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Fe–Mo and Co–Mo Catalysts with Varying Composition
for Multi-Walled Carbon Nanotube Growth
Mariya A. Kazakova,* Vladimir L. Kuznetsov, Sofia N. Bokova-Sirosh,
Dmitry V. Krasnikov, Georgiy V. Golubtsov, Anatoliy I. Romanenko, Igor P. Prosvirin,
Arcadiy V. Ishchenko, Andrey S. Orekhov, Andrey L. Chuvilin, and Elena D. Obraztsova
The formation of active component of Fe–Mo and Co–Mo catalysts for
carbon nanotube growth with variable Mo content is studied with in situ
XRD, XPS, and STEM&EDX. The activation of bimetallic Fe–Mo catalysts
under the growth conditions leads to the formation of Fe–Mo alloy particles
in contrast to Co-containing catalysts in which active alloy incorporates only
a small portion of Mo (<2–3 at.%). The stable carbide formation for these
systems is not detected. The effect of Mo content in Fe–Mo and Co–Mo
catalysts on the properties of MWCNTs is additionally investigated using the
Raman spectroscopy in combination with measurements of the temperature
dependence of conductivity. It is shown that MWCNT defectiveness depends
on the active component composition for both Fe–Mo and Co–Mo catalysts.
The current carrier concentration for the MWCNTs grown on Fe–Mo catalysts
slightly increases with the Mo content. The opposite effect is observed for
the tubes grown on Co–Mo catalysts, showing a decrease in the current
carrier concentration with the increase of Mo concentration.
1. Introduction

Carbon nanotubes (CNTs) are among the key nanostructures
that have been actively developed and investigated during the last
two decades due to their unique electrophysical properties, such
as high electrical and thermal conductivity, high mechanical
strength, relative chemical inertness, the ability to absorb
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electromagnetic radiation over a wide
range of wavelengths, etc. CNTs are
considered as promising candidates for
many potential applications such as nano-
composite materials, catalyst and catalyst
supports, field emitters, sensors, energy
storage devices, hydrogen storage, fuel
cells, nanoelectronics, bionanomaterials,
and nanomedicine.[1–18] Generally, most
of multi-walled carbon nanotubes
(MWCNTs) are used to improve the
physical and chemical characteristics of
numerous composite materials based on
polymeric, metal and oxide matrices.[19–27]

Nowadays, the most common approach of
the nanotube synthesis in a large-scale is
the catalytic chemical vapor deposition
(CCVD).[28,29] However, production of
high-purity MWCNTs with adjusted prop-
erties and low cost remains challenging,
despite of the fact that their world
consumption is more than 3000 tons per
year.[30] The CCVD method leads to the production of MWCNTs
with a sufficiently high number of microstructural defects, as
well as catalyst and amorphous carbon impurities. High
defectiveness of tube walls leads to deterioration of their
properties including mechanical strength, electrical and thermal
conductivity. Moreover, the lack of growth control leads to the
production of nanotubes with a wide range of diameters.
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It is known that the properties of MWСNTs are primarily
determined by the composition of catalyst and support, size of
the catalytic particles, catalyst activation conditions, composition
of the hydrocarbon feedstock, and other synthesis parameters
like temperature, gas delivery rate, reactor design, etc.[31,32] At
the same time, the most important role is played by the
composition and structure of catalysts which determine the
morphology and microstructure of the nanotubes grown over
their surface. Metals, such as iron, cobalt, and nickel, and their
compositions are commonly used as catalysts for the synthesis of
MWCNTs.[33–36] It is known that the addition of a promoter to
the catalyst can enhance the yield of nanotubes and affect their
morphology. Metals, such as Mn, Mo, Cu, Pd, W, V, etc. were
suggested as the catalyst promoters as described here.[37–39]

Molybdenum is widely used as an effective promoter for the
catalysts based on iron group metals (Fe, Co, Ni) for CNTs
formation in the CCVD reaction.[40–45] However, studies on the
formation of Fe–Mo and Co–Mo active components and a
detailed investigation of the Mo promotion role during the CNT
nucleation have not been disclosed yet.

