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Abstract

Decoration of one-dimensional multi-walled carbon nanotubes (MWCNTSs) with zero-
dimensional Co nanoparticles leads to hybrid structures with chemical and electromagnetic
features that are not available to the individual components. This work addresses the influence of
the nature and structure of MWCNTSs on the localization of Co nanoparticles. Depending on
synthesis conditions, Co can be deposited on the external or in inner surfaces of the nanotubes.
Co/MWCNTSs hybrids have been characterized by in situ X-ray powder diffraction, high-
resolution transmission electron microscopy and *°Co internal field nuclear magnetic resonance.
It has been shown that the average diameter (7.2, 9.4 and 18.6 nm), number of walls (5-7, 12-15,
15-20), and functional composition of the MWCNTSs have a remarkable effect on the size of Co

nanoparticles and their distribution in the structure of MWCNTSs. The observed phenomenon has



been rationalized in terms of nanotubes surface properties. Parent MWCNTSs being hydrophobic
and having limited porosity do not stabilize Co nanoparticles and, therefore, they are localized on
the outside surface with relatively large average size and broad size distribution. On the other
hand, the oxidation of the MWCNTS resulted in the penetration of Co nanoparticles inside of the
nanotubes, presumably because of pore opening as well as increased hydrophilicity of the

nanotubes.

Keywords: Co/MWCNT hybrids; metal-support interaction; ferromagnetism; *°Co NMR;

HRTEM,; in-situ XRD
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1. Introduction

The decoration of multi-walled carbon nanotubes (MWCNTS) by cobalt nanoparticles expands
the range of their functional properties by providing them with new magnetic, catalytic,
electronic and electro-magnetic characteristics. MWCNTSs filled with magnetic Co-containing
nanoparticles have been proved to be useful for multiple innovations in nanotechnology [1-3],
Li/air batteries [4-8], magnetic-storage devices [9], magnetic composites for drug delivery [10,
11], catalysts for different processes [12-18], as well as absorption and microwave irradiation
shielding material [19-30]. It is generally accepted that the magnetic properties of nanoparticles
are determined by many factors, such as chemical composition [20, 31-35], crystallinity [36, 37],
size [37-41] and shape [35, 42-45]. The possible interaction of the nanoparticles with the

surrounding matrix and neighboring nanoparticles [46-50] should be also mentioned in the list.
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Hence, changing the size, shape, composition and structure of nanoparticles, it is possible, within
certain limits, to control the magnetic characteristics of the composite materials. Moreover,
intimate interphase contacts between the Co nanoparticles and MWCNTS result in additional
synergistic effects. It is thus possible to further tune the electrophysical properties by adjusting,
on the one hand, the dielectric component via the MWCNTS structure and content and, on the
other hand, the magnetic properties by means of Co nanoparticles loading. This multiplicity of
possible leverage makes MWCNTSs promising building blocks for the formation of new hybrid
materials with new electromagnetic properties. However, this requires a good control of the
location and distribution of Co nanoparticles in the structure of MWCNTS.

Depending on the MWCNTS structure parameters (the average size of outer and inner diameters,
number of layers, surface area, aspect ratio, defectiveness and the functional composition of their
surface) as well as the preparation method of Co/MWCNT hybrids, the size, shape and location
of the Co nanoparticles can be varied. Presently, it is still a great challenge to uniformly deposit
3d group magnetic nanoparticles onto both the inner and outer surfaces of MWCNTSs without
altering its hollow tubular structure. A common synthetic route to produce Co/MWCNT hybrids
is incipient wetness impregnation with cobalt salt solutions. However, the specific features of the
cobalt nanoparticles formed by this method in, or on, MWCNTSs remain unclear. It is very
important to consider various factors that may influence the formation and distribution of cobalt
particles in the structure of MWCNTSs. Such factors include (i) processes occurring in the
impregnating solution; (ii) surface charge of MWCNTSs; (iii) structure and functional
composition of MWCNTSs. According to the literature data [51, 52], structure, surface area,
surface functional composition, defects of outer layers, size distribution, agglomeration state, and

purity of the samples have considerable influence on the surface charge and the reactivity of



carbon nanotubes. MWCNTs are amphoteric by nature, which means that acid and basic
functionalities coexist on their surface and that in an aqueous medium. Consequently, depending
on the pH and the nature of the MWCNTSs surface functionalities, positive or negative charges
may be present. In particular, oxidation of pristine MWCNTS leads to the formation of different
oxygen-containing groups in the boundary layers, namely carbonyl, carboxyl, lactone, quinone,
ether, and hydroxyl groups, the content and distribution of which depend on the oxidation
conditions [53, 54]. The appearance of oxygen containing groups can lead under appropriate
conditions to the formation of negative charges on the MWCNTS surface, and consequently to a
better adsorption of metal cations and, eventually, to a satisfactory dispersion of nanoparticles in
the MWCNT structure [54-56].

