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Abstract: The catalytic activity of cobalt and iron nanoparticles for the growth of carbon nanotubes
(CNTs) was studied by a specific reproducible and up-scalable fabrication method. Co and Fe
catalysts were deposited over SiO; nanoparticles by a wet-impregnation method and two different
annealing steps were applied for the catalyst formation/activation. The samples were calcined at
an optimal temperature of 450 °C resulting in the formation of metal oxide nano-islands without
the detection of silicates. Further reduction treatment (700 °C) under Hy successfully converted
oxide nanoparticles to Co and Fe metallic species. Furthermore, the catalytic efficiency of both
supported-metal nanoparticles at 2 and 5% in weight of silica was evaluated through the growth
of CNTs. The CNT structure, morphology and size dispersion were tailored according to the metal
catalyst concentration.

Keywords: wet impregnation; metal acetylacetonate; metal nanocatalyst; SiO, nanoparticles; CNT
growth

1. Introduction

Supported metal catalysts have been extensively used in a broad range of applications
using gas-solid of liquid-solid reactions such as in the energy or biomass conversion [1].
Different applications may benefit these catalytic activities such as the hydrodesulfuriza-
tion [2], the reforming reactions [3] and the hydrogenation/dehydrogenation [4,5], where
the catalytic efficiency will be critically affected by the catalyst characteristics i.e., com-
position and phase [6,7], particle size [8], metal-support interaction [9]. Supported metal
catalysts, when controlled to a nanometre-size, can be applied to the growth of CNTs
by catalytic chemical vapor deposition (CCVD) [10]. CNTs can exhibit different intrin-
sic properties such as electrical conductivity [11], mechanical properties [12,13], or high
specific surface [14], among others. For the growth of CNTs with the desired properties,
the selection of the right catalyst is of fundamental importance. Transition metals are
widely used as a catalyst for the CNT growth [15]. This group of metals presents a specific
electronic structure, where the increase of unfilled d-orbitals enhances the bonding with
carbon. For instance, Au or Pd (fully filled d-orbitals) present a low affinity with carbon,
while elements with vacant d-orbitals such as Ti and Nb tend to form carbides (strong
bond) [16]. For this reason, Fe and Co stand out as commonly used metal catalyst for CNT
growth relying on their high solubility of carbon as well the high diffusion rate of carbon
in these elements [17].
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The catalyst behaviour may also change depending on the substrate used for the
deposition. Commonly used substrates for CNT growth include quartz [18], alumina [19],
aluminosilicates [20], silicon [21], silica, etc. Among the catalytic supports, silica has
attractive features such as: active surface (presence of silanols) [22], good dispersion and
distribution of metal catalyst (porosity related) [23], high chemical inertness [23] and low
cost [24], revealing itself an interesting support for catalyst particles.

Many methods describe the preparation of metal supported catalysts such as deposition-
precipitation [25], reductive deposition [26], colloidal synthesis [27] and wet impregnation.
The wet impregnation approach appears to be an attractive technique for the deposition
of Fe [28] or Co [29] nanocatalysts over SiO; substrates due to its simplicity, low costs
and efficiency on spreading metal particles over high surface area substrates [30]. During
wet impregnation, Fe (III) and Co (II) acetylacetonates interact with the OH-sites from
the silica substrate through the ligand exchange mechanism. The chemisorption is pos-
sible due to the decomposition of the metal acetylacetonate structure in two stages: the
elimination of at least one acetylacetonate (H* + acac™) at low temperature followed by
the decomposition of the remaining (acac)™ at higher temperature during annealing [31].
The annealing is essential for the catalytic activity once it defines the nanoparticles’ size
and phase composition as well as their distribution over the support. Therefore, in the
field of carbon-based nanostructures, different sizes of particles actually generate CNTs
with distinct diameter/structures, once the growth is dictated by the particle initial size
and its deformation during the process [32]. During the CCVD reaction, carbon species,
decomposed at high temperature (500-900 °C) from hydrocarbons, are dissolved in the
metal catalyst and, after achieving supersaturation, precipitate in the form of a carbon
cylinder [33]. Because of this growth mechanism, a direct relation between CNT and
catalyst diameter is established. For instance, Cheung et al. [34] reported the formation
of CNTs with diameter of 3, 7 and 12 nm from particles with average diameter of 3, 9 and
13 nm, respectively. The same author mentions the formation of mainly single-walled
carbon nanotubes (SWCNTs) from the smallest particles, while larger catalysts tend to form
thin multi-walled carbon nanotubes (MWCNT) [34].

