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ARTICLE INFO ABSTRACT

Keywords: Molybdenum-99 (°°Mo) is used to produce technetium-99 m (°*™Tc), one of the most used medical radioisotopes
Mﬂlybdeﬁum in the world. °°Mo is currently created by fission of uranium-235 (>3°U) in a small number of research nuclear
Nanoparticles fission reactors. Several problems related to the use of 2>°U as primary source is causing a global ®Mo generation

Thermal decomposition

crisis. Therefore, we are facing the need of finding new viable and safe production alternatives. Neutron acti-
Hexacarbonylmolybdenum

vation of molybdenum is a promising candidate in which the ideal target for “°Mo production are small
monodisperse molybdenum nanoparticles (Mo NPs). However, the reported procedures for the obtention of Mo
NPs present either the lack of simplicity of the employed synthetic methods or the inappropriate size and
monodispersity of the synthesized Mo NPs. Here, we report a simple synthetic procedure for the obtention of
small-sized monodisperse metallic Mo NPs. In the studied conditions, thermal decomposition of Mo(CO)¢ pro-
duced oleylamine coated Mo NPs. The oleylamine layer was included with the purpose of avoiding oxidation.
Although an oxide patina was still formed on the surface of the Mo NPs, the core remains in a metallic phase after
several weeks from its production, as it was confirmed by X-ray photoelectron spectroscopy analysis (XPS). The
described synthetic procedure provides a simple method for the obtention of Mo NPs with optimum charac-
teristics as non-fission method for *°Mo production.

approaching their lifespans because most of them were built within the
same decade, the Non-Proliferation Treaty, and the subsequent gener-

1. Introduction

Technetium-99 m (°°™Tc) isotope is a well-suited radionuclide for
medical imaging thanks to its short half-life (T2 = 6 h) and the low
energy (140 keV) y-ray emission. Radiopharmaceuticals based on *™Tc
are the most used worldwide in Single Photon Emission Computed To-
mography (SPECT) for the diagnosis of a variety of pathological condi-
tions. *°™Tc isotope is produced from the decay of molybdenum-99
(99Mo), making %Mo an essential isotope in nuclear medicine [1,2].

%Mo is currently produced from irradiation of uranium-235 (**°U)
targets in a small number of research nuclear fission reactors in the
world [3]. The Organization for Economic Co-operation and De-
velopment’s Nuclear Energy Agency (OECD-NEA) has warned about a
global Mo supply crisis causing **™Tc shortages favored by different
factors involved in materials obtained from 23°U [4]. The main problems
are related to the production in nuclear research reactors that are
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ation and waste management issues associated with fission-produced
PMo [5,6]. Therefore, there is an urgent need to produce 99MTe radio-
nuclide with new viable and safe methods to avoid the use of those based
on 23U fission [7].

Currently, the non-fission “Mo production relies on accelerator-
based methods [8,9], with notable approaches being gamma-ray irra-
diation of '°°Mo and neutron activation of *®Mo [1,10,11]. The neutron
activation of “®Mo method offers advantages such as generating less
radioactive waste compared to the fission route, along with straight-
forward procedures and simple post-irradiation facilities [12,13]. In this
method, natural or enriched molybdenum in the form of MoO3 or bulk
metallic molybdenum serves as the target for neutron bombardment.
While both targets are viable, high purity metallic molybdenum is rec-
ommended, although it may result in low specific activity of **Mo with
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some unreacted molybdenum [11,14].

It has been reported an approach that exploits the kinematic recoil-
ing of the isotopes for their separation making the production process
feasible. After irradiation, the recoiling nuclei will present sufficient
kinetic energy to escape from the to the surrounding ‘catcher’ material,
from which they will be further separated [15]. To be efficient, this
method requires the use of small targets, such as thin foils or a sus-
pension of nanoparticles.