This work aims to investigate the formation and activation of
Fe–Mo and Co–Mo catalysts obtained by the Pechini method for
the synthesis of MWCNTs directly under the reaction conditions.
The main focus is to evaluate the effects of the catalyst
composition along with the active metal ratio (Fe–Mo, Co–Mo)
on the formation of MWCNTs and their structural
characteristics.
2. Experimental and Methodology

MWCNTs were grown using catalysts with a variable composi-
tion of Fe–Mo and Co–Mo active components. The bicomponent
catalysts containing 30–70wt.% of Fe–Mo and Co–Mo as the
active component with a variable ratio of active metals (Fe/Mo
and Co/Mo¼ 2:1–29:1) and Al-containing oxides as a support
were prepared with the Pechini-type method.[46–48] This method
is based on the preliminary distribution of metal ions (Fe or Co,
Mo and Al) in a three-dimensional polymeric matrix comprising
citric acid and ethylene glycol. The subsequent calcination of this
matrix at 560 �C leads to the formation of a system of mixed
spinel-like oxides.

Two sets of MWCNTs with different average diameters were
obtained by catalytic decomposition of ethylene over Fe–Mo
and Co–Mo catalysts with different compositions in a quartz
tubular reactor at 670 �C. The as-prepared catalysts were
brought to constant weight and stored without access of air in
order to prevent the water adsorption. To grow carbon
nanotubes, the catalyst powder (50mg) was placed into the
reactor preheated up to the required temperature in an Ar flow.
After 10min of purging with Ar, the catalyst was exposed to a
flow of ethylene–argon mixture (C2H4/Ar¼ 1:1, flow 400 sccm)
for 15min. Active metal particles were generated in situ on
the surface of the oxide matrix during catalyst reduction by
ethylene. The MWCNTs formation was controlled by the
product yield. The yield of MWCNTs after the ethylene catalytic
decomposition on the surface of Co–Mo and Fe–Mo was
calculated using the formula below:
Phys. Status Solidi B 2018, 255, 1700260 1700260 (2
MWCNT yield ¼

weight of MWCNT depositedð Þ � weight of catalyst usedð Þ
weight of catalyst used

The relative error of MWCNT yield measurements was �5%.
The MWCNT morphology and diameter distribution were
characterized by High-Resolution Transmission Electron Mi-
croscopy (HRTEM), Scanning Transmission Electron Micros-
copy (STEM), and X-ray Energy Dispersion Spectroscopy (EDS).
The TEM measurements were carried out on a FEI Titan 60-300
TEM/STEM electron microscope equipped with x-FEG electron
source, monochromator and Cs-spherical aberration corrector,
and operating at 80 kV accelerating voltage. Nanotube diameter
distributions were estimated with an electron microscope JEM-
2010 using 300-400 MWCNT images obtained by TEM at
magnifications of �50 000 and �400 000. The specific surface
area (SBET) of the catalysts and MWCNTs produced was
determined by thermal desorption of argon with a SORBI-M
instrument (ZAO Meta, Russia).

X-ray diffraction (XRD) measurements were performed at
Siberian Synchrotron and Terahertz Radiation Center of the
Budker Institute of Nuclear Physics. In situ XRDmeasurements
at 20–700 �Cwere carried out inside a XRK-900 reactor chamber
(Anton Paar, Austria) equipped with a fast, parallax-free one-
coordinate X-ray detector OD-3M. XRD data on the size of oxide
particles of the initial catalytic systems and metal particles of
catalysts after different activation procedures were obtained
from analysis of the peak width, increased in comparison with
the standard (SRM676) of the corresponding XRD lines, and
from evaluation of the size of coherent scattering region.

Photoelectron spectra were recorded using a SPECS spec-
trometer with a PHOIBOS-150-MCD-9 hemispherical energy
analyzer (Al Kα, irradiation, hν¼ 1486.6 eV, 200W). The samples
were supported onto double-sided conducting copper scotch
tape. The binding energy (BE) scale was preliminarily calibrated
by the position of the peaks of Au4f7/2 (BE¼ 84.0 eV) and
Cu2p3/2 (BE¼ 932.67 eV) core levels. The binding energy of
peaks was calibrated by the position of the C1s peak (BE¼ 285.0
eV) corresponding to the surface hydrocarbon-like deposits
(C─C and C─H bonds). Survey spectra and the narrow spectral
regions (Al2p, Mo3d, C1s, O1s, Fe2p, and Co2p) were recorded
at the analyzer pass energy of 20 eV. Spectral analysis and data
processing were performed with XPS Peak 4.1 program.[49] The
relative content of the elements on the catalyst surfaces and the
atomic ratios of their concentrations were calculated from
the integral intensities of photoelectron lines corrected with
respect to the corresponding atomic sensitivity factors.[50]