Previously [22], we investigated the effect of varying Co content nanoparticles, distributed in
the structure of MWCNT, on their magnetic and electromagnetic properties. The present work
addresses the issue of Co dispersion when synthesizing Co/MWCNT hybrid materials. A special
attention has been paid to the impact of the structure and surface functionalities of MWCNTSs on
the mechanism of metallic cobalt nanoparticles fixation as well as on their ultimate location and
size distribution. The structure and morphology of pure and Co-containing MWCNTS has been
monitored by high-resolution transmission electron microscope (HRTEM) while the structure of
the cobalt' metal in the hybrids after the reduction has been essentially investigated by *°Co
internal field nuclear magnetic resonance (IF-NMR). This technique provides information about
the structure (fcc and hep stackings) and the average size of Co metal nanoparticles through their
magnetically single- and multidomain character. It has been complemented by in situ
synchrotron X-ray diffraction (XRD) to provide the evolution of all crystalline phases versus

temperatures and monitor the evolution of their average sizes.



2. Material and methods

2.1. Synthesis of MWCNTSs and functionalization

MWCNTSs were synthesized by ethylene decomposition over bimetallic Fe-Co catalysts at 680
°C. The narrowest MWCNTSs (labelled MWCNT-7) with an average outer diameter of 7.2 nm
and the smaller number of walls (5-7) considered in this study were formed over the 30 wt.%
Fe,Co/Al,O3 catalyst; MWCNT with medium outer diameter 9.4 nm and wall number (12-15)
over the 40 wt.% Fe,Co/Al,O3 catalysts (labelled MWCNT-9); and the larger diameter MWCNT
(labelled MWCNT-18) of 18.6 nm with 15-20 walls over the 40 wt.%Fe,Co/CaCO; catalysts
[57-60] (see Figure 1). These characteristics were established a posteriori by statistical analysis
of HRTEM images (see below for details of image acquisition methods). The main
characteristics of MWCNT-7, MWCNT-9 and MWCNT-18 are presented in the Table S1.
Removal of the catalyst was carried out by boiling of MWCNT in a 15 % solution of
hydrochloric acid for 4 h with vigorous stirring. After acid treatment the precipitate of MWCNT
was filtered and washed with distilled water to neutral pH. The BET specific surface areas were
determined after this treatment by Nitrogen adsorption using an ASAP-2400 Micromeritics

instrument.



MWCNT-7

Figure 1. HRTEM images of MWCNT-7, MWCNT-9 and MWCNT-18.

For the investigation of the influence of pre-treatment conditions on the Co particles formation,
the oxidation of MWCNT was performed by refluxing of 1 - 2 g MWCNT in concentrated nitric
acid for 2 and 8 h. The consequence of this treatment has been evaluated by thermal analysis in a
previous publication [61]. Titrimetric analysis of acidic oxygen-containing groups on the
MWCNT surface was performed using a reverse acid—base titration technique described by

Boehm [62].

2.2.Point of zero charge (PZC) measurements

Surface acid—base properties of the pristine and functionalized MWCNTSs at the solid—liquid
interface were estimated by determining the PZC according to the standard drift test method
(equilibrium pH at high loading) [63-66]. 1 g of each MWCNT samples was placed in 20 ml of
aqueous solutions with different initial values of pH (1-13). Then the obtained suspension was

stirred on a magnetic stirrer for 1 h at 250 rpm. The pH values were measured until the



equilibrium was established. Therewith, the PZC corresponded to a plateau in the plot of final
(equilibrium) pH versus the initial pH. Solutions with the initial pH value ranging from 1 to 13

were prepared with HCI and NaOH. The accuracy of pH measurements was £ 0.15 pH units.

2.3. Co/MWCNT hybrids preparation

Co-containing samples were prepared by incipient wetness impregnation of different types of
MWCNTSs (7, 9 or 18) with aqua solutions of cobalt nitrate (Co(NOj),-6H,0, 98%, Sigma-
Aldrich) [22, 67]. After impregnation for 2 h, the sample precursors were dried in air at room
temperature during 12 h and then at 110 °C for 6 h followed by calcination at 350 °C for 4 h
under an argon atmosphere. They were then reduced in a stream of pure hydrogen (40 ml / min)
at 350 °C for 3 h with a heating rate of 2 °C/min. Adjusting the concentration of the cobalt
nitrate solutions, samples of about 7.5% Cao loading (in weight) were obtained. The exact Co
loading was determined by X-ray fluorescence (XRF) using a sequential spectrometer ARL
Perform'X with a Rh anode X-ray tube. The element content was assessed using the UniQuant
program for standard-less-analysis. Prior to analysis, the samples were ground in an agate mortar,
and then mixed with cellulose in a ratio of 1 : 5 (wt) in order to obtain the required volume for
filling the sample holder.