Being able to control the metal catalyst deposition over silica nanoparticles and its
evolution during the annealing steps is fundamental to enabling controlled and tuneable
CNT growth. For this purpose, much research efforts are still necessary to clearly correlate
the catalyst properties to the obtained CNTs. Furthermore, many works show that the
metals used as catalysts have different behaviour, influencing the CNT properties [35,36],
but there is still a lack of experimental results to draw satisfying conclusions.

In this regard, this paper aims at contributing to a better understanding of the relation
between catalyst and CNTs by comparing SiO,-supported cobalt and iron nanoislands
produced following identical experimental conditions. In addition, it reports a detailed
investigation of the calcination and the reduction parameter on the structure and mor-
phology (size and shape) as well as the chemical composition, the oxidation state and the
density of the nanoislands. Moreover, Co and Fe nanocatalyst with different sizes were
finally obtained and tested in their catalytic performance enabling the selective growth of
both SWCNTs and MWCNTs bundles by catalytic chemical vapor deposition (CCVD).

2. Results
2.1. Impregnation Optimisation

Organometallic coordination compounds are intensively used for the synthesis of
metal nanoparticles either free standing or supported. The range of temperatures and/or
pressures is driving the decomposition of the precursor as the strength of interaction
between the metal ion and the ligands is modified [37]. As a consequence, the thermal
decomposition of organometallic precursors used for the wet impregnation of SiO; is a
critical step to maximise the chemisorption/physisorption on 3D supports [38]. One of the
main challenges was to ensure the complete desorption of the acetylacetonate molecule
together with the formation of a covalent bond between the support and the precursor
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during the calcination step. To monitor the samples weight loss, the thermogravimetric
analyses (TGA) were performed from room temperature to 800 °C as shown Figure 1a.
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Figure 1. (a) TGA under airflow of the SiO, before and after impregnation and calcination with

Fe(acac); and Co(acac),, (b,c) QMID (quasi multiple ion detection) ion current curves under argon
for Co 2%I and Fe 2%lI, respectively.

The desorption obtained on SiO, substrate reveals a complete desorption of phys-
iosorbed water at 150 °C, followed by a broad weight loss up to 180 °C, due to the
dihydroxylation process. At higher temperature (>180 °C) an additional 4% weight loss is
observed. It can be attributed to the desorption of moisture and water molecules trapped
in the S5iO, mesoporous structure generated by the agglomeration of primary particles.
Between 200 to 300 °C the weight loss is assigned to the degradation of CTAB [22].

From 25 to 450 °C the Co 2%I and Fe 2%l samples lost 14% and 17% of their total
weight, respectively. This corresponds to the quasi totality of the weight loss for both
samples and it can be related to the loss of water (air moisture, at ~150 °C), ethanol (from
wet impregnation, from 100 to 250 °C), acetylacetonate (metal precursor, from 200 to 250 °C)
and acetone and CO;, formed during the heating (from 255 to 400 °C) [39]. The release
temperature for these molecules will be described in MS experiments further in this paper.
Beyond 450 °C, a decrease of ~1%wt is recorded for Fe 2%I and Co 2%I. This value is
comparable to the loss found on Silica 200 MP (Table 1), giving already first indication of
the efficiency of the calcination process over samples after wet impregnation.

This behaviour is in line with the TGA profiles of the respective calcinated samples
which show a weigh loss of around 1 to 2% at 180 °C, principally due to absorbed water
and atmospheric moisture. In fact, the weight loss from 180 to 450 °C is not more than 1%.
Up to 800 °C, both samples loose less than 1% in weight. Similar behaviour was shown by
samples containing 5% of catalyst (Figure S2), with a mass loss of around 1% observed after
450 °C. Although Kenvin et al. observed that the decomposition kinetic is influenced by
the loading of Cu(acac); [31], the calcination process proved to be also effective for samples
containing 5% molar of Co and Fe.
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Table 1. Samples weight loss in function of catalyst content.

Sample ID Weigh Loss (% Mass)
Zone 1 Zone 2 Zone 3
25-180 °C 180450 °C 450-800 °C
Silica 200 MP 35 41 1.1
Fe 2%I 8.4 7.5 1.1
Co 2%l 7.2 6.2 1.0
Fe 2%C 1.9 0.6 0.9
Co 2%C 23 0.9 0.7
Fe 5%C 3.6 14 1.1
Co 5%C 3.6 14 1.0