In the case of the nanoparticles, an optimum size and monodispersity
are required to avoid a decrease of the process efficiency. The nano-
particle size should be the smallest possible to allow the escape of the
%Mo nuclei, and monodispersity is necessary to prevent the generation
of unwanted nuclei from the NP surface sputtering. Polydisperse nano-
particles usually lead to the formation of agglomerates and hence an
atom displaced by irradiation can escape from one single nanoparticle
and interact with other nanoparticles from the same agglomerate,
consequently causing undesired sputtered atoms [16]. Therefore, low
small-sized monodisperse molybdenum nanoparticles are presented as
the more appropriate target for the mentioned non-fission procedures.

Experimentally, monodisperse Mo NPs are difficult to produce either
by chemical or physical synthesis [16] and some attempts are reported
for their obtention either in suspension, or by supporting them on a
substrate, from different synthetic procedures including electrical ex-
plosion of wires [17], physical vapor deposition (PVD) [18], laser
ablation [19], thermal decomposition [20], sputtering methods [21,22],
or the use of microorganisms [23]. Although thermal decomposition
stands out for its simplicity to produce molybdenum nanoparticles in
suspension, it still requires the use of particular equipment such as
specific reactors [24]. Moreover, the produced materials, with average
size values around 150 nm or between 30 nm and 50 nm in the smaller
cases, exhibit a high polydispersity [24,25] and depart from the rec-
ommended small sizes to avoid unwanted nuclei generation in the
sputtering surface [16].

In this groundbreaking study, we present a synthetic procedure for
the production of small-sized metallic molybdenum nanoparticles (with
a mean diameter around 10 nm) by harnessing the thermal decompo-
sition of hexacarbonylmolybdenum [Mo(CO)¢] using readily available
laboratory equipment. To ensure their stability and prevent oxidation,
the nanoparticles are meticulously coated with a protective layer of
oleylamine, ensuring reliable colloidal stability for subsequent physi-
cochemical procedures. The simplicity and efficiency of this novel
method differentiate it from previous approaches, underscoring its po-
tential as a significant breakthrough in nanomaterial synthesis.

2. Materials and methods
2.1. Materials

Hexacarbonylmolybdenum (MoCOg, 98 %) and trioctylamine
(C24Hs51N, 70 %) were purchased from Acros Organics. Oleylamine
(C1gH37N, 70 %) was obtained from Aldrich. Ethanol (CoHgO, absolute)
was purchased from Merck. Hexane (CgH14, 99 %) and acetone (CoHgO,
pure) were obtained from Scharlau. All chemicals were used without any
further purification.

2.2. Synthesis of oleylamine coated molybdenum nanoparticles
(Mo@OLA NPs)

Oleylamine (4.5 mmol), Mo(CO)¢ (4.5 mmol) and 100 mL of tri-
octylamine were added to a 500 mL three-neck round bottomed flask.
The temperature in the flask was raised to 330 °C and the mixture was
mechanically stirred at 400 rpm under nitrogen atmosphere for 1 h. The
solution turned black on the decomposition of hex-
acarbonylmolybdenum, indicating the formation of nanoparticles.

Once the reaction mixture was cooled down to room temperature,
the product was washed with a mixture of deoxygenated solvents in
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proportions product:hexane:ethanol:acetone; 3.5:1.5:3:24 and centri-
fuged at 9000 rpm for 30 min. The supernatant was discarded, and the
black precipitate was washed a second time with the previous solvent
mixture in the same proportions and centrifugation conditions. The
obtained solid was suspended in cyclohexane.