The prepared samples were denoted as x% Co/MWCNT-(7,9 and 18) Ox or Ox 8h, the number
x standing for the cobalt load in weight %; the numbers 7, 9 and 18 denote the MWCNTSs with
different average diameters, Ox and Ox 8h refer to an eventual oxidative treatment for 2 and 8 h,
respectively. Reduced samples were transferred into NMR ampules, which were sealed without

contact with air immediately after the reduction procedure.



2.4. In situ synchrotron X-ray diffraction (in situ XRD)

The crystal phase transformations of the cobalt phase during the reduction of impregnated
MWCNT precursors were monitored in situ by XRD at the 3 Precision Diffractometry station of
the VEPP-3 beamline of the Siberian Center of Synchrotron and Terahertz Radiation in
Novosibirsk (Russian Federation). The samples were placed in an XRK 900 X-ray reaction
chamber (Anton Paar, Austria). Heating was performed from room temperature to 700 °C at a
rate of 10 °C/min under a flow of diluted H, (H, rate of 150 ml/sec). An intermediate stage at
350 °C for 200 min was observed. The X-ray patterns were recorded in near real time (60 s per
frame) with a laboratory-made (Budker Institute of Nuclear Physics) detector with a 26 range of
33 ° - 65 ° and steps of ~ 0.01 °. The operating wavelength was 0.1731 nm thus permitting to
capture the main reflections of Co metal (PDF 15-806), CoO (PDF 48-1719), Co30,4 (PDF 42-
1467), and C (PDF 43-1104). The X-ray patterns were interpreted using the Bruker Topas full
profile analysis program. The contribution of the baseline was eliminated by conducting
additional experiments on the original nanotubes. Additional interpretation of the data was
carried out using the Fityk program [68].

Rietveld refinement of the full XRD patterns was carried out using pseudo-Voigt functions.
The simulation of reduced 7.7% Co/MWCNT-7 Ox, 7.3% Co/MWCNT-9 Ox, and 8.3%
Co/MWCNT-18 Ox required using two fitting peaks for Co metal phases due to inhomogeneous
line broadening, i.e. one narrow and intense peak originating from particles of larger sizes and
one broad one of lower intensity originating from particles of smaller sizes (see Figure S1 as an

example).

2.5. High Resolution Transmission Electron Microscopy (HRTEM)



Morphologies of the MWCNT supports and of the Co/MWCNT hybrids were characterized
using a JEOL JEM-2010 microscope operating at 200 kV accelerating voltage which allows a
nominal resolution of 1.4 A. Sample specimens for TEM studies were prepared by dispersion of
the powder in dimethylformamide in a glove box under Argon [69]. The dimethylformamide
suspension was removed from the box and a drop deposited onto a Micro-mesh copper grid and
then quickly transferred to the TEM vacuum chamber where it evaporated: The total time of
exposure of the dimethylformamide suspension to atmosphere was 20 s. The MWCNT mean
diameters and Co particle size distributions were estimated from a statistical count of the
nanotubes from several frames taken on different parts of the samples. Co particle size
distributions in the Co/MWCNT samples were estimated by using TEM images containing about
300 - 400 Co particles at magnifications of x50 000 and %400 000. The particles outside the
MWCNTSs were of roughly spherical shape thus only one dimension was measured. However,
the particles inside were of oblong geometry giving two characteristic sizes. The values reported
in the histograms are the highest values of these two dimensions. Therefore, some particles
reported with very large sizes of 15 nm can correspond to long Co wires within the MWCNTSs

internal space (internal diameter of 4 to 7 nm).

2.6. Internal Field *°Co nuclear magnetic resonance (IF-NMR)

All *°Co IF-NMR experiments were carried out using a Bruker Avance NMR console without
external magnetic field application, i.e. outside of the NMR magnet, and at ambient temperature.
A commercial Bruker broadband static low Q NMR probe head was used. The samples were
sealed on-line in the glass reactor used for reduction. Thus, during analysis, the samples did not

evolve from the state they reached in the reactor, i.e. they were characterized in the same state of



reduction and dispersion. The spectra were acquired using the spin-echo Fourier transform point
by point method. The pulse train consisted of two identical pulses of 1 ps duration with an
interpulse delay of 8 ps. The number of transients varied from 1 k to 8 k. The sequence repetition
rate was 33 Hz due to the very short T; relaxation time of ferromagnetic cobalt. Low pulse
powers were implemented (less than 10 W delivered at the radio-frequency coil) due to the high
enhancement factor of metallic Co [70]. All Gaussian peak positions were determined from the
“optimal’’ spectra in agreement with previous literature results. Only line widths and line
intensities were varied, the peak positions remaining fixed during the spectral decompositions.
Small manual deviations from the fixed line positions within 0.2 MHz were allowed to optimize
the fit. The details of decomposition procedure can be found elsewhere. The quantification of IF-
NMR spectra was carried out from this decomposition with correction for the enhancement

factor. The detailed explanation of this procedure can be found elsewhere [70].