The Raman spectroscopic analysis of MWCNT powders was
performed with a Renishaw’s in Via Reflex spectrometer in
microscopic configuration with the spectral resolution of 2 cm�1.
The radiation of Ar laser with the wavelength of 514.5 nm was
used for spectrum excitation. The Raman spectra of MWCNTs
were recorded in three spectral regions: D (disorder-induced), G
(graphite), and 2D (two-phonon scattering) bands. All the spectra
were normalized with respect to D-mode.
© 2017 WILEY-VCH Verlag GmbH & Co. KGaA, Weinheimof 12)
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The temperature dependences of conductivity σ(T) of
MWCNTs produced with different types of catalysts were
measured by a four point-probe technique in the temperature
range from 4.2 to 300K. The electrical contacts were made by
0.1mm silver wires. For electrical measurements, the MWCNT
powder was pressed in a glass cylinder. Our previous studies of
powder carbon nanostructures carried out by this method[51,52]

showed that the results of conductivity measurements are stable
and reproducible.
Figure 2. Time resolved in situ XRD patterns of the 40%(Co2Mo)/Al2O3

catalyst evolution at the reaction temperature (670 �C) during ethylene
treatment.
3. Results and Discussion

3.1. Investigation of Catalyst Activation and CNT
Nucleation on Co–Mo and Fe–Mo Nanoparticles by In Situ
XRD and XPS

The results of in situ XRD experiments on high temperature
treatment of mono-component iron and cobalt catalysts with a
C2H4–Ar mixture were described previously.[53] For the mono-
component Fe catalyst, the formation of iron carbides was
observed under the reaction conditions. In the case of
monocomponent Co catalysts, treatment with the C2H4–Ar
mixture resulted in the formation of fcc metal Co particles
containing dissolved carbon without subsequent carbide
formation. In this work, we investigated the in situ activation
of multicomponent Fe–Mo and Co–Mo catalysts during
MWCNTs growth.

Figures 1 and 2 display XRD patterns of the 40%(Fe2Mo)/
Al2O3 and 40%(Co2Mo)/Al2O3 samples evolution at the reaction
temperature (670 �C) during ethylene treatment. The presence of
finely dispersed mixed-type spinel structures based on Fe and Al
was obvious for the initial 40%(Fe2Mo)/Al2O3 sample (Figure 1).
However, when the sample is heated to 550 �С, a slight
structuring of these phases is observed. Reflexes relating to
the molybdenum oxide phase are not detected, which can be
Figure 1. Time resolved in situ XRD patterns of the 40%(Fe2Mo)/Al2O3

catalyst evolution at the reaction temperature (670 �C) during ethylene
treatment.
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explained by the high dispersion of this phase. After the
introduction of ethylene, the spinel phases are reduced with the
formation of the Fe2Mo intermetallide and the m phase, which
has a lattice similar to the intermetallide and is enriched with
molybdenum in the range of 40–45%. These observations
correlate with the STEM data on the formation of Fe–Mo alloy
particles (Figure 8A).

In the case of the initial 40%(Co2Mo)/Al2O3 sample, a set of
reflexes corresponding to the CoAl2O4 phase is observed
(Figure 2). There are no reflexes associated with molybdenum
oxide, which can be explained by the high dispersion of these
phases.

When the sample is heated, no phase transformations occur,
however, the slight shift of the reflexes becomes visible. A
preliminary reduction of the metal particles is not confirmed.
The further supply of ethylene results in a partial reduction of the
sample with the formation of metal particles having a fcc lattice
(pure cobalt or a solid solution of cobalt and molybdenum with a
Mo content of a couple of percent). This phase most likely can be
suggested as an active component. Intermetallic and Co3Mo and
m-phases, whose presence could be expected from the phase
diagram and catalyst composition, are not observed. This
phenomenon can be explained by the overall high dispersion of
the system.

The results of the in situ XRD experiment for the Co–Mo and
Fe–Mo samples with the metal ratio Co(Fe)/Mo¼ 16:1 are
shown in Figures 3 and 4.

The 40%(Co16Mo)/Al2O3 and 40%(Fe16Mo)/Al2O3 samples
are characterized by a higher activity in the MWCNTs growth
reaction in comparison with the 40%(Fe(Co)2Mo)/Al2O3

samples (Tables 1 and 2). This significantly decreases the
effective operation time for in situ XRD experiment due to the
deposition of a bulky nanotube layer.