We further investigate the thermal decomposition behaviour of the samples by cou-
pling TGA under argon with a mass spectrometer (TGA-MS) in order to obtain a molecular
fingerprint of the released species as a function of the temperature. From the mass spec-
troscopy results for Co2%I (Figure 1b) the release of water (m/z 18) and ethanol (m/z 31)
have a maximum intensity at 107 °C and 130 °C, respectively, while for acetylacetonate
(m/z 85) and acetone (m/z 43) the release rate reaches its maximum respectively at 194 °C
and 269 °C. Finally, CO, (m/z 44) release peak is at 390 °C. Between 300 and 550 °C some
other traces of organics were released which could not be identified in more detail. For
Fe2%lI, the mass spectroscopy results are plotted in Figure 1c, there is an important release
of HyO (m/z 18) with reaching a maximum rate at 270 °C. Acetone (m/z 58) and relative
fragments (m/z 43) are released in the temperature range between 300 and 500 °C with
peaks at 257 °C and 584 °C. Ethanol (m/z 31), CO; (m/z 44) and acetylacetonate (m/z 85)
released with relative maximum rate at 255 °C, 255 °C and 387 °C, respectively. The higher
thermal stability of Fe(acac); over Co(acac), as well as the release of acetone and CO, are
in accordance with the work published by Tsyganova [39] and Hoene [40].

Although Fe(acac)s presents a higher thermal stability in comparison to Co(acac),, the
acetylacetonate molecule is completely removed from the silica surface in a temperature
range from 150 to 400 °C in either cases. At temperatures above 500 °C, an undesirable
agglomeration of Fe;O3 nanoparticles over SiO, substrates was observed by Bukhtiyarova
et al. [41], reducing the catalytic activity for oxidation of H;S. In the case of CNT growth,
the nanoparticle agglomeration at that temperature would cause a broader CNT diameter
dispersion. Therefore, a calcination process with a plateau of 3 h at 450 °C can remove
the organic species while minimizing particle coalescence issues, commonly reported for
supported metal catalysts [42,43].

2.2. Calcination Optimisation

It has been reported previously by Jourdain et al. [44] that the calcination temperature
is also related to the catalyst phase formation. The efficiency of transition metal catalysts for
hydrocarbon dissociation variates according to the phase of the nanocatalyst. According to
Jourdain et al. [44], the catalytic activity of metal carbides and metal oxides is lower when
compared to their corresponding metal, but still not negligible. On the other hand, Co and
Fe silicates present a poor catalytic ability [45-49]. To avoid the formation of metal silicates,
the calcination process must be specifically designed considering substrate and catalyst
interaction. The work of Kababji et al. [50] demonstrates that at 550 °C the generation of
silicates form Co sintering and silica migration is promoted. To better characterise the metal
species (phase and chemical state) and to validate the cobalt and iron oxides reduction
with the annealing under hydrogen, X-ray diffraction (XRD) and X-ray photoelectron
spectroscopy (XPS) analyses were performed.

The crystalline phases on SiO,-supported Fe and Co samples were analysed by XRD
after calcination and reduction treatment. Samples containing 5% molar concentration of
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metal were preferentially used in order to increase the collection signal. For all the samples
the diffractograms show a broad peak at 22.3° (20), which is a typical feature of amorphous
SiO, (Figure 2). From the diffraction pattern of Co/SiO; after calcination (Figure 2a) no
characteristic peaks of Co were detected. This is ascribed to the Co particle size/low
concentration on the surface of silica nanoparticles [51]. After reduction, a diffraction line
at 44.3° appears, which is ascribed to the most intense reflection of metallic cobalt FCC
structure (JCPDS 04-014-0167) indexed to the crystal (111) plane. For the Fe/SiO, sample
after calcination, reflections at 30.1°, 35.6°, 43.1° and 62.9° (20) were observed. These
reflections coincide with diffraction peaks of the (220), (311), (400) and (440) crystal planes
of the face-centred cubic (FCC) phase of y-Fe,O3. After hydrogen reduction, diffraction
peaks at 44.6° and 65.0° indexed to (110) and (200) of the Fe’ cubic phase (JCPDS 01-085-
8654) are obtained. In addition, a weak peak corresponding to Fe3Oy, located at 31.5 and
35.6° could be identified.
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Figure 2. XRD spectra of (a) SiO,/Co after reduction/calcination and (b) SiO,/Fe after reduc-
tion/calcination.

We estimate the average crystallite domains by using the Scherrer (Equation (1)):

D 0.89A 1)

(v cost)
where D is the average crystallite size, the factor 0.89 is characteristic of spherical objects, A
is the X-ray wavelength, y and 0 are the full width at half-maximum and the diffraction
angle of an observed peak, respectively. The crystallite domain size for the crystal (110)
plane of Fe was determined to be about 15 nm. Considering the crystallographic plane
(111) of metallic cobalt the primary crystallite size is of about 6 nm.

