Open Access Article. Published on 23 Mudyaxihi 2025. Downloaded on 2025-08-02 08:37:15.

Thisarticleislicensed under a Creative Commons Attribution 3.0 Unported Licence.

(cc)

Nanoscale

{ '.) Check for updates ‘

Cite this: Nanoscale, 2025, 17, 15760

Received 17th March 2025,
Accepted 21st May 2025

DOI: 10.1039/d5nr01112d

rsc.li/nanoscale

1 Introduction

7® ROYAL SOCIETY
P OF CHEMISTRY

View Article Online

View Journal | View Issue

3D and in situ electron microscopy studies of the
nucleation and growth processes of cobalt-based
nanoparticles synthesized via thermal
decomposition on carbon nanotubest

Mohamed Alae Ait Kerroum, Dris |hiawakrim, Ovidiu Ersen and
Walid Baaziz = *

Herein, we investigated the confinement effect of carbon nanotubes (CNTs) on the synthesis of cobalt-
based nanoparticles (NPs) via the thermal decomposition method. Using an ex situ synthesis approach,
the microstructural properties of typical nanoparticles, either confined within or localized on the external
surface of CNTs, were first examined using electron tomography (ET) and high-resolution transmission
electron microscopy (HR-TEM). The obtained results showed that the “inner” NPs exhibited a Co-CoO
crystalline structure, homogeneous size (~50 nm) and octahedral morphology. In contrast, NPs anchored
to the external surface of CNTs exhibited random morphologies and were composed of small particles of
~20 nm with an oxidized CozO4 layer. A quantitative analysis of the surface faceting of NPs using a geo-
metrical approach revealed that the NPs confined within the CNTs did not adopt a regular octahedral
morphology (with eight equal facets) but an elongated morphology, indicating an anisotropic growth
along the CNT direction during the synthesis. In the second part of this study, the nucleation and growth
mechanisms of both types of NPs were studied in situ by reproducing the solvothermal reaction for the
first time using an environmental-cell TEM (EC-TEM) approach. Outside the CNT channel, the direct visu-
alization of the NP formation mechanism as a function of temperature enabled us to observe that their
nucleation did not occur homogeneously in the synthesis medium, as expected. Instead, the nucleation
was initiated within the vesicle-like structures that appeared in the solvent in the temperature range of the
precursor decomposition. The first clusters and subsequent NPs were formed at the liquid—gas interface
in the vesicle "walls”, which were characterized by a higher monomer concentration. Before leaving the
walls, their size grew rapidly until a critical value of 4-5 nm and formed chain-like structures. The NPs
close to the CNTs were adsorbed onto the carbon surface owing to the presence of oxygen functions,
and their size increased until ~20 nm by sintering. In the confined channels of the CNTs, the reaction
mixture was incorporated via capillarity at low temperatures. Then, a porous micellar aspect of the liquid
was observed in relation with the increasing supply of coalescent precursor from the CNT tip. At higher
temperatures (~300 °C), the structure was densified, and the first separated entities formed the Co-based
NPs.

approaches. For the synthesis of metal/oxide nanoparticles
(NPs), thermal decomposition of metallic complexes is con-

The design of novel nanomaterials with controlled parameters sidered one of the most suitable method, offering precise
requires an understanding of their synthesis/formation control over properties such as size, morphology and
dynamic mechanisms at the nanoscale, which is currently composition.'”® This method was first developed by Hyeon for
possible using recently developed in situ characterization the synthesis of iron oxide NPs and involves the decompo-
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sition of a metal carboxylate precursor assisted by a ligand
(capping agent) in an organic solvent.®> To synthesize cobalt-
based NPs (Co, CoO and Co;0,) via the thermal decomposition
route, several precursors have been employed, particularly
cobalt-carboxylate salts such as oxalates, citrates, and oleates,
with fatty acids such as oleic acid and citric acid as the

This journal is © The Royal Society of Chemistry 2025
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capping agents.” The NP formation using this technique pro-
ceeds via two sequential events, ie., nucleation and growth,
which are wusually described wusing the LaMer burst
nucleation®® and Ostwald ripening,'® respectively. More
complex pathways have also been proposed, such as aggrega-
tional processes of NP precursors or pre-nucleation clusters,
which appear to contradict the classical theory."*™® In most
cases, nucleation and growth are dynamically competitive
mechanisms and can occur simultaneously, and their kinetics
are usually determined using modulating factors such as the
heating rate, ligand/precursor ratio, and monomer
concentration.*'® Although many research groups have
explored the nucleation and growth mechanisms during the
thermal decomposition,’”*° the intrinsic processes occurring
during the syntheses remain blurred.