Taking into account the high dispersion of the samples, the
possibility to obtain more detailed information is limited.
According to the phase diagram and experimental data, in the
case of the 40%(Co16Mo)/Al2O3 sample one may propose the
© 2017 WILEY-VCH Verlag GmbH & Co. KGaA, Weinheimof 12)
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Figure 3. Time resolved in situ XRD patterns of the 40%(Fe16Mo)/Al2O3

catalyst evolution at the reaction temperature (670 �C) during ethylene
treatment.

Figure 4. Time resolved in situ XRD patterns of the 40%(Co–Mo)/Al2O3

catalyst with the metal ratio Co/Mo¼ 16:1 evolution at the reaction
temperature (670 �C) during ethylene treatment.
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formation of the fcc phase of cobalt particles or the phase of
cobalt diluted with molybdenum up to a couple of percent. The
formation of other metallic phases does not occur. In the case of
the 40%(Fe16Mo)/Al2O3 catalyst, Fe–Mo containing phases are
not detected because of the fast dispersion of active species in
Table 1. Properties of Fe–Mo catalysts and produced MWCNTs.

Catalysts
wt.% (FeyMo)/Al2O3

Fe/Mo molar ratio SBET of catalysts,
m2 g�1

Yield
gM

40% (Fe2Mo)/Al2O3 2:1 146.9

40% (Fe4Mo)/Al2O3 4:1 168.1

40% (Fe8Mo)/Al2O3 8:1 168.9

40% (Fe16Mo)/Al2O3 16:1 183.3

40% (Fe29Mo)/Al2O3 29:1 168.5

40% Fe/Al2O3 – 169.1

50% (Fe16Mo)/Al2O3 16:1 242.1

60% (Fe16Mo)/Al2O3 16:1 155.3

70% (Fe16Mo)/Al2O3 16:1 119.4

Table 2. Properties of Co–Mo catalysts and produced MWCNTs.

Catalysts
wt.% (CoyMo)/Al2O3

Co/Mo molar ratio SBET of catalysts,
m2 g�1

Yield
gM

40% (Co2Mo)/Al2O3 2:1 68.7

40% (Co4Mo)/Al2O3 4:1 189.7

40% (Co8Mo)/Al2O3 8:1 113.9

40% (Co16Mo)/Al2O3 16:1 129.6

40% (Co29Mo)/Al2O3 29:1 118.7

40% Co/Al2O3 – 136.3

30% (Co16Mo)/Al2O3 16:1 115.1

50% (Co16Mo)/Al2O3 16:1 160.9

60% (Co16Mo)/Al2O3 16:1 140.7
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carbon deposits. At a temperature of 550–600 �С, only the
catalyst sintering is observed for 40%(Fe16Mo)/Al2O3.

The XPS method was used to obtain more detailed
information about the state of active component of Co–Mo
and Fe–Mo catalysts during the carbon nanotube nucleation
of MWCNTs,

WCNT/gcat

SBET of MWCNTs,
m2 g�1

dMWCNT,
nm

I2D/D ID/G

7.7 363 8.4 0.43 0.78

17.2 349 – 0.42 1.01

21.8 322 9.3 0.43 1.09

22.0 376 9.8 0.41 1.17

21.8 297 – 0.47 1.20

16.9 319 11.9 0.55 1.25

20.4 266 10.1 0.47 0.99

16.9 304 8.6 0.46 0.97

18.0 302 9.4 0.45 0.98

of MWCNT,

WCNT/gcat

SBET of MWCNTs,
m2 g�1

dMWCNT,
nm

I2D/D ID/G

3.0 195 10.7 0.56 0.78

11.0 289 9.4 0.37 1.01

18.7 332 – 0.29 1.09

23.0 377 8.5 0.26 1.17

22.3 360 – 0.27 1.20

23.5 382 7.5 0.24 1.25

9.8 392 8.6 0.23 1.07

20.0 307 9.0 0.33 1.12

19.2 287 9.2 0.36 1.11
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process. For both initial catalysts: 40%(Co16Mo)/Al2O3 and 40%
(Co2Mo)/Al2O3, it was found that cobalt and molybdenum
present in the Co2þ and Mo6þ states. In this case, the cobalt line
for the initial catalyst is almost identical to the corresponding
signal of the model spinel CoAl2O4, which coincides with the
XRD data (Figure 4).
Figure 5. Co2p3/2, Co2p, and Mo3d XPS spectra for the initial 40%
(Сo16Mo)/Al2O3 sample and after treatment with the reaction medium
(C2H4/Ar¼ 1:4, flow 400 sccm).