For what concern the evaluation of the efficiency of the reduction process, it is worth
considering that the samples reduced by hydrogen were transferred into the XRD mea-
surement glovebox, however, they were exposed to air while transferring from the CCVD
reactor to the sealed sample holder. Indeed, the Fe/SiO; sample still presents Fe,O3 phase
after reduction which could be attributed to the short air exposure time together with the
incomplete reduction of the iron oxides species. This behaviour was also observed by
Palasantzas et al. [52] where, in ambient air, Co and Fe nanoparticles tend to form an oxide
shell. The stability of metallic cobalt at room temperature probably helps preventing the
re-oxidation processes, even considering the high surface to bulk ratio of catalyst nanopar-
ticles. The reflections at 26 36.8 and 36.6°, related to Co304 and C0,5iOy, respectively, were
not detected (Figure 2a), indicating the conversion of the oxide to a metallic phase during
the reduction step, without forming any inactive cobalt silicate catalyst.

XPS analyses have been carried out to better investigate the chemical state of the sam-
ples after impregnation, calcination and reduction step containing 5% molar concentration
of metal. The various Fe and Co chemical states have complex and non-symmetrical line
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shapes that have been fitted with multiples [53]. Only the final line shapes are presented in
the XPS spectra (Figure 3). Impregnated and calcinated samples are dominated by Co?*
characteristic component with main peak located at 779.6 eV. The shake-up satellites feature
located at 6 eV higher binding energy to the main peak suggest that CoO species (Co**)
are present on the surface [54]. In the Co 2p spectra of the reduced sample, the component
at 778.6 eV is ascribed to metallic cobalt and represents 25% of this element, while the
component at 780.4 eV (Co%*) is attributable to CoO.

a ‘ d
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Normalised Intensity (a.u.)
Normalised Intensity (a.u.)

820 810 360 7§0 7:'30 7';'0 750 7:10 730 72'0 710 760
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Figure 3. XPS spectra of Co (left) and Fe (right) catalysts after: (a,d) impregnation; (b,e) calcination;
(c,f) reduction.

For all three Fe-supported SiO, samples the Fe 2p;,, main component is located
around 712 eV, corresponding to oxidised species in any case. For the impregnated and
calcinated samples, three chemical states have been identified: the peak at 710.6 eV is
ascribable to the Fe3* of the Fe,O3 [55], while the peak at 709.3 is indicative of the presence
of Fe?* which presumably arises from FeO [56] and Fe-O-Si species [57]. The components
located at 712.3 eV can be described in literature as FeOOH [56], Fe(acac)s or Fe atoms in
Fe;O3-Si0, interfaces [57]. For quantifications they will be considered as Fe3*" species. For
the reduced sample, the additional component at 706.7 eV indicates the presence of metallic
iron [58]. By estimating the degree of reduction from the ratio of the metallic peak area
to the total area of the Fe 2p region it resulted that only 4% is Fe®. Considering the XRD
results in Figure 2b, and the lack of crystalline oxide, it is rational to assume that iron oxides
are mostly located at the surface of the nanocatalysts. The air exposure during the transfer
to the glovebox after reduction step is to be considered as the main cause of oxidation.

In the Table 2 are reported the ratios of Co 2p and Fe 2p to Si 2p, obtained from the
peak area measurements after each step of the catalyst fabrication. Here, the content of Fe
appears to remain quasi constant during the process steps. Instead, the Co content on the
silica support registered a 4.5-fold decrease after reduction step. According to the formula
of Kerkhof and Moulijn [59], this decrease can be a consequence of a higher metal dispersion
on the silica support. The decrease in the ratio after reduction at a temperature higher than
600 °C could be initiated by the migration of metal atoms inside the support [60] or the
encapsulation of the metal by silica atoms coming from the support [61]. On the other hand,
for both Co- and Fe-supported catalysts, the metal content resulted in a slight increase of
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about 10% after calcination. This is a clear indicator of the efficient chemisorption obtained
through wet impregnation. The oxidation state quantification of Co and Fe samples after
impregnation, calcination and reduction is displayed in Table 3.

Table 2. Co and Fe content and Me2p /Si2p ratio.

Sample Co (wt. %) Co/Si x 100
Co Impregnated 2.3 18
Co Calcinated 3.8 21
Co Reduced 1.3 4
Sample Fe (wt. %) Fe/Si x 100
Fe Impregnated 2.6 9
Fe Calcinated 2.8 10
Fe Reduced 2.1 8

Table 3. Degree of metal reduction at different process stepfigure.

Sample Co%*% Co%% - -

Co Impregnated 100 0 - -

Co Calcinated 100 0 - -

Co Reduced 75 25 - -
Sample Fe2*% Fe3*% Fe3*" % Fe'%

Fe Impregnated 19 33 47 0

Fe Calcinated 14 27 58 0

Fe Reduced 29 26 40 4

Besides the phase composition, other characteristics as catalyst morphology and size
are extremely important to the final catalytic efficiency in different applications [62,63].
To evaluate the effect of metal content on the final morphology of the of nanoislands
synthesised through wet impregnation, 2 and 5% molar of Fe and Co were deposited over
silica nanoparticles. The catalyst morphological and size modification were evaluated by
transmission electron microscopy (TEM) and scanning transmission electron microscopy
(STEM) after the reduction process.