3. Results

3.1. Effect of the MWCNT structure on the Co particles formation

Multi-walled carbon nanotubes are amphoteric by nature, which means that acidic and basic
functionalities coexist on their surface. In an aqueous medium, these functionalities, depending
on the pH, provoke a distribution of charges. At pH below the point of zero charge, the balance
of charges is positive while for pH above, it is negative. Consequently, electrostatic interaction
favors the adsorption of anions in aqueous solutions of pH below the PZC and the one of cations
at pH above the PZC. In the case of MWCNTSs, the surface chemistry can be modified by
oxidative treatment to tune the PZC and favor the adsorption of required ions [71].

The PZC was measured by the pH drift test (Figure 2) for the three carbon nanotube types

under consideration (MWCNT-7, MWCNT-9 and MWCNT-18, see Table S1) before and after
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oxidation treatment. Measurements on the three pristine MWCNT samples showed that the PZC
pH increased slightly from MWCNT-7 (PZC pH = 6.8) to MWCNT-9 (PZC pH = 7.3) and to
MWCNT-18 (PZC pH = 7.9). Considering that the surface charge is driven by (de)protonation,
this suggested that increasing wall thickness of pristine MWCNT increased the basicity of the
MWCNT external surface. The obtained results are in a good agreement with the literature data
stating that the PZC pH of as-produced carbon nanotubes to vary in the range of 5 - 8 pH units
[72].

The samples oxidized for 2 h in concentrated nitric acid displayed a drop of PZC pH values
down to 3.4, 3.5 and 3.6, respectively for MWCNT-7, -9 and -18 Ox (see also Figure 2).
Increasing the oxidation treatment time of MWCNT-9 from 2 to 8 h led only to an insignificant
augmentation of the measured PZC pH from 3.5 to 3.7 stating that all relevant structural and
surface modifications of MWCNTSs occurred within the first 2 h of acidic oxidation treatment.
Generally, the presence of oxygen containing groups after the oxidation treatment promotes a

shift of the PZC pH to a value of about 3 [73-75], that is in agreement with the presented results.
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Figure 2. Measurements of PZC by the pH drift method for the three pristine MWCNTSs (7, 9
and 18) — upper curves; oxidized for 2 hours (Ox) MWCNTs (7,9 and 18), and after long
oxidation treatment for 8 hours (MWCNT-9 Ox 8h) — bottom curves. The value of the plateau of
the final pH versus initial pH is equal to the PZC of the given MWCNT. Concentrated nitric acid
treatment for 2 h introduced carboxylic functional group on the surface resulting in a drop of the
PZC values from 6.8 - 7.9 down to 3.4 -3.6 pH units for all three MWCNTSs. Increasing the
oxidation -treatment time of the MWCNT-9 sample from 2 to 8 h led only to a slight
augmentation of the PZC from 3.5 to 3.7 pH units meaning that all relevant structural and surface

modifications of the MWCNTSs occurred within the first 2 h of acidic oxidation.

Considering that the dramatic shift of the PZC with acidic oxidation was related to the

formation of carboxylic functional group on the surface, the density of acidic groups of the
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functionalized MWCNTSs-(7, 9 and 18) was determined by acid-base titration (see Table 1).
Using this method, the content of COOH groups in pristine MWCNT was measured to be 0.2
units per 1 nm™. The surface chemistry of oxidized MWCNTSs (7, 9 and 18) and the amount of
oxygen-containing groups has already been quantitatively determined by XPS and DTA and

published elsewhere [61].

Table 1. Specific surface area, surface density of carboxylic groups and total pore volume of

MWCNTs after oxidative treatment for 2 hours

Sample Average outer Content of Sger (M?/g) Total pore
diameter of COOH groups volume (mL/g)
MWCNT, nm per 1 nm?*
MWCNT-7 Ox 7.2 2.7 360 2.48
MWCNT-9 Ox 9.4 2.4 300 2.75
MWCNT-18 Ox 18.6 2.1 130 291

3.2. Characterization of Co/MWCNTSs hybrids by HRTEM

It has been shown recently [22] that the size and location of cobalt in Co/MWCNT Ox samples
depends strongly on the Co loading. Samples with Co concentration up to 10 wt.% mainly
contain Co particles within the channels of MWCNTSs. As the Co loading increases, the inside
population remains constant, but the size distribution of the outside population increases, widens,
and shifts toward higher values up to 20-30 nm at 14.5 wt.% loading. Therefore, to isolate the
influence of the MWCNT chemistry nature on the structure of Co/MWCNT hybrids, the samples

under consideration all exhibited similar Co content, 7.1 - 8.3 wt.%, as determined by XRF.
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HRTEM images of reduced Co/MWCNTSs hybrids are presented in Figure 3. This figure includes
different types of MWCNTSs as a support, i.e. pristine MWCNT-9 (A), 2 h oxidation small
diameter MWCNT-7 Ox (B), oxidized medium diameter MWCNT-9 Ox (C), oxidized large
diameter MWCNT-18 (D), and 8 h treated medium diameter MWCNT-9 (E).