Phys. Status Solidi B 2018, 255, 1700260 1700260 (5
After the treatment under the reaction conditions (C2H4/
Ar¼ 1:4, flow 400 sccm during 20 s), that correspond to the
introductionof 10 carbon atomsper atomofCo(Mo), about 16%of
cobalt is reduced to Co0. The formation of metallic molybdenum
during exposure of the catalyst to the similar conditions is not
detected.Nevertheless, there is ageneral tendencyofMo to reduce,
as canbe seen fromthepresenceof suchmolybdenumspecies like
Mo4þ andMo5þ (Figure 5). The obtained results correlate with the
EDS data (Figure 8) indicating a partial incorporation of
molybdenum into the Co–Mo active component. In the case of
Fe-containing catalyst, the pattern is more complex. For both
catalytic systems, namely 40%(Fe16Mo)/Al2O3 and 40%(Fe2Mo)/
Al2O3 sample, the lines at 711.6 and 232.8 eV corresponding to
pure Fe3þ and Mo6þ species are observed in the XPS spectra of
Fe2p andMo3d. After treatment with the reactionmixture (C2H4/
Ar¼ 1:4, flow 400 sccm, 20 s) that correspond to the introduction
of 10 carbon atoms per Fe(Mo) atom, a stepped spectrum of Fe
(Fe2p line) is obtained (Figure 6).
Figure 6. Fe2p and Mo3d XPS spectra for the initial 40%(Fe16Mo)/Al2O3

sample and after treatment with the reaction medium (C2H4/Ar¼ 1:4,
flow 400 sccm, during 20 s). C1s spectra for the 40%(Fe16Mo)/Al2O3

catalyst after the reaction.

© 2017 WILEY-VCH Verlag GmbH & Co. KGaA, Weinheimof 12)
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Figure 7. C1s XPS spectra for the 40%(Fe16Mo)/Al2O3 and 40%
(Co16Mo)/Al2O3 catalysts after treatment with the reaction medium
(C2H4/Ar¼ 1:4, flow 400 sccm, during 20 s).
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The observed Fe3þ to Fe2þ transition is confirmed by the
disappearance of the Fe3þ satellite in the region of 719.8 eV.
At the same time, the total proportion of iron in the metallic state
is near 9%. These results suggest a stepwise reduction of Fe3þ

to Fe0 through Fe2þ. Moreover, the second stage of Fe2þ

reduction to Fe0 is rate-limiting. In the case of molybdenum,
the pattern is similar to that observed for 40%(Co16Mo)/Al2O3.
Apartial reduction ofMo6þ toMo5þ andMo4þ occurs. According
to XPS data, the Mo6þ/Mo5þ/Mo4þ ratio is equal to 12:28:60.
Apparently, similar picture of the molybdenum reduction is
observed for the 40%(Co16Mo)/Al2O3 and 40% (Fe16Mo)/Al2O3

catalysts. A slight difference in the Mo6þ/Mo5þ/Mo4þ ratio can
be explained by the error of the experiment or the influence of
the hydrogen spillover from the more reduced cobalt species in
comparison with the iron ones.

The analysis of the C1s XPS spectra reveals two signals with
the binding energies of 285.0 and 283.5 eV, which are related
to carbon bound with another carbon or metal, respectively
(Figure 7). In the case of Fe-containing catalysts, the fraction of
carbon bonded to the metal is almost twice as high as in the
case of the Co-containing catalyst.

This fact can be explained in two ways. Firstly, the solubility
of carbon in iron is much higher than in cobalt. Secondly, the
reduction rate of cobalt is much higher, and the number of
MWCNTs (which give the C─C contribution to the carbon line)
obtained on the 40%(Co16Mo)/Al2O3 catalyst is higher than for
the 40%(Fe16Mo)/Al2O3 catalyst.
Figure 8. STEM images of MWCNTs and catalytic particles encapsulated
within their channels obtained using (A) 40%(Fe2Mo)/Al2O3 and (B) 40%
(Co2Mo)/Al2O3 catalysts and EDS data on the chemical composition of
particles under study.
3.2. The Effect of Catalyst Composition on the MWCNT
Production and Their Structure