2.3. Catalyst Morphology

The TEM/STEM micrographs of the samples after reduction are shown in Figure 4.

After the reduction step (Figure 4) at higher temperature (700 °C) nanoparticles
with mean size of ~4.5 nm (4 1.5 nm) was observed for 2 and 5% Co/SiO,. A different
behaviour is noticed for Fe/SiO, particles. At lower concentration, the mean particle
diameter measured was ~12 nm (% 3.5 nm). With the increase of iron concentration,
not only the particles size (~16 nm) was affected but also the samples showed a broader
standard deviation (£ 5.3 nm). The results observed by TEM are close to the average
crystallite domains calculated by the Scherrer equation, 6 nm for metallic Co and 15 nm for
metallic Fe at 5% metal concentration. The STEM composition mapping (Figure 4) shows
the dispersion of Co and Fe over the silica at 2 and 5% metal concentration. For both cases,
metal catalysts are well spread over the substrate, and it is possible to notice a clear increase
in the particle density with an increase in the metal loading. However, Fe/SiO;, samples
shows a broader size dispersion when compared to Co/SiO, samples, in agreement with
the particles size measurements.
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Co2%R

Co5%R

Fe2%R

FesnR

Figure 4. TEM/STEM micrographs and composition mapping from Co and Fe catalyst (2% and 5%) on SiO, surface after

reduction. Inset scale bar: 20 nm.

The different results presented between Co and Fe-based samples could be related
to the metal-support interaction (MSI), where weak MSI could lead to the formation of
bigger particles with the increase of metal loading as can be seen for Fe-based samples.
On the other hand, silica nanoparticles functionalised with Co presents a similar average
particles size even with the increase in metal content. Van Deelen et al. [64] observed a
stable behaviour of Co nanoparticles (6 and 9 nm diameter) over SiO; after reduction, while
Mosallanejad et al. [65] reported a significantly broader particle size distribution of iron
nanoparticles on silica support in comparison to alumina.

The formation of particles after reduction agrees with the size of catalysts applied for
the growth of carbon nanotubes. According to Lee et al. [66], CNTs can be formed over Fe
nanoparticles with diameters up to 400 nm, where larger is the particle diameter, lower is
the CNT growth rate while Co particles up to 40 nm were active for the CNT growth as
described by Hoyos-Palacio et al. [35].

2.4. CNT Growth

The scanning electron microscopy (SEM) micrographs of all four samples are shown
in Figure 5. CNTs were successfully grown over silica substrate using the different metals
(Co and Fe) and concentrations (loading from 2 to 5%).
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Figure 5. SEM micrographs from Co and Fe catalyst (2 and 5%) on SiO; surface after CNT growth.

The CNTs grown over cobalt catalysts present similar morphology. An average
diameter size of around 8 nm was measured for samples containing 2 and 5% of Co.
This behaviour was not observed on substrates covered by Fe catalysts. An increase in
CNT diameter from 8 to 13 nm was observed when Fe content increases from 2 to 5%.
Fe5%/SiO, samples also presented a broader size CNT size distribution (FWHM ~10 nm)
in comparison to the other three samples (FWHM ~5 nm) (Figure 6). The CNT length was
estimated to be longer than 500 nm regarding the scale bar from the SEM micrographs.

The correlation between the metal catalyst particles size and the CNT diameter to
the best of our knowledge is not clearly described in the literature. Moodley et al. [67]
demonstrated an inconsistency in particles size and CNT diameter measurements, possibly
related to a particle re-arrangement on silica substrate prior to CNT growth. Following
the same tendency, Nasibulin et al. [68] described the growth of CNTs 1.6 times smaller
than the diameter of metal catalyst particles. On the other hand, Dai et al. [69] presented a
model where both single and multiwall CNT diameters are closely related to the size of the
catalytic particles. According to experiments presented in this article, the diameter of CNT
is bigger than the size of the catalyst for samples containing Co and smaller for samples
covered by Fe.