2.3. Characterization

The characterization of the crystalline phase of the nanoparticles was
performed by powder X-ray diffraction (XRD) using a Philips diffrac-
tometer (Panalytical, Callo End, UK) with Cu Ka radiation (A = 1.5406
A). Measurements were collected in the 20 angle range from 10° to 80°
with steps of 0.04° and accounting time of 6 s per step. The morphology
of the MNPs was characterized by transmission electron microscopy
(TEM) using a JEOL JEM-1010 microscope (JEOL, Tokyo, Japan)
operating at 100 kV and high-resolution transmission electron micro-
scopy (HRTEM) using a JEOL JEM-2010-F microscope (JEOL, Tokyo,
Japan) operating at 200 kV. Scanning electron microscopy (SEM) im-
ages were obtained using a Zeiss EVO LS15 microscope with energy
dispersive X-ray spectroscopy (EDX) microanalysis (Zeiss, Oberkochen,
Germany). X-ray photoelectron spectra (XPS) were acquired using a
Thermofisher NEXSA spectrometer (Thermo Fisher Scientific, Madrid,
Spain) equipped with a hemispherical electron analyzer and micro-
focused monochromatic aluminum Al Ka x-ray source (1486.6 eV). A
monoatomic gun at 500 eV in series of 6 cycles of 30 s was used in the
sputtering experiment. The Fourier transform infrared (FT-IR) spectra
were recorded in a Thermo Nicolet Nexus spectrometer (Thermo Fisher
Scientific, Madrid, Spain) using the attenuated total reflectance (ATR)
method in the range 400-4000 cm™!. Thermogravimetric analyses
(TGA) were performed with sample previously dried at 50 °C for 3 h
using a TGA PerkinElmer model 8000 (Perkin, Waltham, MA, USA)
under a flowing nitrogen atmosphere of 20 mL min~! ata temperature
range from 50 °C to 850 °C at 10 °C per min.

3. Results and discussion

The powder X-ray diffractogram of Mo NPs, is presented in Fig. 1
together with the pattern for different species containing Mo, reveals the
presence of pure molybdenum (COD card No. 9008474) [26], MoO,
(COD card No. 1533435) [27] and MoO3 (COD card No. 1537654) [28].
The position and relative intensity of the NPs diffraction peaks match the
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Fig. 1. Powder X-ray diffractogram of the prepared molybdenum nanoparticles
(black) together with the pattern for molybdenum (red), MoO- (grey) and
MoOs3 (blue). (For interpretation of the references to colour in this figure
legend, the reader is referred to the Web version of this article.)
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main theoretical Mo reflections, whose diffraction peaks at 36.9°, 43.0°,
62.8°, 75.7° respond to the (1 1 1), (02 0), (0 2 2) and (1 3 1) planes of
cubic Mo lattice, respectively. The presence of broad peaks indicate also
the contribution of some molybdenum oxides. The diffraction peak at
25.7° corresponds to the (1 1 0) plane of tetragonal MoO, lattice and to
the (4 0 0) and (2 1 0) planes of orthorhombic MoOs lattice. The
diffraction peaks at 36.9°, 43.0°, 62.8°, 75.7° present the contribution of
the(101),(111),(310)and (11 2)planes of MoO5 and the (41 0), (41
1), (51 2) and (0 1 3) planes of MoO3, respectively. Moreover, the low
relative intensity of these diffraction peaks indicate the existence of
MoO; and MoOj in a smaller proportion related to the molybdenum (0)
that can be due to the presence of an external layer of molybdenum
oxides, which is further on identified by X-ray photoelectron spectros-
copy (XPS).

Fig. 2 shows TEM and HRTEM images, size distribution and selected
area electron diffraction (SAED) pattern of Mo NPs. From TEM image
(Fig. 2a), it is observed that the NPs present nearly spherical morphology
and with narrow size distribution. The average particle size of the NPs
obtained from TEM images is 9.7 nm =+ 2.4 nm and log-normal distri-
bution is shown in Fig. 2b. SAED pattern presented in Fig. 2c shows a
polycrystalline structure with defined ring, allowing the identification of
the distances corresponding to the (11 1), (020),(022)and (131)
planes of cubic Mo lattice. The magnified view of HRTEM image in
Fig. 2d shows the good crystallinity of Mo nanoparticles. The lattice
fringes (0.24 nm) that agree well with the spacing value of (1 1 1) lattice
plane of Mo are clearly observed.