Moreover, the synthesis of NPs inside a confined environ-
ment was reported to influence their chemical, electronic, and
magnetic properties compared with the unconfined ones,?***
due to the “locally” different conditions that lead to the modi-
fications of the nucleation and growth mechanisms and/or of
their kinetics during the reaction. For cobalt-based NPs, it was
already reported that the confinement within the carbon nano-
tubes channels significantly influences their morphology,
stability, and catalytic properties, thus leading to some poten-
tial effects that can be very beneficial for several applications,
in particular in the catalysis field. The creation of a unique
nano-environment generally allows better control of the size
and morphology of NPs, an increase in the dispersion of active
sites, and considerable improvement in the reducibility of
NPs. These effects lead to higher catalytic activity and selecti-
vity in reactions such as the oxygen reduction reaction (ORR),
oxygen evolution reaction (OER) and Fischer-Tropsch syn-
thesis. It has also been reported that the confinement of NPs
inside CNTs improves their stability and durability by inhibit-
ing their excessive sintering and/or oxidation.***® In a pre-
vious work, we reported the synthesis of cobalt-based NPs with
homogeneous size and shape via the thermal decomposition
of cobalt stearate complex inside carbon nanotubes, and also
of NPs synthesized in similar conditions but using few-layer
graphene (FLG) as support, which leads to completely different
sizes and morphologies.?”*

In recent years, several in situ approaches have been devel-
oped, particularly for the direct monitoring of dynamic pro-
cesses such as the growth of inorganic or hybrid structures.
Among them, the technologies using Environmental Cell
holders for Transmission Electron Microscopy (EC-TEM) allow
in situ probing by TEM the evolution of nanomaterials by pro-
viding a direct insight in real time, in realistic conditions and
with high spatial resolution.”*" Until now, the reported
studies of NPs synthesis using EC-TEM are limited to reactions
occurring in an aqueous medium at low temperatures (below
100 °C), and/or employing the electron beam as an energy
source.***® Such conditions are not suitable for a representa-
tive thermal decomposition reaction, which requires a higher
temperature range between 280 °C and 330 °C in the case of
metal carboxylate precursors.”*”° Today, it is technically
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impossible to reproduce a solvothermal decomposition reac-
tion in situ inside the electron microscope due to the absence
of adapted holders and/or cells allowing the heating of liquid
at temperatures higher than 100 °C. The few studies reporting
on the investigation of the in situ nucleation and/or growth
mechanisms of metal/oxide NPs under solvothermal con-
ditions use liquid TEM and try to control the electron beam to
decompose the precursors in the locally irradiated area.
Therefore, the observed mechanisms and their kinetics are
strongly dependent on the electron dose and/or the amount of
radiolysis species formed in a solvent and are therefore not
representative of real conditions.

The main objectives of the current study are to investigate
the nucleation and growth mechanisms of cobalt-based NPs
synthesized by thermal decomposition of cobalt stearate
assisted by oleic acid under solvothermal conditions, inside
and outside the confined channels of carbon nanotubes. In
the first part, we employed high-resolution TEM imaging and
electron tomography (ET) techniques to quantitatively analyse
the confinement effect on the synthesis mechanisms via the
direct comparison of the microstructures (morphology, poro-
sity and 3D faceting) of both cobalt-based NPs synthesized
inside the CNTs and at their external surfaces under the same
reaction conditions. In the second part of the work, we
implemented a new working methodology based on the use of
commercial environmental cell TEM (EC-TEM) holders, which
was adapted to be able to reproduce solvothermal reaction
conditions, i.e., at temperatures up to 300 °C and in the pres-
ence of an organic solvent, for allowing the real-time visualiza-
tion of such synthesis processes at the nanoscale. The pro-
posed dual analytical strategy provides unprecedented insights
into the reaction mechanisms and reveals how confinement
fundamentally changes the thermodynamic and kinetic path-
ways of NP formation. Based on our findings, we propose a
comprehensive model that explains the distinct reactional pro-
cesses governing the nucleation and growth of cobalt-based
NPs confined inside CNTs or anchored at their external
surfaces.

