM holder specimen and the change was monitored 

continuously. 
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Fig. 11 In situ TEM analysis of Co-CoO based NPs@CNT structure 

through heating process under vacuum. 

 Fig. 11 presents the in situ TEM micrographs recorded at 

different temperatures on the same unreduced Co-CoO 5 

NPs@CNTs object. At 300 °C, the shape and internal structure of 

the NPs are slightly modified and becoming more compact and 

less facetted, the fractures, visualized as white areas inside the 

NPs, become less visible which indicate that the sintering process 

is started even at such low processing temperature. At 400 °C, the 10 

morphological modification is become more evidence and the 

NPs are changed from octahedral to rounded shape with a 

consecutive creation of a relatively smooth cobalt-carbon 

interface. At 400°C the NPs also display a coalescence 

mechanism between neighbouring particles as shown in Fig.11. 15 

The coalescence of NPs at 400 °C, (less than the bulk phase 

transition [72]) can be justified by considering the relatively 

strong interactions between the Co-CoO NPs and the inner wall 

of the CNTs which leads to a rapid shape modification and 

sintering of the NPs upon heating at 400°C. The sharpness 20 

interface between the Co-based NP and the CNT’s inner wall 

could be attributed to the formation of a thin layer of carbide 

during the heating process [73]. In such transformation part of the 

carbon layer was reacted with the oxygen in the CoO leading to 

the formation of CO2 and carbide interface. 25 

 On the contrary the reduced Co NPs@CNTs displays a 

radically different sintering behaviour during the thermal 

treatment step (Fig. 12). No morphological change was observed 

upon heating at 430°C as the system has already been reduced at 

400°C under H2. At temperature of 600°C some coalescence and 30 

breaking are observed in the system which could be attributed to 

the thermal movements of the nanoparticles. At treatment 

temperature approaching 700°C shrinkage of the cobalt NPs is 

observed due to the pore surface diffusion leading to a denser 

particle. It is worth noting that in the case of pre-reduced cobalt 35 

NPs the annealing process do not lead to the formation of an 

homogeneous and smooth cobalt-carbon interface, i.e. carbide-

like, as observed in the un-reduced sample (Fig. 12 versus Fig. 

11). Such phenomenon could be attributed to the lack of reaction 

between the outer cobalt oxide and the carbon surface as 40 

encountered with the Co-CoO@CNTs sample and thus, it is 

expected that no carbide interface was generated in this case. 

 
Fig. 12 Thermal evolution of metallic (reduced) Co@CNT system investigated by in-situ TEM experiments. The change in the NPs shape upon heating 

could be associated with the porosity loss of the NPs. 45 

 Even in the high temperature range (800°C) the cobalt 

particles with diameter around 10 nm are still observed. Such 

result is very striking as it is usually observed that cobalt clusters 

are sinter at relatively low temperature especially in this diameter 

range. The high resistance towards sintering of the cobalt clusters 50 

is attributed to the peculiar behaviour of cobalt metal 

nanoparticles in a confinement medium which provide nanoscale 

dimension surface for the stabilization of these metal clusters.   

 The main difference between the non-reduced and reduced 

system, in terms of their thermal behaviour, is the temperature at 55 

which the particles have lost their pseudo-porous structure and 

become compact. In addition, compared to the Co-CoO@CNT 

sample the pre-reduced one exhibit a net higher sintering 

resistance as the cobalt NPs remain almost separated from each 

other throughout the annealing step.   60 
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4. Conclusion 

In summary, we have shown the role on the confinement effect 

within the carbon nanotubes (CNTs) channels as unique control 

of the structure and morphology of Co-based nanoparticles (NPs). 

This effect was found to generate cobalt-like NPs with octahedral 5 

shapes and highly exposed facets and with morphologies 

fundamentally different from the classical round-shaped or 

needle-like shapes obtained in the absence of the confinement 

effect. The confinement effect leads to a significant improvement 

of the oxidative resistance of the confined cobalt NPs compared 10 

to the un-confined cobalt NPs. Such result could be attributed to 

the low diffusion of oxygen inside the nanoscale dimension of the 

channel which significantly reduces the oxygen exchange 

between the inner part and the outer medium. In this case, a 

careful examination of the reactivity between oxygen and inner 15 

wall CNTs defects on one hand, and the one between oxygen and 

casted metal NPs on the other hand should be conducted.   

 The quantitative application of electron tomography in the 

STEM mode allowed us to assign the octahedral morphology of 

NPs casted inside the channels of the CNTs. TEM tomography 20 

also allows one to map out the zig-zag orientation of the cobalt 

octahedral NPs with respect to the tube channel in order to 

maximize the packing. In addition, a porous structure marked by 

the presence of pseudo-fractures within the unique nano-

crystalline network of NPs has been identified by a complete HR-25 

STEM analysis and confirmed the formation of such a network 

by an orientated aggregation induced by the CNTs "nanoreactors" 

modifying the pressure and temperature conditions but also the 

supply of reactants.  

 Finally, in situ annealing process of the as-synthesized Co-30 

CoO@CNTs and the same after reduction, Co@CNTs, indicates 

that the pre-reduction leads to the formation of porous cobalt 

aggregates with high exposed cobalt clusters, ca. 5 nm, which 

exhibits a significant improvement in the resistance towards 

sintering. Cobalt particles with size of around 10 nm are still 35 

observed in the CNTs channel after an annealing step at 800°C. It 

is worthy to note that such high resistance towards sintering has 

not been reported so far in the literature and indicate that 

confinement effect could be a useful method for the production of 

new hybrid system with enhanced physical properties compared 40 

to the traditional ones. 

 The peculiar physical properties of these porous metal NPs 

confined inside the carbon nanotubes channel, i.e. high resistance 

towards oxidation, high effective surface area and improved 

sintering behaviour, could be extremely helpful for being used as 45 

a new class of heterogeneous catalyst in harsh reaction conditions 

or as magnetic driven catalyst in liquid-phase reactions. Work is 

ongoing to evaluate the use of such sample as magnetic support 

for precious metal in the selective hydrogenation of unsatured 

hydrocarbon compounds or directly as an active phase for the 50 

Fischer-Tropsch synthesis process where nanometer cobalt 

particles with high resistance towards sintering are of great 

interest.    
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 The confinement effect has been investigated on the shape, microstructure and thermal 

response upon heating treatment of Co-based NPs synthesized inside CNTs.  
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