A SEM image of agglomerated Mo NPs in powder form is observed in
Fig. 3a. To confirm and quantify the composition of the Mo nano-
particles, EDX line scans (Fig. 3b) were collected from the indicated area
of the sample SEM image. An intense Mo signal with a percent by weight
of 59.6 confirms that molybdenum is the main component of the
nanoparticles. The existence of oxygen with a 17.1 wt% is in accordance
with the presence of a molybdenum oxide surface layer of the
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nanoparticles. In addition, the lower percentage of O compared to Mo
suggests that it present as a thin oxide layer, which is further confirmed
by XPS. Nitrogen is not detected in the analysis, since the amount pre-
sent in the sample is reduced to the nitrogen atoms of the oleylamine
molecules constituting the coating layer, in a significantly smaller pro-
portion compared to the metallic core of the nanoparticles. In consid-
eration with this result, it is expected to obtain a small signal for carbon.
Thus, the value of 23.1 wt% obtained for C may indicate some contri-
bution to the signal from the adhesive carbon tab used to support the
sample. The small aluminum signal with a 0.2 wt% can be assigned to
adventitious aluminum, since it is not detected in the sample by any
other used characterization technique and was not employed in the
preparation of Mo NPs.

In addition, FT-IR spectrum of the obtained nanoparticles is shown in
Fig. 4. Molybdenum oxides exhibit their main vibration modes in the
400-1000 cm ™! range. The bands observed at 685 cm ™%, 902 cm ™ * and
950 cm ™! are characteristic of stretching mode of Mo—0 and asym-
metric and symmetric stretching modes of Mo-O-Mo, respectively [29,
30]. This bands indicate the presence of molybdenum oxides, which are
located on the surface layer of the nanoparticles, as it is later demon-
strated by XPS analysis.

Moreover, the presence of oleylamine as coating is confirmed by
several bands involving C and N. The absorption band at 1600 cm™! is
associated to the C=C stretch mode [31] and the two bands at 2853
em ™! and 2913 ecm ™! correspond to the symmetric and asymmetric vi-
brations of the CH; group, respectively [32]. The band at 3055 em s
assigned to the C-H stretching mode in C—=C-H [33,34]. The broad
shoulder centered at 3365 cm ™! is associated to the N-H stretching vi-
bration [35].

Surface and core chemical state as well as the electronic structure of
the Mo NPs was analysed by X-ray photoelectron spectroscopy (XPS).
The XPS survey spectrum in Fig. 5a reveals the elemental composition of
the sample’s surface, where oxygen, nitrogen, carbon, and molybdenum,
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Fig. 2. TEM image (a) of the obtained molybdenum nanoparticles, size distribution (b) obtained by using the ImageJ software, selected area electron diffraction

(SAED) pattern (c) and HRTEM image (d) of Mo NPs.
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Fig. 3. SEM image showcasing powdered Mo NPs (a). EDX microanalysis providing quantification of elemental composition within the Mo NPs (b).
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Fig. 4. FT-IR spectrum of the prepared oleylamine coated molybdenum
nanoparticles with the identification of the main absorption bands.

can be identified at different binding energies. Quantification of the
elemental composition using XPS survey spectra revealed atomic per-
centages of 52.08 % for carbon, 19.63 % for oxygen, 19.48 % for ni-
trogen and 8.81 % for molybdenum. The content of nitrogen and the
large amount of carbon emerge from the oleylamine coating of the
nanoparticles, while oxygen is consistent with the existence of a mo-
lybdenum oxide layer in the surface of the metallic core of the Mo NPs.
Table 18 lists the values in wt% compared with the numbers acquired by
EDX. XPS values differ from the quantification obtained by EDX since
EDX provides bulk quantitative chemical analysis and XPS, surface
quantitative chemical analysis. Thus, as oleylamine is present as a sur-
face coating layer, the value obtained for carbon is higher when ob-
tained by XPS and nitrogen is detected, while the values for
molybdenum are considerably low due to the internal location in the Mo
NPs. The binding energies and the atomic percents of the XPS spectra for
Mo 3d, N 1s and C 1s are presented in Table 1. The data related to the
peak fitting in Mo 3d, N 1s and C 1s spectra, including the peak area and
full width at half maximum (FWMH), have been compiled in Table 28,
Tables 3S and 48, respectively.