2 Results and discussion

2.1 Confinement effect of CNTs: microstructural properties
of Co-based NPs inside vs. on the surface, by high-resolution
scanning TEM (HR-STEM) and electron tomography

In previous work, we reported the synthesis of cobalt-based
NPs of 50 nm selectively filled inside the carbon nanotubes
channels via the thermal decomposition of a cobalt stearate
precursor.>'® The use of annealed CNTs (at 900 °C under Ar)
was required for removing the oxygen functions (hydroxyls and
carboxylates) at their outer surface, leading to the formation of
Co-based NPs only inside the CNT channels. In the present
work, non-treated CNTs were used to keep such external
oxygen functions and to have NPs localized on both sides of
the CNT, allowing us a better understanding of the confine-
ment effect of CNTs on NP formation. A typical as-synthesized
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Fig. 1
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Slice (X2)

(A) Annular dark field (ADF) (inset bright field (BF)) STEM image of a representative Co-based/CNT nanostructure with NPs located inside the

CNT channel (white square) and on its external surface (red square). (B) 3D model obtained using electron tomography analysis of the nanostructure
present in (A); inset shows the model of two internal NPs. Typical (XY) (C) and (XZ) (D) slices extracted from the 3D volume calculated using electron
tomography. The small particles forming aggregates outside the CNT are highlighted using yellow lines/arrows.

CNT/NP nanostructure is presented in Fig. 1 (see also
Fig. S1t1). The TEM and STEM images clearly show that, for
most CNTs, the channel is filled with NPs, with very few NPs
anchored to the external surfaces.

The STEM images clearly show that the “inner” NPs are
faceted and display a homogeneous size of ~50 nm. Such a
size is independent of the CNTs’ diameter: when CNTs
channel diameters are bigger than 50 nm, the NPs can be
arranged in one or two columns on only one side of the
internal volume of the CNT (Fig. S1A and Bf). For the CNTs
with a diameter smaller than 50 nm, the Co-based NPs size
was found to be similar to that of the CNTs and presented a
quite rounded shape. As a first estimation, we can conclude
that such a size of ~50 nm is the result of a complete growth
mechanism of NPs, i.e., no additional size increase can be sub-
sequently obtained even in the case of a continuous supply of
precursor. The few particles observed at the outer surface of
the CNTs had random shapes and sizes without well-defined
facets (Fig. S1C and Df).

The NPs were analysed using energy-dispersive X-ray spec-
troscopy (EDS) and HR-STEM imaging (Fig. 2St). The Co and
O maps obtained by EDS were consistent with the expected
cobalt oxide structures and revealed a homogeneous distri-
bution of such elements in the entire volume of both types of
particles (inside and outside the CNT). The particles filled into

15762 | Nanoscale, 2025, 17,15760-15771

the internal channels of CNTs were found to display a mono-
crystalline structure. From the FFT (Fast Fourier Transform)
micrograph, we measured dy;; distances of 0.24 and 0.21 nm,
which correspond to (111) and (200) plans of the CoO phase
(JcpDS file no. 43-1004). The 0.21 nm value can also be
indexed as a (111) plan of metallic cobalt. In a previous work,
we also reported XRD data showing a mixture of CoO and Co
(JCPDS file no. 150806)."° The structure of external particles
presents small crystallites with different crystallographic orien-
tations (Fig. 2St). The FFT indexation of a domain at the par-
ticle surface revealed the presence of spots with dj;; distances
of 0.24 and 0.2 nm, which may correspond to (111) and (200)
plans of CoO, respectively, but also to (311) and (400) plans of
Co30, (JCPDS file no. 42-1467). The presence on the FFT
micrograph of additional dj; of 0.46 nm and 0.28 nm corres-
ponding to only (111) and (220) plans of Co30, confirms that
the outsider NPs display a core-shell structure, namely
CoO@Co030,. Such an advanced oxidation degree is certainly
due to the higher surface/volume ratio, the smaller size and
the open porosity of NPs, but also due to the absence of the
confined medium, which plays a protective role against
oxidation.

The microstructural properties of Co-based NPs localized
inside or at the surface of CNTs were further analysed by
STEM Electron Tomography in order to access their detailed

This journal is © The Royal Society of Chemistry 2025
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morphology and internal porous structure. Fig. 1 illustrates the
tomographic data (3d model and some orthogonal slices from
the 3D volume) obtained for a representative grain of Co-based
NPs filled inside the CNT and supported on its surface.
Additional orthogonal slices extracted from the 3d volume are
presented in Fig. S3.1 The obtained results clearly show that the
NPs located inside the CNT channel display a perfect octahedral
shape with well-defined eight (08) planar facets and a porous
character in the entire volume of the NPs as internal tinny chan-
nels. The slices extracted from the 3D volume also show that the
outside particles are rather aggregates of a few smaller particles
of ~20 nm, with completely open porosity and encapsulated in
a less dense layer corresponding to the oxidized Co-CoO phase
in the Co;0, matrix after synthesis (Fig. 1C and D).