The acid-base properties of MWCNTSs are of high importance in the Co<nanoparticle
anchoring. The electrostatic interaction between the MWCNT support and the metal cations in
solution depends on the relative values of the solution pH and the MWCNT PZC. The pH of
cobalt nitrate aqueous solutions used in this work varied within the range of 4 to 5. At low
solution pH values (pH < 3), the speciation of cobalt is Co®* and the MWCNT surface being
positively charged, electrostatic repulsion hinders cobalt adsorption. As the pH increases, the
MWCNT surface deprotonates and the metal ions adsorbs electrostatically. These phenomena are
enhanced since the replacement of protons by metal ions self-propagates the deprotonation
process. Simultaneously, the hydrolysis of Co®" at a high pH should be accounted as well.
According to the literature in ref. [76-79], cobalt (11) is mainly present as Co®" at pH 8, but at pH
10 it is primarily present as Co(OH)*. Consequently, pristine MWCNTs (7, 9 and 18)
impregnated with Co(NO3), solution of pH around 4 - 5, that is below their PZC, cannot exhibit
cationic adsorption. This led to the observation on the 7.5% Co/MWCNT-9 (Figure 3A) of large
20 nm metal Co nanoparticles widely distributed in sizes originating from the reduction of Co
oxide precipitated outside of the nanotubes during drying. No Co nanoparticles was observed
inside the tubes or decorating their surfaces. Oppositely, the oxidized MWCNTs samples having
PZC values lower than the impregnating solution pH, their impregnation under the same
conditions resulted in Co?* cationic adsorption. Consequently, two resulting Co nanoparticles

populations could be distinguished in the HRTEM images (Figures 3B-D). There was a
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relatively wide population (o = 4.5 nm) of sizes centered at 14 nm decorating the outside surface,
however, most of the Co nanoparticles were formed mainly inside the MWCNT channels. The
internal nanotube surface provokes a restriction of the lateral size to 3 - 5 nm and resulted in the
formation of oblong Co particles. Nevertheless, Co particles could still extent further in the
longitudinal direction. This phenomenon was reflected in the histograms by a tail of the
distribution as only the larger size, i.e. elongation length for bi-dimensional structures, is
measured during HRTEM image analysis.

Besides pH and PZC, the nucleation and distribution of Co particles are governed as well by
the surface structural MWCNT changes caused by the nitric acid oxidative treatments. As a side
effect of importance to the issue of further metal deposition, washing with concentrated nitric
acid not only eluted away the amorphous part of the samples but increased the defectiveness of
the outer layers of the nanotubes. This, together with the opening of the nanotube ends, was
likely to favor access of metal, ions or molecules into the internal channels during impregnation
or drying, as reported earlier in [22]. Despite the fact that all oxidized samples under
considerations had similar PZC, sample Co/MWCNT-7 Ox, with thinner walls and thus more
prone to opening during oxidation, exhibited a ratio of ten between the particles populations
located in the inside and the outside of the MWCNTs while the Co/MWCNT-9 Ox and
Co/MWCNT-18 Ox samples had a more mixed population with a ratio of only about two. The
effect of pore openings was further demonstrated by increasing the nitric acid oxidation time on
sample MWCNT-9 (Figure 3E). The increase of treatment time from 2 to 8 resulted in an
insignificant change of the PZC (from 3.5 to 3.7 for 2 and 8 h, respectively), thus the same
sorption mechanism must be taken into a consideration. Nevertheless, the prolonged oxidation

caused the formation of a larger number of external defects, which facilitated Co ion penetration
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via nanotube walls and the ratio of inner to outer cobalt particles raised to about 10 (Figure 3E).
Additionally, the average size of the outer particles was drastically reduced to 5 nm.

It thus appeared that the duration of the preliminary oxidation treatment is a simple leverage
for controlling the size of particle resulting from incipient wetness impregnation with Co nitrate.
It favored anchoring the Co particles on the outer surface and simultaneously opened pores

facilitating Co diffusion within the internal MWCNT space.
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Figure 3. HRTEM images and particle size histograms of Co/MWCNT hybrids: pristine
MWCNT-9 (A), MWCNT-7 Ox (B), MWCNT-9 Ox (C), MWCNT-18 Ox (D), and MWCNT-9
Ox8h (E) after the reduction under hydrogen flow. The pristine nanotubes exhibited only large
particles on the outer MWCNT surface, whereas 2 h oxidation by nitric acid facilitated Co ion
penetration into the internal channel thus resulting in two ensembles of Co nanoparticles: internal
and external. Longer acidic treatment leads to the stabilization of smaller Co nanoparticles on the

outer MWCNT surface.