One of the objectives of this work was to investigate the influence
of various catalyst parameters, such as the content of Co–Mo and
Fe–Mo active components and the ratios of active metals (Fe/Mo
and Co/Mo), on the activity in MWCNTs production and their
structural characteristics. In this case, two series of Fe–Mo/
Al2O3 and Co–Mo/Al2O3 catalysts were prepared: the first series
includes the samples containing 40wt.% of Fe–Mo and Co–Mo
Phys. Status Solidi B 2018, 255, 1700260 1700260 (6
active components with metal ratios of 2:1, 4:1, 8:1, 16:1, and
29:1; the second series includes the catalysts with different
content of active components and a similar molar ratio of active
metals equal to 16:1 (40–70wt.% for Fe-Mo and 30–60wt.% for
Co-Mo). The synthesized samples are designated as x%
(Co(Fe)yMo)/Al2O3, where x is the content of active component
(wt.%), and y is the molar ratio of metals. For instance, in the
case of 40%(Fe16Mo)/Al2O3, the content of active component is
40wt.% and the metal ratio is Fe/Mo¼ 16:1. Fe and Co-based
catalysts were used for comparison purposes in order to
elucidate the effects of Mo addition. The chemical analysis data
for the catalysts obtained by XRFmethod are in good agreement
with the calculated data.

Data on the activity of catalysts with the variable content of
active component and ratio of the active component metals (Fe/
Mo and Co/Mo), the specific surface area of the catalysts and
MWCNTs produced, and the average external diameters of
MWCNTs (TEM data) are listed in Tables 1 and 2.

The variation in the concentration of the active component in
the catalysts strongly influences the yield of MWCNTs. The
lowest yield of MWCNTs is observed for the Co–Mo catalyst
containing 30wt.% of the active component (Table 2). The
catalytic tests show that the highest activity among all of the Fe–
Mo catalysts prepared is observed for the 40%(Fe16Mo)/Al2O3

system (Table 1). In the case of Co-based catalysts, the greatest
activity is observed for the sample containing only Co without
the addition of molybdenum. Apparently, this fact can be
explained in terms of different ability of Mo to form alloys with
© 2017 WILEY-VCH Verlag GmbH & Co. KGaA, Weinheimof 12)
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Fe and Co. Thus, STEM and EDS data on the composition of
catalyst particles encapsulated within nanotube channels
indicate that in the case of Fe–Mo catalysts the Mo atoms are
the constituents of active particles (up to 30 at.%), while in the
Figure 9. (A) Low- and (B–E) high-resolution TEM images of MWCNT sample
using Fe–Mo/Al2O3 catalysts with different ratio of the active component m
Mo¼ 2:1, 8:1, 16:1 (B–D), and different content of the active component, 40 an
(D and E), and their diameter distributions.

Phys. Status Solidi B 2018, 255, 1700260 1700260 (7
case of Co–Mo catalyst theMo content in active particles does not
exceed 3–4 at.% (see Figure 8).

The decrease in the yield of MWCNTs with increasing
content of the active component up to 70wt.% can be attributed
s obtained
etals, Fe/
d 70wt.%

of 12)
to the formation of larger metal particles due to the
easier sintering of these catalysts. The average outer
diameter of MWCNTs is different for the Fe–Mo
and Co–Mo catalysts of varied active component
concentration (Figures 9 and 10).

Low-resolution TEM images reveal that MWCNTs
are capable of a partial self-organization during the
growth process, which leads to the formation of
agglomerates represented by coils of various sizes
(Figure 9 and 10). In the case of MWCNTs obtained
using Fe-Mo/Al2O3 catalysts, their morphology
virtually does not change with the catalyst composi-
tion. The thinnest MWCNTs with a narrower
diameter distribution are formed using the 40%
(Fe2Mo)/Al2O3 catalyst. In this case, the nanotubes
have the following characteristics: the average outer
diameter of 5–10 nm, the inner diameter of 3–5 nm,
and the number of walls of 8–13. Varying the Fe/Mo
metal ratio in the active component from 2:1 to 16:1
leads to a minor change in the average diameter of
the MWCNTs, from 8.4 to 9.8 nm, respectively
(Figure 9B–D). An increase in the total content of
the Fe–Mo active component from 40 to 70wt.%
also does not lead to the significant changes of
the average tube diameter that varies from 9.77 to
9.42 nm, respectively. It should be noted that the
number of walls (8–13) and the inner diameter (3–
5 nm) remain unchanged for different content of the
active component and Fe/Mo ratio (Figure 9D).
According to TEM data for the MWCNT samples
obtained using Co–Mo/Al2O3 catalysts, the forma-
tion of the thinnest tubes is observed for the 30%
(Co16Mo)/Al2O3 sample. MWCNT characteristics
are the following: the average number of walls 6–10
and internal diameter 3–4 nm. MWCNTs obtained
using the catalyst with the maximum molybdenum
content (40% Co2Mo/Al2O3) have an average
diameter of 10.7 nm, a maximum number of walls
of 10–16 and internal diameter of 2–3 nm. An
increase in the content of the active component
from 30 to 60wt.% (Figure 10B–D) does not affect
the characteristics of the produced MWCNTs (the
average diameter varies from 8.6 to 9.22 nm, the
average number of walls is 7–11, and internal
diameter is 3–4 nm).
3.3. Influence of the Catalyst Composition on
Defectiveness of MWCNTs