To analyse the 3D faceting of the NPs inside the CNTs, their
external surfaces from the tomographic models were separated
using a geometrical approach based on the relative orien-
tations of the normal axes between neighbouring surface
voxels.*” This method of identification allows the quantifi-
cation of the present facets, ie., for each one to extract the
number of voxels that constitute a perfect planar surface (per-
pendicular to the normal axis) and, more generally, the
number of voxels with the normal axis oriented in a given
direction. This quantification approach is very useful for the
identification of secondary and/or smaller facets close to the

(111 4
- o
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edges of NPs. The as-obtained 3D facets were correlated with
HR-TEM images taken at different tilt angles during the ET
experiment, which allowed the identification of the crystallo-
graphic facets and their spatial distribution on the particle
surface. Fig. 2 illustrates this approach applied to a 3D model
of a single cobalt-based particle localized inside the CNT
channel at tilt angles of —18°, —48° and +44° from the initial
position of the particle on the TEM grid (see also Fig. S47).
Fig. S5 and Table 1 ESI} illustrate the obtained results and
resume surfaces in (pixel)> for the eight facets of typical
cobalt-based NPs filled inside the CNTs. The results show that
97.2% of the voxels from the entire surface of the particle are
present in well-defined planar facets. The remaining 2.8% of
surface pixels slightly deviated from the initial facets and may
correspond to edge voxels and/or surface pores. The eight
facets are not equal and are displayed as “facet pairs”, i.e., the
opposite facets are equal. Thus, the particles are not shaped as
regular octahedrons with equal facets but rather as elongated
ones (a straight line between the two top sides of the octa-
hedron is not perpendicular to the rectangular base), which
reveals an anisotropic orientation and/or growth mechanism
when NPs are synthesised inside the CNT channels. Electron
Tomography and STEM analyses also reveal the presence of
structural defects such as porous nanochannels on the cobalt-
based NPs surface and/or in their volume. Such porosity was

10 1/nm

Fig. 2 Top: Faceting identification approach applied on a typical cobalt-based particle inside the CNT, using STEM-HR images correlated with FFT
at —18°, and the corresponding 3D model with the facets identified automatically. Bottom: Faceting obtained using the same approach at —48° (left)

and +44° (right): STEM-BF images with 3D models are shown in the inset.

This journal is © The Royal Society of Chemistry 2025
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observed by Cheng et al. and X. Zheng et al. synthesised CoO
NPs using similar methods and reported that their results ori-
ginated from the fast release of gas molecules, such as carbon
monoxide, during the thermal decomposition of the metal car-
boxylate precursor.*'***

In this regard, the main difference in the microstructural
properties observed between the Co-based particles localized
inside and at the surface of the carbon nanotube, especially in
terms of shape, faceting and porosity, is certainly due to
different germination-growth mechanisms occurring during the
synthesis reaction. Such results suggest that the growth kinetics
is higher inside the confined medium, probably due to the
higher concentration of precursor/ligand allowing the formation
of achieved octahedral NPs by oriented aggregation of smaller
NPs/clusters, which cannot be realized at the external surface of
CNTs, where the NPs remain smaller and separated. We
observed similar behaviour when synthesising Fe;O, NPs by
thermal decomposition of iron stearate in the presence of CNTs,
i.e., the NPs inside and on the external surface of CNTs display-
ing sizes of 13 nm and 8 nm, respectively.”’ In the literature,
many groups have reported the synthesis of cobalt-based NPs
(CoO or Co30,) by thermal decomposition of cobalt carboxylates
as precursors with controlled sizes but not with such a perfect
octahedral shape. Similar CoO NPs of ~15 nm were synthesized
using the thermal decomposition of Co (acac), in oleylamine,
with irregular and close to octahedral morphologies, which are
comparable to our NPs localized at the CNTs surface.”” It was
demonstrated that NPs become more faceted as a function of
time. In our case, the fact that the reaction occurred within the
confined CNT could accelerate this mechanism and lead to the
formation of faceted NPs. In addition, in our case, the synthesis
under the same conditions but using graphene instead of CNTs
as support led to the formation of NPs with completely irregular
morphologies and sizes, which implies that the CNT channel
also plays a role in the flux regulation of the precursor/ligand
species to vary the reaction kinetic."®

