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Abstract:

Lead sulfide (PbS) nanocrystals anchored on nitrogen-doped multiwalled carbon nanotubes (N-CNTS)
are synthesized employing an environmentally friendly and inexpensive wet chemistry process. PbS/N-
CNTs composites are examined by scanning electron microscopy, X-ray diffraction, Raman
spectroscopy, and ab initio theoretical calculations to determine their morphological, optical, and
structural properties. The PbS nanoparticles exhibit a 15 nm particle size with a face-centered cubic
crystal structure and are homogeneously distributed along the carbon nanotubes. Nitrogen doping on
CNTSs acts as binding sites for the PbS clusters as Ab initio theoretical study suggests.

Keywords: Lead Sulfide; Carbon Nanotubes; Nanoparticles; Nitrogen-doping; density functional
theory.
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1. Introduction

Nanometer-size sp2 carbon-based materials findings, such as graphene, fullerenes, and carbon nanotubes
(CNTs) have led to a vast number of reports in this field. Graphene carbon atoms are densely organized
in a regular sp2 honeycomb configuration, which is the basic pattern for other sp2 carbon allotropes such
as fullerenes, nanoribbons, and CNTs. CNTs possess unique electronic, optical, and structure properties,
suitable for use as a substrate for a wide range of nanoparticles [1-9]. Nitrogen-doped CNTs (N-CNTS)
have been the preferred microstructure for nanoparticle enrichment mechanism due to their distinct
morphology (e.g., large defect density) and chemical properties [1-5]. In this way, semiconductor
nanocrystals attached to N-CNTs have been used to produce solid-state composites for diverse
applications [10,11].

On the other hand, Lead sulfide (PbS) nanocrystals have a relatively small bandgap (Eg ~0.41 eV
at 300 K), and they have applications in a great variety of technological and optoelectronic construction
devices due to their high third-order nonlinear optical properties [12]. PbS grain size and bandgap (Eg)
are easily adjustable by systematic doping with trivalent ions [13], making optical, morphological,
structural, and electronic properties possible to be modulated. Strong quantum effects are observed at
~30 nm particle sizes where material properties are significantly affected and open the opportunity to
design a new generation of optoelectronic devices. In this context, PbS/N-CNTs composite synthesized
with different techniques among which the electrostatic interaction, ultrasound-assisted, and chemical
methods highlight allow fabricating different architectures, such as high-performance photo-switches,
field emission devices, quantum dot sensitized solar cells, and supercapacitors [14-17]. This report
addresses a green, versatile, and cost-effective procedure to anchor PbS nanocrystal onto the surface of
N-CNTs efficiently. The PbS/N-CNTs composite is examined by scanning electron microscopy, X-ray
diffraction, FT-IR, and Raman spectroscopy. Ab initio simulations helped to identify the possible
anchoring sites.

Graphite possesses a double resonant scattering process closely related to those in carbon nanotubes.
Raman spectra has been calculated with D mode using the concept of double resonances. Dependence
on excitation energy is the main reason why re-examining the D mode, which stills un-solve to these
days. In the high energy part, the peak labeled D is a defect-induced mode [18-20]. In this work, the
peak D is in the position ~ 1326 cm™1.

2. Materials and methods

2.1. Material synthesis

The PbS nanocrystals growth was carried out by mixing Pb(CH3COQ),, KOH, and NH4NQOs. This
reaction takes place predominantly over the direct hydrolysis of thiourea in the bulk of the chemical bath
[21,22].

SC(NHy), + 30H™ < CO¥ + HS™ + 6H* (1)
Pb(CH5C00), < 2CH,C00~ + Pb?+ )

The complex ion formed in our working conditions generates the slow release of ions Pb®*

1. [Pb(NHs),J** + S*~ & PbS + 4NH, + 2H* (3)
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This reaction described in (3) is not spontaneous since its free energy change (AG° = +362.88 KJ)
is positive. The nanocrystals were then washed with abundant deionized water and dried at room
temperature. The process was repeated several times until the largest amount of contaminated waste was
removed. The solutions for the PbS growth were the followings: Pb(CH3COQ), (0.01 M), KOH (0.5 M),
NHiNO; (1.5 M), SC(NH>)2 (0.2 M). All the solutions used were prepared with deionized water with
18.2 MQ[12].

The N-CNTSs were synthesized by chemical vapor deposition (CVD) using the experimental set-up
described in other previously reported articles [23-25]. Briefly, a solution containing ferrocene
[Fe(CsHs)2] (2.5 wt %) dissolved in benzylamine (PhCH2NH.) was pyrolyzed for 20 min using a two-
stage furnace system at 800 °C with an argon gas flow rate of 2.5 L/min. The N-CNTSs then are collected
from the soot deposited on the quartz tube located inside the furnace.