Our previous papers demonstrated the high sensi-
tivity of Raman spectroscopy for estimation of the
defective structure of MWCNTs and graphene flakes
deposited on the nanotube surface.[54–56] The
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graphene fragments have been proposed to form a mosaic
structure of nanotube walls.[54]

The intensity ratio of D (induced mode) and G (tangential
mode) bands of graphene fragments can be used to estimate the
Figure 10. (A) Low- and (B–E) high-resolution TEM images of MWCNT
obtained using Co–Mo/Al2O3 catalysts with different ratio of the active c
metals, Co/Mo¼ 2:1, 8:1, 16:1 (B–D), and different content of the active comp
40, and 60wt.% (C–E), and their diameter distributions.

Phys. Status Solidi B 2018, 255, 1700260 1700260 (8
degree of disorder in the structure of carbon materials. The
analysis of 2D behavior (two-phonon scattering) of a strip is
mainly used to reveal a number of graphene layers and their
mutual orientation (the order of superposition).[57] Figure 11
samples
omponent
onent: 30,

of 12)
displays the Raman spectra of MWCNTs produced
using Co–Mo catalysts with the variable content and
ratio of active metals. The increase in theMo content
increases the intensity of 2D Raman bands, while
variations in the intensities of D and G bands are
insignificant (Figure 11B).

Figure 12 demonstrates the dependence of inten-
sity ratios I2D/D and ID/G on the Co–Mo active
component content and Co/Mo molar ratio in the
active component. In the case of the 40%(Co2Mo)/
Al2O3 catalyst,MWСNTswith a lessdefective structure
are obtained, but this catalyst shows a very low
productivity in the MWСNTgrowth reaction.

An increase in the total content of the active
Co–Mo component (with Co/Mo¼ 16:1) from 30 to
60wt.% leads to the formation of MWCNTs with a
higher degree of defectiveness (Figure 11 and 12(A)).
In the case of Fe–Mo catalysts, both the increase in
the total content of the active component from 40 to
70wt.% at a Fe/Mo ratio of 16:1 and the increase in
the Mo content in the catalyst containing 40wt.%
with a variable Fe/Mo ratio lead to the growth of
MWCNTs with a less defective structure (Figures 13
and 14).

The temperature dependences of conductivity σ
(Т) of MWCNTs produced on different types of Fe–
Mo and Co–Mo catalysts (linearized in the σ(Т)/σ300K
coordinates) are presented in Figures 15 and 16.
Thus, MWCNTs show a temperature dependence of
conductivity as

σ Tð Þ � exp �T�1=2
� �

;

which can be described within the Coulomb
blockade theory (the Efros–Shklovskii variable range
hopping model[58] of conductivity) or within the
quasi one-dimensional (1-D) variable range hopping
conductivity (VRHC) (the Mott law[59]):

σ Tð Þ ¼ σ0 exp �T0=Tð Þ1=2
h i

ð1Þ

where σ0 is constant, T0¼CVRHCα
�1/kBN(EF),

CVRHC� 1 for one dimensional VRHC; and T0¼
TES¼CESα

�3/kBN(EF), CES¼ (2.8/4π), α�1 is the
length by which the amplitude of the wave
function falls down (α�1� 10 Å), N(EF) is the
density of localized states at the Fermi level EF,
and kB is the Boltzmann constant. Note that both
mechanisms of the dependence (Eq. (1)) (one
dimensional WRHC or ES) take place in the
inversely proportional dependence of N(EF) on
parameter T0. N(EF) can be used to estimate the
charge carrier concentrations n from the n� 2/3N
(EF)/EF ratio.[60]
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Figure 11. Raman spectra of MWCNTs synthesized using Co–Mo catalysts with the variable content (A) and ratio of active metals (B).