3.3 The dynamics of Co nanoparticle formation by in situ synchrotron XRD

The dynamics of Co metal particle formation and their sizes have been monitored by in situ
synchrotron XRD analysis. Note that in these experiments, the heating rate under hydrogen
(from room temperature to 350 °C at 10 °.min™, hold for 200 min, then to 700 °C at 10 °.min™)
differed from the preparation of the'samples investigated by HRTEM (from 350 °C to 700 °C at
2°.min"). The typical time-resolved XRD reduction of the Co/MWCNT-Ox samples exemplified
on 8.3% Co/MWCNT-18 Ox sample is displayed in Figure 4. As a general observation that is
valid for all samples (see Figure S2), the phase transition from Co30O,4 through CoO to Co was
induced by temperature increase under hydrogen flow. Co30,4 phase diffraction peaks rapidly
disappeared from the XRD pattern at temperature above 250 °C. The growth of the CoO (111)
diffraction line revealed the initiation of Co reduction, i.e. its first stage, from Co3;0,4 to CoO,
occurred. This behavior is well documented in the literature [80] but depending on the type of
MWCNTSs, the temperature behavior of Co30,4, CoO and Co crystalline phases leads to various
phase transition routes generating different sets of coherent scattering regions (CSR) for the

observed phases (see Figure 5). It is important to notice that all samples were characterized by a
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drastic increase of Co crystallite sizes at temperatures above 550 °C. However, depending on the

type of MWCNT-(7, 9 and 18) Ox, the increase in the Co particle size occurred at different rates.

(111)Co
| (200)Co

Figure 4. Typical time-resolved XRD patterns of the cobalt phases on MWCNTs-18 Ox (8.3%
Co/MWCNT-18 Ox) during reduction under diluted hydrogen (the temperature is ramped). Co
fcc metal (PDF 15-806), CoO (PDF 48-1719), Cos04 (PDF 42-1467), and C (PDF 43-1104)
indexation are shown. The successive reduction steps of the cobalt spinel into cobalt metal were
evidenced but only particles of CSR above 5 nm were visible by XRD. Reduction, complete after
the 350 °C stage, was followed by particle sintering up to 700 °C. This process as revealed by

the increase of the coherent domain size occurred above 550 °C.
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The CSR of all oxide phases of sample 7.7% Co/MWCNT-7 Ox had only a weak dependence
on temperature (Figure 5A). The Co304 phase was detected up to the 200 - 300 °C range
whereas the CoO phase was observed in the 200 - 520 °C temperature range with a constant CSR
value of about 5 to 10 nm. The reduction of Co monoxides to metallic Co began at 290 °C, and,
following the temperature increase up to 700 °C, led to a Co metal CSR growth from a few
nanometers to between 35 nm and 80 nm depending on the sample. As mentioned in the
experimental part, Co metal diffractions have been simulated using two fitting functions

reflecting the coexistence of two ensembles of particles inside and outside the MWCNTS.

A  7.7% Co/MWCNT-7 Ox B 7.3% Co/MWCNT-9 Ox C 8.3% Co/MWCNT-18 Ox
*
0l " Co,0, ol " Co,0, . 0l " Co,0,
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Figure 5. Coherence size domains change with treatment temperature for the observed phases in
samples A - 7.7% Co/MWCNT-7 Ox; B - 7.3% Co/MWCNT-9 Ox and C - 8.3% Co/MWCNT-

18 Ox.

The CSR values of the Co metal phases versus temperature are displayed in Figure 5. A
common observation of all samples is the co-existence of two ensembles of Co metal
nanoparticles with different sizes, which apparently corresponded to Co particles inside and
outside the MWCNTs. The average diameters of the Co crystallites at 700 °C for the
Co/MWCNT-7 Ox samples was ~ 4 nm and ~ 35 nm; for Co/MWCNT-9-Ox ~ 4 nm and ~ 80

nm; and for Co/MWCNT-18 Ox ~ 4 nm and ~ 40 nm inside and outside the nanotubes,
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respectively. Therefore, as expected, Co metal nanoparticle encapsulation in the internal
channels of CNTs promoted, by geometrically constraining the metal, a remarkable size stability
versus temperature up to 700 °C. Despite the different thermal history of the samples, the CSR
determined in-situ by XRD fully supported the ex-situ HRTEM observation.