The quality of the carbon nanotubes was investigated by Raman spectroscopy. The
CNT displays typical sp? first-order features at around 1580 cm~! (G band) and at around
1350 cm~! (D band) [70]. The first is related to a highly ordered carbon species (graphite,
CNT) while the second is assigned to disordered carbon [71]. Figure 7 shows the Raman
spectra of carbon deposited from Fe and Co catalyst-supported SiO, (normalised to the
G-band) at two different concentrations. At a lower concentration of metal catalyst (2%),
the characteristic fingerprint of single walled CNTs (RBM peak) was detected on Fe- and
Co-based samples at 198 and 199 cm ™~ respectively. The G band is also present on both
samples, at 1579 cm ! for CNT grown from Fe catalyst and 1583 cm ™! for Co. The Co
5% /510, presented a spectrum similar to the previous samples with RBM and G peaks
at 198 cm~! and 1579 cm~!. Figure 7b shows the carbon structure grown out of the silica
substrate containing 5% molar of Fe. The presence of D (1349 cm 1) and G (1586 cm™1)
bands on this sample suggests the presence of multi-walled CNTs. Furthermore, SWCNTs
were also present on this sample, indicated by a low intensity peak at 212 cm~!. A second-
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order peak (2D ~2680 cm ') corresponding to the two-phonon scattering [72] is present in
all of the samples. The crystallinity of the CNT structure can be estimate by the ratio of the
intensities of the D and G bands [73] (Table 4).
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Figure 7. Raman spectra of CNT bundles grown using (a) Co and (b) Fe catalyst on SiO, surface.

Table 4. D band to G band ratios for CNT bundles grown over Fe- and Co-based silica substrates.

Sample Co 2% Co 5% Fe 2% Fe 5%
Ip/Ig Ratio 0.03 0.01 0.04 0.09

The low ID/IG observed in Table 4 suggests a very small concentration of structural
defects and/or amorphous carbon [74]. Samples Co 2% and Fe 2% presented slightly
close Ip/Ig values indicating a similar crystalline structure. On the other hand, the Co 5%
presented an I /I ratio 11% lower when compared to Fe sample at the same concentration.



Catalysts 2021, 11, 986

11 0of 17

This variation may be justified by the presence of mostly MWCNT instead of SWCNT in
sample Fe 5%. In comparison to single wall carbon nanotubes, the multi-wall structure
typically shows a larger Ip /I ratio as a result of a more intense D band [74,75].

The radial breathing mode (RBM peak), commonly found at low frequencies
(100400 cm~1!), can be used to estimate the SWCNT diameter once the RBM frequency is
inversely proportional to the diameter of the tube. The relation between RBM and diameter
is described by Equation (2):

A

RBM shift(cm_l) =g B )

where A is a constant with an approximated value of 234 cm ™! nm evaluated from ab initial
calculations [76]. B is a constant of the order of 10 cm~! which corrects the frequencies for
intertube interactions in SWCNT bundles [77]. The equation (Equation (2)) is applied to
the RBM shift shown in Table 5 to calculate the diameter of the SWCNT detected by Raman
spectroscopy.

Table 5. Calculation of nanotube diameter from RBM mode Raman shift.

Sample RBM Raman Shift (cm—1) Calculated Diameter (nm)
Fe 2%/Si0O; 187; 198 1.3;1.2
Fe 5%/SiO, 131; 212 19;1.2
Co 2%/Si0O, 131; 199; 210 19,12, 1.2
Co 5%/Si0; 187; 198 1.3;1.2

The presence of very narrow SWCNT could be attributed to the influence of the silica
support porosity during wet impregnation [78]. Many authors [79-81] described a direct
relation of support porous size and the metal catalyst, where large pores lead to larger metal
particles, while small pores form smaller crystallites. With a pore size of 1.0 nm (£ 0.3 nm),
the silica substrate could trap very small metal nanoislands resulting in SWCNTs with
similar size.

2.5. Sum-Up Discussion

Forming metallic nanocatalyst on silica nanoparticles surface requires steps to tune the
desired morphology and chemical composition according to the targeted application. At
the surface, several oxidation/reduction reactions follow the process in order to promote
active catalysts for the growth of CNTs. During the wet impregnation, the chemisorption
of organometallic molecules on the surface of silica nanoparticles occurs in two steps:
decomposition of unstable metal acetylacetonates (M = Fe 111, Co II) and bonding to the
surface by ligand exchange mechanism [31].

M(acac),, +HO —:SiO; — (acac), ;M — O —: SiO, + Hacac (©)]

After the adsorption on the silica, a first thermal treatment under air is needed to
remove undesired (acac) molecules still attached to the metal and to promote oxide particles.
TGA-MS demonstrated the samples mass loss in function of temperature. Water, ethanol
and acetylacetonates were completely removed at temperature below 450 °C on samples
containing 2 and 5% of metal molar concentration, confirming that a calcination process at
this temperature is effective for the metal oxide catalyst formation and avoiding excessive
coalescence (to large particles) and/or formation of silicates (inactive phase), usually
happening at temperatures over 550 °C. XRD and XPS analysis confirmed the presence
of CoO and Fe;O3 nanoparticles over the samples. In the process described in this paper,
the oxide particles are considered a transition phase once metallic structure are targeted
due to higher catalytic activity. After the annealing at 700 °C for 1 h, the oxide phase
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was successfully reduced to Co® and Fe? following the mechanisms described by Lin
et al. [82,83].