To underscore the importance of ex situ TEM characteris-
ation in the context of this work, we note that the use of
3D-TEM is essential for studying the shape of the particles with
respect to their position and for highlighting, in particular, the
presence of two completely different microstructures for the
inside and outside NPs. The combination of the 3D TEM classi-
cal analysis and the geometrical approach used for the quantifi-
cation of the facets revealed the anisotropic character of the
octahedral NPs located inside the CNT channels, which origi-
nated from their specific nucleation and growth mechanisms.
To precisely assess the mechanisms that govern the synthesis of
both types of particles and the related material transport pro-
cesses, the synthetic reaction was conducted inside the TEM
and monitored in real time and under iz situ conditions.

2.2 In situ nucleation and growth mechanisms of Co-based
NPs inside and at the surface of CNTs studied by
environmental TEM

The main objective of this part is to investigate in situ and at
the nanoscale, the mechanisms of NP formation in free reac-

15764 | Nanoscale, 2025, 17,15760-15771
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tion mixtures and within confined CNT channels. At the time
of this study, no TEM approach had been developed for the
analysis of samples in liquid media at high temperatures. The
two existing approaches for environmental TEM cells
(EC-TEM) are monitoring samples in the liquid phase up to
100 °C or under the gas phase up to higher temperatures
(~1000 °C). Herein, we present a homemade approach consist-
ing of the analysis of the reaction liquid using a gas EC-TEM
holder. The solvent containing the reactants and CNTs was
heated ex situ at 120 °C under stirring. One drop was then de-
posited in EC-TEM, heated to 300 °C under argon at atmos-
pheric pressure and maintained at this temperature for
90 min. The temperature reaction was maintained at 300 °C
(instead of 320 °C in the real ex situ experience) to limit
solvent evaporation. For this in situ part, not annealed CNTs
were used to maintain the oxygen functional groups at the
CNT surface and to simultaneously synthesize NPs at the exter-
nal surface and inside the CNT channel, allowing us to provide
a better insight into the confinement effect on the NP for-
mation mechanism.

Fig. 3 illustrates the general behaviour of the thermal
decomposition of cobalt stearate inside and outside one CNT,
followed in situ in real conditions of reaction using the
EC-TEM (see also Fig. S6t). The observed mechanisms do not
arise from radiolytic processes induced by the electron beam,
as done until now using liquid cell TEM, but relate to the
temperature increase, as in the usual thermal decomposition
method. The beam effect was optimized by choosing a moder-
ate magnification and evaluated by comparing the monitored
zone with several zones not exposed to the electron beam
during the experiment.

The direct visualization of the reaction medium shows that
it remains stable until 260 °C, the temperature at which we
observe the formation of small vesicles of ~20-30 nm homoge-
neously distributed within the solvent outside the CNTs. These
vesicles exhibit dynamic behaviour, their size increases rapidly
to ~50 nm and then ~100 nm at 275 °C and 290 °C, respect-
ively. Such a 260 °C-280 °C range of temperature corresponds
to the first thermal decomposition event of oleic acid and
cobalt stearate.”***

Such vesicle formation was already reported for iron oxide
radiolytic synthesis from iron stearate decomposition under elec-
tron beam irradiation in the monitored area; their size and/or
evolution were dependent on the electron dose and on the TEM
working mode used in the experiment.*” In contrast, the vesicles
observed here are induced by temperature variation, exhibit
regular size and are homogeneously distributed in the solvent.

To gain better insight into the nucleation and growth of Co-
based NPs outside the CNTs, we followed some vesicles at
higher magnification, as illustrated in Fig. 4. The first vesicles
observed at 260 °C did not contain nanoparticles. The first
clusters of 1-2 nm appear at 270 °C close to the vesicle-solvent
interfaces, and their size increases rapidly due to the continu-
ous supply of monomer molecules, marked by the darkness of
the vesicles’ walls compared to their cores (red arrows). Such a
nucleation process induced by temperature in this temperature

This journal is © The Royal Society of Chemistry 2025
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Fig. 3 Low magnification TEM images showing the general behaviour of in situ thermal decomposition of cobalt stearate as a function of tempera-
ture and reaction duration inside and outside a CNT using the EC-TEM approach. Insets are schematic of the observed behaviours.

range has never been observed by in situ TEM. In the few
in situ studies using classical liquid TEM, different behaviours
were locally obtained, such as the presence of vesicles and glo-
bules with random size and/or cluster growth kinetics, as a
function of the electron dose.>®> When the cluster size is high

This journal is © The Royal Society of Chemistry 2025

enough (around 4-5 nm), they leave the vesicle walls (yellow
arrows), continue to grow and form a chain-like structure at
~300 °C with primary particles of ~20 nm.