3.4. Particles sizes, shapes and structures by IF-NMR

The internal field *Co NMR (IF-NMR) method is a powerful tool for selective
characterization of both structural and magnetic properties of Co metal nanoparticles. It
differentiates the structure of Co metal, such as face-centered cubic (fcc) and hexagonal close
packed (hcp) Co. Moreover, a magnetic information can be extracted as well as magnetically
multi- and single-domain particles give rise to different spectral lines.

The IF-NMR spectra of Co obtained on different diameter MWCNTSs are displayed in Figure
6. The spectra distinguished five unresolved different lines arising from different cobalt
stackings. The maximum of all samples corresponded to fcc cobalt in single-domain particles (~
216.5 MHz). The resonance of cobalt in multidomain fcc particles was shifted by about 3 MHz
to lower frequencies due to the cancellation of the demagnetization field. The higher frequency
lines were attributed to the hcp cobalt (~ 219 MHz, ~ 221.5 MHz and 224 MHz) [81, 82]. The
observation of ‘the three lines due to hcp Co magnetic anisotropy was a peculiarity of Co
supported on MWCNTS. In previous studies of Co metal particles supported on other supports
like alumina [83], SiC [81], or others [84] only one broad line is observed.

Co/MNCNT-7 Ox and Co/MWCNT-9 Ox showed an increase of the hcp cobalt relative
contribution with the increase of total cobalt amount in the sample. This could be associated with
increasing Co particle size according to ref. [85] stating a preferential stabilization of fcc cobalt

in smaller nanoparticles. Therefore, the hcp ratio relative growth could be a side effect of the
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average particle size increase (Table 2). Another observation that could be related to the
increasing average Co particle size with MWCNT diameter change was the shift of the fcc
single-domain resonance from 216 to 217 MHz. This additional high frequency shift of a single-
domain line position is an indication of increasing demagnetization field associated with particle

growth (see ref. [86]).

205 210 215 220 225 230
-_—'-—' 8.3% Co/MWCNT-18 Ox
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Figure 6. Optimal **Co IF-NMR spectra of Co/MWCNT-7 Ox (bottom, black), Co/MWCNT-9
Ox (middle, red) and Co/MWCNT-18 Ox hybrids (top, blue) after reduction. Observation of a

multidomain fcc resonance correlated with the occurrence of large multidomain (more than 50 —

22



70 nm) particles by HRTEM. The high frequency displacement of single-domain fcc line was a

result of the increase of the demagnetization field with the particle average size.

The spectrum of Co/MWCNT-18 Ox (Figure 6 top) differed from the ones of Co/MWCNT-7
Ox (Figure 6 bottom) and Co/MWCNT-9 Ox (Figure 6 middle) due to a new line appearing at ~
213 MHz, which was a contribution of multidomain fcc cobalt nanoparticles exceeding 50-70 nm
in size [87]. Indeed, among the three, it was in the Co/MWCNT-18 Ox sample that the largest
outside Co particles were detected by HRTEM. The exact fraction of large particles could be
hardly assessed by IF-NMR as the hcp multidomain cobalt resonance, which should appear at
214 MHz, was superimposed with the one of Co in single-domain fcc particles. It was solely
possible to determine a minimal fraction of Co atoms.in multidomain particles, which was equal

to the 213 MHz line fcc multidomain contribution (~ 18 at. %) (see Table 2).

Table 2. Decomposition of the **Co IF-NMR spectra corrected for the enhancement factor (see
Figure S3) giving the content of each line. The hcp/fcc ratio was recalculated from the fit of IF-

NMR spectra. The accuracy of the total fcc (hcp) phase determination was £5%.

Sample Multi- Single- hcp 219 | hcp 221 | hep 224 | heplfec
domain domains MHz, MHz, MHz,
fcc, at.% | fcc, at. % at.% at.% at.%
7.7% Co/MWCNT-7 Ox - 66 19 13 2 0.5
7.3% Co/MWCNT-9 Ox - 60 24 13 3 0.7
8.3% Co/MWCNT-18 Ox 18 39 19 17 7 0.8
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4. Discussion

Many processes, such as hydrolysis, dissociation, and complexation, must be takeninto
consideration to determine the different ionic forms existing in agqueous solutions. Taking into
account the relevant hydrolysis and dissociation constants, it can be predicted that 99.997 % of
the Co in the impregnation solution of Co nitrate (I1) at pH 3.95 was in the form of Co?" (see
confirmatory calculations in the supplementary materials). The value of the PZC of the oxidized
MWCNTs was always around of 3.5 for all nanotubes types used in this work. The small
difference between the initial pH of the solution and the PZC of the oxidized MWCNTSs thus
insured that no significant redistribution of the speciation of Co occurred. One could thus safely
only consider the existence of solvated Co?* ions, which have 0.208 nm radius [88]. The
penetration of Co ions into 4 and 7 nm internal nanotube channels was thus possible.