After the growth of CNTs (Figure 5), we show that it is possible to tune the carbon
structure by changing the Fe content over the substrate. For Fe-based samples, the CNTs
presented a single-wall structure at 2% of Fe concentration, while multi-wall nanotubes
were detected when the concentration of the same metal was raised to 5%. The same
behaviour was not observed for Co-based samples, where similar CNT structure and
size were grown at different Co contents. A possible reason for this disparity is the
relation between metal and substrate. Co presents a stronger MSI with silica substrate
in comparison to Fe, resulting in a smaller atomic displacement under heating. This
hypothesis is in agreement to Figures 4 and 6, where the particle and CNT size distribution
gets larger with the increase in Fe content, while the same trend is not observed from Co
2% to Co 5%.

3. Materials and Methods
3.1. Catalyst Preparation

The supported catalysts were prepared by a wet chemisorption method [84] of
Fe(acac); and Co(acac); (Sigma Aldrich, St. Louis, MO, USA), (>99%) onto precipitated
amorphous silica (Solvay, Zeosil Premium 200 MP, Paulinea, SP, Brazil) in ethanol absolute
(Sigma-Aldrich, St. Louis, MO, USA). The chemisorption was carried in a 500 mL beaker,
by dispersing 20 g of silica particles (primary particle 10 £ 2 nm) in 185 mL of ethanol
under stirring. The metal precursor was dissolved in 15 mL of ethanol and then injected
to the silica dispersion. The impregnation was carried out with different metal loading,
at 2 and at 5%wt of the silica support. The obtained solution was then added to the silica
dispersion and kept under constant steering at 30 °C for 48 h retarding solvent evaporation
using a Liebig condenser. The latter was then removed, and the temperature of the solution
was increased to 60 °C for an additional 4 h to evaporate the solvent. The chemisorption
step was followed by air treatment at 450 °C to remove the acac-ligands and enhance the
adhesion of the metal to the substrate. In the text, the samples are identified by the name
of the metal catalyst (Co or Fe), the metal precursor loading to the silica support during
wet impregnation (2 or 5%) concluding with the initial processing step: impregnation (I),
calcination (C) or reduction (R) (i.e., Co 2%I).

3.2. CNT Growth

For the CNT growth, the obtained silica-supported catalyst was processed in a AS-
Master RTCVD reactor (Annealsys, Montpellier, France) by CCVD method [85]. The
process was carried out at 5 mbar and a reduction temperature of 700 °C was reached by
heating ramp at 2 °C/sec. The metal catalyst was then reduced under H, /N, (gas flow
45/300 sccm), at 700 °C for 1 h. After reduction, the reactor was purged by N, while its
temperature was eventually further raised for a CNT growth at 700 °C. Acetylene was
designated as carbon source (CoHy /N, gas flow 60/300 sccm), with a growth time of
20 min. The thermal profile of CNT growth is illustrated in Figure S1 (Supplementary
Materials).

3.3. Morphology Characterisation

The overall morphology of the supported catalyst as well as the CNTs were charac-
terised using a FEI Helios Nanolab 650 Focused Ion Beam Secondary Electron Microscope
(FIB-SEM, FEI, Hillsboro, OR, USA) using a 2 kV acceleration voltage. Transmission
electron microscopy (TEM) and scanning transmission electron microscopy (SEM) investi-
gations were carried out using a JEM-ARM 200 F Cold FEG TEM/STEM (Jeol, Akishima,
Japan) operating at 200 kV and equipped with a spherical aberration (Cs) probe and image
correctors (point resolution 0.12 nm in TEM mode and 0.078 nm in STEM mode). The
estimated size of metal particles and CNTs were carried out using Image J software (version
1.53i, National Institutes of Health, Bethesdam, MD, USA) [86].
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3.4. Structure and Composition of the Catalyst

After the impregnation, calcination and reduction step, the samples of 2 and 5%
of Fe and Co content were analysed by X-ray photoelectron spectroscopy (Axis Ultra
DLD, Kratos, Manchester, UK). The catalyst samples, which were pre-reduced in flowing
hydrogen at 700 °C for 1 h, were transferred into the measurement chamber with a short
period (2 min) of air exposure. The measurements were carried out using a monochromated
Al K« X-ray source and an analyser energy resolution of 0.6 eV. The take-off angle was 0°
with respect to the surface normal and the photoelectrons were collected over a 700 pm X
300 um area.