The deconvoluted XPS spectrum in Fig. 5b shows Mo 3d peaks,
determining that the nanoparticles present an oxidized surface. None of
the binding energies of Mo 3ds/ and 3ds,, correspond to Mo® since the
energy at which usually assigns that state is lower than the registered, at
around 228.0 eV [36]. The doublet peak structure at 232.53 eV and

235.60 eV is assigned to Mo®" ion, as well as the peaks at 230.48 eV and
233.55 eV correspond to Mo** ion. For both Mo®" and Mo**, these
binding energies are in close agreement with reported values [37,38].
Peaks at binding energies of 229.19 eV and 232.32 eV correspond to an
intermediate oxidation state, M05+, 0 < 8 < 4 [39]. The presence of
molybdenum oxides (MoOy) indicate the unavoidable surface oxidation
of Mo® NPs even with the presence of a coating layer of oleylamine. The
oxidation of the outer layers was expected since the nanoparticles are
highly reactive.

The results of the deconvoluted peaks for N 1s are presented in
Fig. 5¢c. The spectrum can be fit to three peaks with binding energies of
395.28 eV, 398.20 eV and 401.40 eV. The N 1s region is overlapped by a
peak from molybdenum since the peak at 395.28 eV results from Mo
3ps/2 [40]. The most intense peak at 398.20 eV arises from the C-N bond
between an aliphatic carbon and the nitrogen of the amine group [41].
The peak at 401.40 eV with a small atomic percentage associated (7.9 %)
could be related to organic species involved in the preparation of Mo
NPs (trioctylamine) trapped in the organic shell or absorbed on the
nanoparticles [42]. The binding energy of the peak corresponds with the
expected for the nitrogen of a tertiary amine [43], which is present in the
trioctylamine.

Fig. 5d shows the deconvoluted peaks for C 1s for the synthesized
nanoparticles. The peak at 283.27 eV is assigned to adventitious carbon
[44,45]. The C 1s peak at 284.80 eV is ascribed to C-C/C—=C bonds of
oleylamine [46]. The peak at 286.15 eV corresponds to the C-N bond
between a carbon and the nitrogen of the amine group [47]. The
remaining peak at 288.65 eV presents an atomic percent contribution for
carbon of 2.6 % that is within the 10 atomic percent experimental un-
certainty. The experimental uncertainty associated with quantification
is so large in comparison with the result that it can be considered no
longer reliable or meaningful [48].

Sputtering experiments at low energy allow to assess the chemical
state of an element at different depths inside a material by scanning the
subsequent cycles underneath the material surface. The results of the
sputtering experiment at a very low energy, 500 eV, in a series of six
cycles of 30 s indicate the existence of an oxide patina on the surface of
the metal, which practically disappears with the first cycle. The high
resolution XPS spectrum of Mo 3d is shown in Fig. 6. After the first cycle,
the peaks for a single chemical state can be observed, which are dis-
placed to lower binding energies than the initial peaks. The peak cor-
responding to the Mo 3ds/, appears after the first cycle at energies from
228.1 eV to 228.3 eV, corresponding to metallic Mo. The value for Mo®
3ds, binding energy is reported to be around 228.0 eV or 228.1 eV
depending on the study [49,50]. The binding energy does not experience
a change and, therefore, it is understood that metallic molybdenum is
already reached. These findings suggest that the oxide layer is exceed-
ingly thin, thus substantiating the remarkable achievement of reaching a
predominantly metallic state.
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Fig. 5. XPS survey spectra (a) and deconvolution of the Mo 3d (b), N 1s (c) and C 1s (d) emission lines of Mo NPs.

Table 1
Binding energies and atomic percents for peaks in Mo 3d, N 1s and C 1s XPS
spectra.

Element Peak Binding Energy [eV] Atomic Percent (%)
Mo Mo®",0<5< 4 229.19/232.32 37.7
Mo** 230.48/233.55 21.9
Mo®* 232.53/235.6 40.4
N Mo 3ps/» 395.28 0
C-NH, 398.2 92.1
N-(CO)3 401.4 7.9
C Adventitious C 283.27 2.4
C-C/C—=C 284.80 83.6
C-N 286.15 11.4

These data are also sustained by the results obtained from the O 1s
XPS spectrum. Considering the high resolution XPS spectrum of O 1s
shown in Fig. 7a, the peak corresponding to the patina of molybdenum
oxides present at 532.0 eV practically disappears after the first cycle,
and the remaining signal is linked to oleylamine. The behavior of the O
1s peak is in accordance with that observed for the Mo 3d peak, con-
firming that when the oxide patina is removed, Mo® appears. The high
resolution XPS spectrum of C 1s in Fig. 7b corroborates that the signal of
O 1s after the first cycle is attributed to the oleylamine, as the C 1s signal
related to oleylamine is practically unchanged with the cycles. This also
indicates that the oleylamine is very abundant in the nanoparticles.