Figure 12. The dependence of intensity ratios I2D/ID and ID/IG on the Co–Mo active component content (A) and Co/Mo molar ratio in the active
component (B).
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Thus, data shown in Figures 17 and 18 allow the
concentration of current carriers in the MWCNTs to be
estimated. The decrease in the Fe content in Fe–Mo catalysts
increases the concentration of current carriers, thus indicat-
ing the decreasing concentration of defects in MWCNTs.
These results correlate with the Raman spectroscopy data
(Figure 14). The I2D/ID ratio increases with the Fe content in
the catalyst, which also points to the reduction in the number
Figure 13. Raman spectra of MWCNTs synthesized using Fe–Mo catalysts

Phys. Status Solidi B 2018, 255, 1700260 1700260 (9
of defects. The opposite effect is observed for the Co–Mo
catalysts. An increase in the Co content in Co–Mo samples
leads to MWCNTs with the highest concentration of current
carriers, which also indicates a decrease in MWCNT
defectiveness. These results are consistent with the Raman
data. The I2D/ID ratio increases with increasing the Co content
in the catalyst, which corresponds to an increase of the
graphene block size in nanotube walls.
with the variable content (A) and ratio of active metals (B).
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Figure 14. The dependence of intensity ratios I2D/ID and ID/IG on the Fe–Mo active component content (A) and Fe/Mo molar ratio in the active
component (B).

Figure 15. Temperature dependences of conductivity σ(T) of MWCNTs
produced using Fe–Mo catalysts with the variable content and ratio of
active metals.

Figure 16. Temperature dependences of conductivity σ(T) of MWCNTs
produced using Co–Mo catalysts with the variable content and ratio of
active metals.

Figure 17. Dependences of the current carrier concentration for
MWCNTs on the Mo content in 40%(Fe–Mo)/Al2O3 catalysts used for
MWCNT synthesis.

Figure 18. Dependences of the current carrier concentration for
MWCNTs on the Mo content in 40%(Co–Mo)/Al2O3 catalysts used for
MWCNT synthesis.
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4. Conclusions

The effect of the Mo content in bimetallic Co–Mo/Al2O3 and
Fe–Mo/Al2O3 catalysts synthesized by the Pechini method on
the formation of MWCNTs was investigated under variation of
two parameters: a) the ratio of active metals Fe/Mo and Co/Mo
from 2:1 to 29:1 at a fixed active component content (40wt.%);
© 2017 WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim0 of 12)
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and b) the active component content from 30 to 70wt.% at a fixed
metal ratio (16:1).
1.
Phy
Data on the formation of active bimetallic alloy particles
were obtained by in situ XRD, ex situ XPS, and
STEM&EDS. It was found that despite the formal
similarities of Fe–Mo and Co–Mo catalysts, their activation
in the reaction mixture (C2H4–Ar) results in the formation
of alloys with very different Mo atomic content. In the case
of Fe-containing catalysts, the major part of Mo is
incorporated into the active component, in contrast to
Co-based catalysts. The stable carbide formation for such
systems is not observed. The absence of stable carbides
promotes effective diffusion of carbon through the metal
particle, thus, ensuring a much higher activity of
multicomponent Fe–Mo catalysts as compared to the
activity of monometallic Fe catalyst.
2.
 The addition of small quantities of Mo to the Fe-based
catalysts enhances their activity in the MWCNTgrowth. 40%
(Fe16Mo)/Al2O3 was found to be the most active sample. An
increase in the content of the active component from 40 to
70wt.% at a Fe/Mo ratio of 16:1 decreases the activity of the
Fe–Mo catalyst in the MWCNT growth process.
3.
 The addition of Mo to the Co-containing catalyst does not
increase its activity in the MWCNT growth reaction. Most
active is the sample containing monometallic Co. An
increase in the content of the active component from 30 to
60wt.% at a Co/Mo ratio of 16:1 decreases the activity of the
Co–Mo catalyst in the MWCNT growth reaction.
4.
 The defectiveness of the MWCNTs produced using Fe–Mo
and Co–Mo catalysts with a variable composition was
estimated by Raman spectroscopy in combination with
measurements of the temperature dependence of nano-
tube conductivity. Thus, in the case of Fe–Mo catalysts, the
current carrier concentration in MWCNTs slightly
increases with increasing the Mo content. For the Co–
Mo catalysts, a decrease in the current carrier concentra-
tion in nanotubes produced using the catalyst with a
higher Mo content is observed. For the Fe-containing
catalysts, the addition of Mo and an increase of the active
component concentration from 40 to 70 wt.% boost the
defectiveness of MWCNTs as compared to the monome-
tallic Fe catalyst. However, the addition of Mo to the Co–
Mo catalyst composition significantly reduces the degree of
MWCNT defectiveness, especially when 40%(Co2Mo)/
Al2O3 is used as a catalyst.
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