The binding energy scale was fixed by using the binding energy of 284.6 eV for the C
1 s peak. The degree of reduction of the metals was estimated from the ratio of the metallic
peak area to the total peak area of the Fe 2p and Co 2p regions. Overlapping chemical states
in the XP-spectra were fitted with multiplets of symmetrical Gaussian-Lorentzian (80/20)
peaks after removal of a Shirley or linear type background. The calculations were made
with the Casa XPS-software (version 2.3.22, Casa Software Ltd., Teignmouth, UK) by using
the peak fitting routines and the relative sensitivity factors supplied by the manufacturer.

The main uncertainties in the estimation of the degree of reduction (i.e., the oxide-
metal ratio) come from the background shape [87], the particles size (the XPS analysis
depth being only few nanometres, the core of large particles is not probed) [88] and the
slight overlap of the Co L3M; 3My 5 Auger transition with the low binding energy side of
the Co 2p peak when working with an Al Ko radiation [89]. However, the method remains
robust to compare the influence of the various samples’ preparation methods or treatments.

The crystal structure of the supported catalyst was studied by X-ray diffraction (XRD).
X-ray scattering patterns were collected using a X'Pert Pro diffractometer (Malvern Panali-
tycal, Malvern, UK) from 15 to 75° with the 20 step size of 0.026° and a counting time of
300 s using a PIXcel3D detector in 1D mode. The Cu-anode was operated at 45 kV and
40 mA. The samples were irradiated using a Programmable Divergence Slit fixed to 0.25°.
Identification of the reflections was done with reference data from the JCPDS reference
library, using the manufacturer’s Highscore Plus software (version 4.9, Malvern Panalitycal,
Malvern, UK). Calcined and reduced samples for both supported Fe and Co catalysts were
studied. The samples were transferred to the measurement chamber through air.

The thermal decomposition of the supported catalyst was evaluated by combining
thermogravimetric analysis (TGA) and mass spectroscopy (MS) by using a NETZSCH STA
449 F3 Jupiter thermogravimetric analyser (NETZSCH-Gerédtebau GmbH, Selb, Germany)
coupled to a 403 Aéolos Quadro mass spectrometer (NETZSCH-Gerdtebau GmbH, Selb,
Germany).

The analysis was carried out under both airflow and argon to respectively evaluate
the mass loss under oxidative conditions and discriminate the released species up to 800 °C.
For both analysis after a first isothermal segment at 25 °C for 20 min the samples were
heated to 800 °C at a rate of 10 °C/min under 50 mL/min Ar or of 20 mL/min airflow with
40 mL/min N».

The Raman spectra of carbon nanotubes deposited on metallic supported silica were
collected using a Raman Renishaw inVia spectrometer (Renishaw, Wotton-under-Edge,
UK) For each sample, the spectra were recorded over random spots keeping an exposure
time of 10 s over five accumulations. A 442-nm (2.8 eV) laser wavelength was used to excite
the samples.

4. Conclusions

Supported Co and Fe catalysts were prepared by wet impregnation of silica nanoparti-
cles using metal acetylacetonate as a precursor. The catalytic activity of the nanoparticles
was evaluated through the growth of carbon nanotubes by CCVD. XRD analysis indicated
the presence of bulk metallic Co and Fe after reduction at 700 °C (1 h) under H,, while after
calcination (450 °C for 3 h) only Fe-based samples presented a detectable crystalline oxide
phase (Fe;O3). The surface analysis (XPS) revealed an oxidised state Fe?* and Fe3* (FeO
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and Fe, 03, respectively) and Co?* (CoO) after calcination. XPS also detected 4% of metallic
Fe and 25% of metallic Co after reduction. The remaining oxide phase can be associated to
the catalyst reoxidation due to air exposure. The influence of the metal load during wet
impregnation synthesis on the CNT morphology and structure was also studied. At lower
concentration (2%), Fe and Co catalysts promoted SWCNTs with average diameter of 8 nm.
At higher precursor concentration (5%), the migration of iron atoms forms larger particles
with a broader diameter distribution, promoting the formation of MWCNTs with larger
diameter (~13 nm). This effect was not observed on the sample Co5%/SiO,. Very narrow
SWCNTs (1-2 nm) were detected by Raman in both metal type and concentration.

Supplementary Materials: The following are available online at https:/ /www.mdpi.com/article/10
.3390/catal11080986/s1, Figure S1: The thermal profile of CNT growth by CCVD, Table S1: List of
desorbed species from TGA-MS, Figure S2: TGA under air flow of SiO; covered by Co and Fe at 2%
and 5% molar concentration after calcination process.
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