In classical nucleation theory, the largest effect on nuclea-
tion kinetics is attributed to the supersaturation of monomers

Nanoscale, 2025, 17, 15760-15771 | 15765
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Fig. 4 TEM images as a function of time and temperature, showing in situ nucleation (top images; insets show zoomed images of the marked
zones), and growth (bottom images) mechanisms of Co-based NPs in the solution, outside the CNT channel.

and the variation in the surface free energy caused by the sur-
factants.*® The observed behaviour here is different and shows
that nucleation is not a homogeneous mechanism but occurs
within vesicles acting as nanoreactors, confining the reactants,
with a higher supersaturation kinetic of monomers at the gas-
liquid interface. This effect was first reported by Cotin et al. for
iron oxide synthesis from iron stearate by considering heated
and then cooled reaction mixtures.*” The presence of observed
vesicles was attributed to the oleic acid used as a surfactant,
which is an amphiphilic molecule suitable for generating
“reverse” vesicles in organic solvents at high temperatures
and/or to the possible decomposition of stearate chains into
ketones by releasing CO, molecules. In addition, some groups
have mentioned that the decomposition of organometallic pre-
cursors under solvothermal conditions releases gases such as
carbon monoxide and ammonia molecules.>"*%*°

During the whole process, we observed a higher density of clus-
ters/particles around the CNTs (white arrows, Fig. 4). These par-
ticles were also formed directly on the CNT surface, probably
because of the presence of oxygen groups serving as anchoring
sites. Such a mechanism leads to the formation of NPs aggregates
at the CNT surface and could explain the microstructure of the
outside Co-based nanoparticles observed by electron tomography
in part 1 (Fig. 1). The other NPs in solution (far from the CNT
surface) remained smaller, as observed at 300 °C, 49 minutes. In
this case, the transport of an interface-oriented material along the
external surface of the CNT is not confined and generally follows
classic 2D or 3D diffusion dynamics, with the NPs moving freely
on the curved surface. The surface interaction, ie., the adsorption
rate, should be higher than that observed by considering annealed
CNTs because of the presence of oxygen functions.

In the CNTs, the thermal decomposition of cobalt stearate
behaviour is found to be completely different. The liquid was

15766 | Nanoscale, 2025,17,15760-15771

already inside the CNT channel at 200 °C (Fig. 1), suggesting
that incorporation occurred at a lower temperature, probably
during the mixing of reactants at 120 °C. Most of the CNTs
used in this work are naturally open, and in such cases, the
filling process is governed by nanoscale capillary forces, as
often reported in the literature.’®>' The material is then con-
fined to a one-dimensional (1D) or quasi-1D system. This con-
finement leads to a specific diffusion dynamic, often described
as single-file or restricted diffusion, which is much slower and
at the same time more ordered than that associated with trans-
port on the external surface. The liquid remained stable and
homogenously dispersed during heating to 270 °C. No vesicle-
like structures were observed. Instead, a porous network can
be observed made of small pores and/or channelling porosity
due to the gases resulting from the first decomposition of the
reactants (Fig. 4). Such a structure was stable up to 300 °C,
with only a slight increase in the pore size. At the CNT
entrance, we observed an important supply of NPs with sizes
bigger than those present in the free solvent, revealing a
higher kinetic growth mechanism of such NPs located inside
the CNT channel (Fig. 4, bottom part and Fig. 5A).