For the pristine nanotubes (pHzpc = 7.~ 8), the pH of the same initial Co nitrate (1) aqueous
solution was buffered towards a value close to the PZC. Consequently, ionic speciation changed
but Co*" remained largely dominant (99.43% of all Co in solution). Therefore, an increase of the
overall pH of the MWCNT system / aqueous solution of Co nitrate up to 7 did not lead to a
significant redistribution of ionic forms and cobalt ions remained essentially in the form of Co?".
There was thus no electrostatic barrier to the adsorption of Co ions on the surface of the pristine
MWCNTSs. Nevertheless, Co particles were detected solely outside of carbon nanotubes Co
according to HRTEM images (Figure 3). There are several factors explaining this phenomenon.
First, the surface and internal channels of pristine MWCNTSs are known to be hydrophobic,

leading to Co salt sedimentation during drying followed by nitrate decomposition during
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calcination. Second, the internal channels of pristine MWCNTs were closed thus no Co ions
could penetrate inside them.

Oppositely, the inner and outer surfaces of oxidized MWCNTSs possess a pronounced
hydrophilic character [89]. As a consequence, inner and outer surface deposition is favored by
wetting while capillary forces promotes the solution ingress within the inner space of the
nanotubes. Consequently, after reduction, Co metal nanoparticles were observed both within the
nanotubes and on their external surfaces. Moreover, the oxidation treatment contributed to the
defectiveness of the carbon nanotube walls (Figure 3E), providing both entry points for the ions
within the inner space and anchoring sites. This led to the stabilization of smaller Co particle on
the surface as oxidation time increases from 2 to 8 h.

To summarize, MWCNTSs could be produced and modified to confer them considerably
different structure and surface properties. The formation of Co nanoparticles in the internal
channels of MWCNTs was mainly tuned by (i) acid-base properties of the MWCNTS; (ii)
availability of the internal channels (ends, wall defects) and (iii) higher affinity of the aqueous
solution of metal precursor during the impregnation to the inner surface (namely, hydrophilic
properties). The inner MWCNT channels filling rate decreased according to the following series:
MWCNT-9 Ox 8h > MWCNT-7 Ox > MWCNT-9 Ox > MWCNT-18 Ox > MWCNT (7,9 and

18) pristine.

5. Conclusion

The effect of the MWCNTSs nature (diameter and number of walls) as well as their oxidative
pretreatment on the Co nanoparticle formation by incipient wetness impregnation followed by

reduction has been investigated by in situ XRD, HRTEM and *°Co IF-NMR.

25



Pristine MWCNTSs (7, 9 and 18), hydrophobic and with limited porosity, did not stabilize Co
nanoparticle which only formed outside of the MWCNTSs with an average particles size of 20 nm
and a very wide size distribution as well as poor resistance to sintering. Pretreatment by
oxidation in nitric acid for 2 h of MWCNTs (7, 9 and 18) leads to the co-existence of Co
populations inside and outside the nanotubes with nanoparticle diameters of 5 and 15 nm,
respectively. This was due to increased hydrophilicity and adsorption energy as well as pore
opening. This pore opening is all the more easier that the wall are thinner. The prolongation of
the oxidation time to 8 h resulted in the occurrence of Co nanoparticles mainly inside the
nanotubes channels with average diameter 5 nm. The remaining outside Co nanoparticle
population saw its average size decrease to 5 nm due to a better anchoring of the Co precursor on
the external surfaces. These results, derived from ex-situ HRTEM analysis, were confirmed by
*°Co IF-NMR.

As revealed by in situ synchrotron XRD, Co nanoparticles located inside the internal channels
of MWCNTs retained their original size of 5 nm even after heating up to 700 °C, while Co
nanoparticles on the outer surface underwent intensive sintering, which led to particle size
increase up to 80 nm.

In conclusion, we have shown that post-synthesis modification of MWCNT structures opens a
possibility’ for controlling the Co nanoparticle preferable location outside, on, or inside the
nanotubes depending on the targeted properties. For various applications including catalysts [4,
13, 15, 90, 91], deposition of small particles on the external surface of the nanotubes will be
preferred. For magnetic applications, relatively large outside nanomagnets will be desired while
the steric size control resulting from a localization in the internal space of the nanotubes will be

essential to tune electro-magnetic properties for dielectric or shielding applications [19-22].
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Co/MWCNT hybrids with controllable localization of Co nanoparticles are obtained.
Localization of Co nanoparticles depends on the nature and structure of MWCNTSs.
Hydrophobic/hydrophilic properties of MWCNT surface strongly affect Co deposition.
Oxidized MWCNTs with thin walls stabilize Co nanoparticles mainly inside their

channels.

Oxidation of MWCNTs leads to the decrease of Co nanoparticles average size.
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