Produced PbS/N-CNT composite was dispersed ultrasonically (GEX130 equipment), for 1 hour in
acetone at room temperature, we used different weights of nanotube powders and PbS powder in acetone
(ratio PbS/N-CNTs = 0.2, 0.1, 0.098, 0.096, 0.06 and 0.02) reaching an optimal architecture in the N-
CNTs/PbS grain ratio of 0.02 um.

Characterization: The samples were characterized by scanning electron microscopy (SEM) using a
QUANTA 200 3D, FEI microscope, operating at 20 kV and equipped with energy-dispersive X-ray
spectroscopy for obtaining superficial micrographs along with basic chemical analysis (EDS). X-Ray
analysis was performed by using a Brucker diffractometer; Raman spectroscopy was carried out in a Lab
Raman, Dillor (1 = 514 and 633 nm) apparatus, and Fourier transforms infrared spectra (FT-IR) were
recorded in a Perkin-Elmer spectrophotometer.

2.2. Computational details

Density functional theory (DFT) and the generalized gradient approximation with the revised Perdew,
Burke, and Ernzerhof (RPBE) approach as the exchange-correlation term [26] performed the
calculations method. Linear combination of pseudo-atomic numerical orbitals using double-( plus one
polarized orbital basis [27] represented wave functions for the valence electrons. A 1x1x10 Monkhorst-
Pack grid was used to sample the 1D Brillouin zone. A Methfessel-Paxton smearing of 25 meV and a
Pulay mixing is employed to aid convergence on the self-consistent electron density. The real-space grid
used for charge and potential integration is equivalent to a plane wave cut-off energy of 400 Ry. 12-unit
cell of a metallic (6,6) single-walled carbon nanotube (SWCNT) simulated the CNTs with a total of 288
atoms.

The DFT calculations were performed using the SIESTA code [28]. The interaction strength
between the PbS cluster and SWCNTs was evaluated by calculating the adsorption energy (AEags)
defined as: AEads = Etwt- Esub - Enps, Where Eyo is the total energy of the PbigS1g-SWCNTS system and
Esuw (Enes) is the energy of the substrate (PbS nanocrystal). The Voronoi charge analysis was used to
determine the transferred electronic charge among the components using the optimized geometries and
400 Ry as energy cut-off for the real-space grid [29]. The 3D representation of charge transfer an(r) of
the PbigS1s-SWCNTSs systems was obtained by subtracting the charge densities of the nanotubes
(n(r)ent) and PbigSis (N(r)ews) from the total charge density of the Pb1gS1g-SWCNT system (n(r)otar). The
charge transfer is given by dn(r) = n(Nwt — N()ent — N(r)pbs.

The N-CNT was simulated by introducing diverse substitutional and pyridine-like nitrogen along
with the (6,6)-SWCNT structure resulting in 6.0% N concentration. The PbS nanocrystal was
constructed from the FCC bulk crystal structure, where a Pb1sS1s sSymmetric cluster is obtained and then
geometrically optimized before any adsorption event. The adsorption processes were performed by
placing the Pb1gS;s at 2.5 A above SWCNTSs. The periodically repeated systems are separated by at least
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30 A of vacuum to avoid lateral interactions. All systems could relax freely until the residual forces were
<0.04 eV/A.

3. Results and discussion

3.1 Material characterization

N-CNTs decorated with PbS nanocrystals are shown in Figure 1 where the composite exhibits a
homogeneous distribution of PbS crystals along the surface of the nanotubes. The PbS nanocrystals
exhibit a particle size of 15 nm, like previous reports [30]. X-ray powder diffraction (XRD) of the PbS/N-
CNTs composite is shown in Figure 2. The crystalline planes show a widening, which is closely related
to the existence of the nanocrystals. Therefore, the incorporation of PbS nanocrystals onto N-CNTS is
confirmed. The N-CNTs reflections have been reported, although they exhibit an amorphous behavior
[31,32]. The XRD patterns showed reflections at 25.9°, 29.1°, 43.1°, 48.0° 51.0°, and 61.8°, which are
associated with the (111), (100), (220), (311), (400) crystalline planes of the PbS nanocrystals, consistent
with a face-centered cubic (FCC) crystal phase. These results agree with others already reported. The
reflections at 29.3° and 48.2° correspond to the N-CNTSs (labeled with an asterisk). It is worth mentioning
that the reflectance intensity at 61.8°represents a preferred orientation in this crystalline plane, and such
behavior has not been observed previously [12-13,33].