Starting from approximately ~60 min at 300 °C, the NPs
located at the CNT tip coalesce and form an intermediate
structure moving toward the inside of the CNT, as shown in
area 1 in Fig. 5B and C. A rapid reorganization of this micro-
structure, as well as of the liquid phase around it, was
observed. The tiny fractures (Fig. 5A) observed previously dis-
appeared due to liquid densification, and the initially homo-
geneous structure was replaced by a micro-porous and self-
organised phase (Fig. 5D) uniformly distributed inside the
CNT channel. The observed aspect of the liquid could result
from cobalt stearate and oleic acid decomposition/melting and
the presence of gas molecules. This event can be assigned to a

This journal is © The Royal Society of Chemistry 2025
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Fig. 5 TEM images showing the formation mechanism of the Co-based NPs located inside the CNT channels at 300°C after (A) 60 min and (B—F)
90 min. (C) and (D) Images illustrates with a higher resolution the two areas designed by squares in the image (B). (E) and (F) Images are acquired in
the homogeneous part of the channel, further than the entrance of the nanotube.

nucleation mechanism that occurs at higher temperatures
compared to its activation in the free solvent through vesicle
formation starting at 260 °C. The difference in nucleation
temperatures could be explained by the locally lower tempera-
tures inside the confined medium of the CNTs. As a function
of time, we can observe that the entities become increasingly
dense, simultaneously to two other important observations:
(1) some of them desorb from the internal wall of the CNT
(yellow arrows in Fig. 5D) and form a thick layer of ~50 nmj;
(2) the intermediate phase is fractured along the CNT length
leading thus to the formation of separated entities or pre-par-
ticles. These incipient particles display morphologies similar
to those of the octahedral Co-based particles observed for ex
situ synthesis (Fig. 5E and F). Inside the CNT, the nucleation
and growth of NPs generally occur at higher temperatures but
also with higher kinetics as compared to the NPs synthesized
without support, due to the high concentration of monomers
and the rapid supersaturation due to the confinement effect.
Such fast growth leads to the formation of well-faceted NPs,
as in our case. Note also that, as reported in the literature,
the modification of the cobalt-based NPs morphology during
the synthesis in similar conditions, ie., thermal decompo-
sition of cobalt carboxylates, without the presence of a
support, requires a fine control of the surfactant nature and
the surfactant/precursor ratio; that usually leads to NPs with
morphological defects and/or some other structural
irregularities.’>>*

This journal is © The Royal Society of Chemistry 2025

Therefore, the results obtained by in situ TEM reveals that
at the CNT external surface, the NPs originate from the attach-
ment of some smaller NPs already synthesized in the free
solvent (via the observed vesicles), in agreement with their
final microstructure observed by 3D TEM as an aggregate of
several small particles. In contrast, the NPs localized inside
the CNT channel were obtained as a result of the introduction
of the precursor in the channel by capillarity and its sub-
sequent melting, leading thus to NPs well oriented along the
channel axis, which explains their anisotropic shape revealed
by ex situ 3D TEM and faceting analysis in the first part of this
study.

3 Conclusions

In this study, we applied advanced TEM techniques to investi-
gate the confinement effect of CNT channels on the formation
mechanisms of Co-based NPs synthesised via the thermal
decomposition method of cobalt stearate precursor in the pres-
ence of oleic acid.

First, using electron tomography and high-resolution TEM,
we quantified the sample obtained under “classical con-
ditions” in a synthesis reactor, in which cobalt-based NPs were
localized inside the CNT channels and anchored onto the
external surface. The NPs located inside the CNTs exhibited a
homogeneous size of ~50 nm, independent of the CNT dia-
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meter and the potential presence of porous structures in the
Co and CoO phases. The quantification of their surface facets
using a geometric approach applied to the 3D models revealed
a specific morphology that can be assigned to elongated octa-
hedrons, originating from the anisotropic growth in the CNT
channels. The tomographic data of the NPs anchored on the
external CNTs surfaces showed that they were made of aggre-
gates of smaller particles (~20 nm) with open porosity and a
random shape and were covered by an oxidized layer of Co30,.

The nucleation and growth mechanisms of NPs synthesised
inside and on the surface of CNTs were then studied in situ by
TEM under real solvothermal conditions using a customized
EC-TEM approach. In the absence of CNTs, the nucleation
step occurs between 260 °C and 280 °C, and the first clusters
appear close to the walls of vesicles that formed in the solvent
at the temperature of the decomposition of cobalt stearate and
oleic acid (~260 °C-270 °C). The sizes of the clusters and vesi-
cles grow as a function of temperature. When the cobalt-based
clusters reached a critical size (~290 °C), the NPs left the
vesicle walls and formed a chain that remained stable in sus-
pension in the solvent over time. Around the CNTs, a higher
density of clusters/NPs was observed during the whole process,
and the NPs/chains were adsorbed and sintered onto the CNT
surfaces because of the presence of oxygenated functional
groups. Inside the CNT channel, the reaction mixture is filled
in the channel during the stirring step, realized at 120 °C, and
remained stable until 270 ©°C. At higher temperatures
(~300 °C), the liquid becomes denser, progressively leading to
the formation of a microporous film, which subsequently sep-
arates into distinct entities and/or pre-particles. Finally, the
characterization approaches and methodologies used in this
work open new perspectives for in situ studies of the evolution
of nanomaterials in organic solvents at high temperatures.