TGA and derivative curves of Mo NPs are presented in Fig. 8. The
mass loss around 1 % between 50 °C and 110 °C is consistent with the
desorption of physisorbed water in the powder sample. A significant
mass loss around 19 % is detected from 120 °C to 500 °C corresponding
to the degradation of the oleylamine coating layer of the nanoparticles
[51]. Between 630 °C and 820 °C, with a strong peak centered at 790 °C
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binding energy
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Fig. 6. High resolution Mo 3d XPS spectra when applying six sputtering cycles.

in the derivative curve, a mass loss of nearly 18 % is produced by the
volatilization of MoOs3 and, might also include other MOy. The degree of
volatilization of MoOs is noticeable as the temperature increases above
750 °C, specially at 780 °C or more [52], which is in agreement with the
results.

The thermal decomposition method described in this study yields
molybdenum nanoparticles that surpass previous reported procedures in
terms of both small-size characteristics and monodispersity. The ad-
vancements present an improvement in the synthesis of suspended Mo
NPs. Zamora-Romero and coworkers reported a procedure to obtain Mo
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Fig. 8. TGA and derivative curves of oleylamine coated molybdenum
nanoparticles.

NPs in suspension through laser ablation. Their results showed quasi-
spherical agglomerates with broad Mo NPs size distributions. Their
smallest Mo NPs presented a TEM average particle size of 48 nm,
however the size distribution included NPs up to 180 nm [19]. Nord-
meier and coworkers presented Mo NPs synthesized by microorganisms,
with a size distribution of the nanoparticles ranged from 9 to 95 nm
obtained from TEM analysis and a nearly spherical morphology [23].
Other authors selected thermal decomposition as synthetic method for
producing Mo NPs. Redel and coworkers incorporated ionic liquids to
the thermal decomposition of Mo(CO)g. The reported Mo NPs presented
an average particle size of 150 nm and the authors clearly stated the lack
of monodispersity [25]. The design of a specific reaction chamber for
thermal decomposition was reported by Huh and coworkers. The pro-
duced Mo NPs were nearly square in shape and two different pop-
ulations of particle size coexisted in the final product. Small particles
with a size distribution between 2.0 nm and 3.0 nm and large particles
with a wide size distribution between 30.0 nm and 50.0 nm were found
together in suspension [24]. Thus, the overall view of the reported
methods for the obtention of Mo NPs in solution evidences the lack of
monodispersity and small size in the products. In comparison to these
findings, the synthetic procedure presented in this study achieves a
remarkable reduction in Mo NPs size to 9.7 nm = 2.4 nm, with a narrow
size distribution, and stands out by its simplicity and efficiency, using
only conventional laboratory glassware and equipment along with
common laboratory solvents.

4. Conclusions

In this work, molybdenum nanoparticles were synthesized through
thermal decomposition of Mo(CO)e. To prevent oxidation, a protective
coating layer of oleylamine was included. The resulting Mo NPs
exhibited smaller size (9.7 nm + 2.4 nm) and higher monodispersity
compared to previously reported methods using thermal decomposition.
The presence of the oleylamine layer was confirmed through FTIR
analysis and its preservation was evident from the observed decompo-
sition in the TGA curve. X-ray diffraction analysis indicated the presence
of both metallic molybdenum and molybdenum oxide in the Mo NPs.
This was further supported by XPS analysis, which revealed a metallic
molybdenum core surrounded by a MoOy layer forming the Mo NPs. The
formation of an oxide patina on the Mo NPs’ surface, resulting from the
inherent reactivity of Mo® NPs, was expected despite the oleylamine
coating. The developed synthetic procedure for obtaining small-sized
and monodisperse Mo NPs holds potential as a suitable molybdenum
source for the exploration of non-fission techniques in °*Mo production
studies.
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