Figure 1. N-CNTs SEM micrograph with PbS nanoparticles anchored
uniformly on the surface.

Figure 3 depicts the Raman spectra of the PbS nanocrystal anchored on N-CNTs. Some typical
vibrational modes of carbon nanotubes are at 1325.85 and 1585.96 cm, corresponding to the D and G
bands [34,35]. Unfortunately, it is not possible to show the effect of nitrogen doping since it appears at
low frequencies [31]. The vibrational modes at 139.93, 199.02, 429.14, and 967.12 cm™ are assigned to
the fundamental longitudinal optical (LO) phonon mode of rock-salt structure, first overtone (2LO) and
second overtone (3LO) of PbS nanocrystal, respectively [13,21].
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Figure 2. X-ray diffractogram of N-CNTs decorated with PbS nanocrystals.

Raman spectra band located at 140 cm-1 is attributed to a combination of longitudinal and
transversal acoustic modes. The band centered at 967 cm-1 could be due to sulfates presence in the
sample, instead of PbS laser-induced degradation, which is usually produced by the intensity of the laser
oxidizing sulfates [36], or by the influence of the substrate [37] as reported in other works. However,
the position and intensities of Raman peaks are also influenced by differences in particle sizes and the
atomic composition effect. The G band in graphite involves an optical phonon mode between the two
dissimilar carbon atoms in the cell unit. The corresponding mode in SWNT carries the same name.

The graphite Raman G band exhibits one single Lorentzian peak at 1582 cm™! related to the
tangential mode vibrations of the C atoms. the SWNT G band is composed of several peaks due to the
phonon wave vector confinement along the SWNT circumferential direction and due to symmetry-
breaking effects associated with SWN curvature [20]. The dominant feature in the second-order Raman
spectra in graphite and SWNTs is the G’ band, which features from a two-phonon intervalley in a
second-order Raman scattering process. For a high-quality sample, G’ spectra are completely free from
defect contributions, and the experimental G’ band signal can be comparable in intensity to G band
signal. The Raman spectra for the G’ band phonon energy region have been calculated in the context of
a double resonance process and considering both electron-photon and electron-phonon coupling for two
phonon-emitting processes [20,38].

In general, the Raman spectra showed two major peaks of D and G bands appearing at around
1340 and 1580 cm™?, deriving from the in-plane motion of the carbon atoms to provide a signature of
carbon nanotubes. The Raman spectra feature of nitrogen carbon nanotubes has two major peaks at
1326 and 1584 cm™1. Reported that the Raman spectra signal of carbon nanotubes is susceptible to
strain effects and doping. The shift of the bands is due to the doping effect of the nitrogen. The obtained
features of the nitrogen-doped carbon nanotubes Raman spectra are attributable to the multi walls of the
nanotubes because of the absence of the radial breathing mode (RBM) to be observed, which normally
appears between 120 and 250 cm™! in a single-wall nanotube [39-40]. Furthermore, it is mentioned
that the G and P bands are attributed to the carbon-based materials sp? hybrid sites.
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Figure 3. Raman spectra of PbS nanoparticles anchored on N-CNTs. The D, G and G™ bands
correspond to N-CNTs. Peaks marked by (**) are attributed to PbS, and those with (*) to
residual sulfates.

Finally, by analyzing the FT-IR spectra, the vibration and stretching bands of this material were
identified. Figure 4 shows the FT-IR spectrum of PbS nanocrystals anchored on N-CNTSs. The absorption
bands attributed to the vibrations of CO%~anions are located within the 3600-400 cm? region; see eq.
(1). The peaks located at 1377 and 838 cm® are characteristic vibration bands of CO%~ions. The sharp
absorption band at 838 cm™ was assigned to the bending out-plane vibrations. The broad absorption
band in the 3385-3304 cm™ region is due to st vibrations of -OH groups [41].
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Figure 4. FT-IR spectrum of PbS/N-CNTs composites.

Furthermore, two peaks located at 2920 and 2856 cm™ are related with -CH group in the
asymmetric stretching vibration and symmetric stretching vibration, respectively, see eq. (2). The band
located at 1720 and 1377 cm™ were assigned to the stretching vibration of —~C-OO" ion and the -C-H
vibration. Finally, the two peaks located at 674 and 623 cmwere attributed to the -C-S stretching and
the S-S vibration modes [42].