4 Experimental methods
4.1 Co-based-CNT synthesis

The synthesis involves the thermal decomposition of a cobalt
stearate precursor in the presence of oleic acid as a surfactant
and CNTs. The CNTs used in this work were hollow vapor-
grown multi-walled (provided by Pyrograf Products), with an
average length of a few tenths of micrometers and an inner
diameter of about 80 + 30 nm. In more detail, 50 mg of the
untreated CNTs were suspended in 20 mL of octadecene (Alfa
Aesar, 90%) under ultrasonication for 10 min. After adding
1.389 g (2.2 mmol) of cobalt stearate (Strem Chemicals, 9%-
10% Co) and 1.4 mL (4.4 mmol) of oleic acid (Alfa Aesar,
99%), the reaction medium was heated to 120 °C under stir-
ring for 12 h to dissolve the reactants and to eliminate traces
of water or dissolved impurities. The reaction mixture was
then heated to reflux (318 °C) under an argon atmosphere at a
heating rate of 5 °C min™". The reaction was allowed to stand
for 2 h at this temperature. After cooling to room temperature,
the NPs and CNTs were precipitated by adding an excess of
acetone and then centrifuged (8000 rpm, 10 min). The result-
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ing black precipitate was then washed 3 times by adding a
mixture of hexane and acetone (with a 50/50 ratio) and then
centrifuged (8000 rpm, 10 min).

4.2 Transmission electron microscopy (TEM)

Transmission electron microscopy (TEM) analysis was carried
out using a JEOL 2100 FEG S/TEM microscope operated at 200
kv equipped with a spherical aberration corrector on the
probe-forming lens. For imaging, the samples were dispersed
in ethanol and deposited on a holey carbon-coated TEM grid.
For scanning transmission electron microscopy (STEM) high-
angular annular dark field (HAADF) analysis, a spot size of
0.13 nm, a current density of 140 pA, and a camera focal
length of 8 cm, corresponding to inner and outer diameters of
the annular detector of about 73 and 194 mrad, were used.

4.3 Electron tomography

The acquisition of tilt series was acquired using the tomogra-
phy plug-in of the Digital Micrograph software, which systema-
tically controls specimen tilt, defocusing and drift. The
HAADF and BEF tilt series in the STEM were acquired by using
the ADF and BF detectors and tilting the specimen in the
angular range between +75° and —70° using an increment of
2.5° in the equal mode, giving a total number of images equal
to 59 images in each series. The inner radius of the ADF detec-
tor was approximately 40 mrad, a relatively large value that
allowed us to consider that the intensity in the corresponding
images was proportional to the mean atomic number of the
specimen in the first approximation.

The recorded images of the tilt series were spatially aligned
by cross-correlating consecutive images using IMOD soft-
ware.”> For the volume calculation, we used the algebraic
reconstruction technique (ART)’® implemented in the Tomo]
plugin®” working in Image] software®® to compute the recon-
structed volumes. Finally, visualization and analysis of the
final volumes were performed using the display capabilities
and isosurface rendering method in Slicer software.>®

4.4 Energy-dispersive X-ray spectroscopy (EDX)

Analyses were carried out in STEM mode with an energy-dis-
persive X-ray spectroscopy (EDX) probe using a silicon drift
detector (SDD) with a sensor size of 60 mm?.

4.5 Environmental cell TEM (E-CTEM)

The reaction mixture was heated at 120 °C, stirred for over
12 h, then cooled to room temperature. One drop was de-
posited onto a Protochip support (E-Chip),® which is a thin
ceramic heating membrane controlled with “Atmosphere” soft-
ware to automatically adjust the temperature under different
pressures and gas species. The sample was deposited on the
heating membrane by sputtering through a thin slit directly
above the membrane. A second cell chip with a SiN membrane
is located on top of the thermal E-chip in the TEM holder, pro-
ducing a thin gas cavity sealed with small o-rings, maintaining
the high vacuum of the TEM column. During the experiment,

This journal is © The Royal Society of Chemistry 2025
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the sample was observed and imaged under an argon pressure
of 760 Torr at temperatures ranging from 200 °C to 300 °C.

Data availability
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