3.2 Theoretical description of the PbS/N-CNTs composite

PbS nanoparticles interaction onto N-CNTs was examined by ab initio theoretical calculations to
elucidate the nature of the interaction between these systems. N-doped (6,6) single-walled carbon
nanotubes (SWCNT) substrate materials contain substitutional and pyridine-like nitrogen along their
surface in 6% of N concentration. The introduction of diverse heteroatoms into CNTSs structure is a
widely used technique to enhance chemical reactivity. As a result, the electronic and chemical properties
are significantly altered compared to the pristine (6,6)-SWCNT. By comparing the density of states
(DOS), the introduction of localized states around the Fermi level generated by the pyridine-like N can
be observed in Figure 5 where the N-doped sites act as preferential adsorption sites for different gases
and nanoparticles. Here, the pyridine-like site was considered the anchoring site for the PbS nanocrystal
(indicated by a dashed circle).
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Figure 5. (a) Density of states (DOS) of (6,6)-SWCNT (bottom) and N-doped (6,6) SWCNT
(top), before (solid line) and after (dashed line) the adsorption of the Pb1gSis cluster. (b-c)
Optimized structure of pristine and N-doped (6,6) SWCNT. The dashed circle in (c) indicates
the adsorption site. Gray (blue) spheres represent carbon (nitrogen) atoms.

The composite was constructed placing a symmetric Pb1gSss cluster at 2.5 A above the SWCNTSs,
both pristine and N-doped. The optimized structures are depicted in Figure 6. After the adsorption
process, PbigSis clusters do not modify their structure considerably, which may suggest a poor
interaction, especially on the pristine (6,6)-SWCNT (Figure 6(a-b)). However, a detailed analysis
showed that in the case N-doped (6,6)-SWCNT, a Pb atom at the interface is slightly pulled towards the
pyridine-like defect suggesting a stronger interaction. In order to support this statement, the adsorption
energy (AEags) of the Pb1sS1g cluster was calculated, and it is found that the AEags on N-SWCNT systems
is equal to -1.45 eV (negative values indicate an enhanced interaction), compared with -1.12 eV when
pristine (6,6)-SWCNT is used.

Besides, the chemical bond nature was studied by calculating the electronic charge transfer between the
Pb1sS1s cluster and the SWCNTs. A Voronoi-type analysis indicated that the PbigSis cluster has a
negative net charge and, in the case of N-doped SWCNT substrate, 0.3 e are transferred from the
nanotubes to the PbigSis cluster. On the other hand, just0.2 e are transferred to the cluster when the
pristine nanotubes are used. These results are consistent with the calculated AEags and indicate that N-
doped SWCNT is better support material. The charge transfer between the Pb1sS1g cluster and SWCNTSs
is also plotted in Figure 6 The black iso-surfaces indicate regions where there is an increase in electronic
charge after the adsorption process, while white iso-surfaces indicate areas with depletion of charge
density.

From Figure 6(c-d), it is possible to observe that when the N-doped SWCNT is used, a larger
amount of e are transferred (in agreement with the \Voronoi analysis), where the pyridine-like defect and
one of the Pb atoms are the components that contribute most to the interaction. However, in the case of
pristine (6,6)-SWCNT, the S atoms are the main responsible for the bonding, as observed from Figure
6(a-b), where S atoms exhibit a gain of electrons after the adsorption event. Finally, these results provide
important details in how the N-doping contributes to improving the interaction substantially with PbS
nanoparticles, and these results suggest that when pyridine-like doping is present, the interaction is
carried out by a Pb atom; however, on pristine SWCNTS, the main interaction is due to S atoms.
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Figure 6. Optimized geometries and differences in charge density dn(r) of the Pb1gS1s cluster
adsorbed on (a-b) pristine (6,6)-SWCNT, and (c-d) a N-doped (6,6)-SWCNT. White color
indicates areas with depletion of charge density after the Pb1sS1s interaction. In contrast, black
color illustrates areas where an increase in charge densities observed, the iso-surfaces value
is plotted at + 0.0005 e A3, Yellow, gold, gray, and blue represent sulfur, lead, carbon, and
nitrogen atoms, respectively.

4, Conclusions

PbS/N-CNTs composites were obtained by an environmentally friendly, simple, and inexpensive
technique, where the PbS nanoparticles exhibited an average particle size of 15 nm with an FCC crystal
structure. Raman spectroscopy, FT-IR, XRD, and SEM were used to identify the nature of the PbS/N-
CNTs composites. FT-IR analysis shows the presence of C-S and S-S bonds within the PbS/N-CNTs
composite, suggesting that organosulfur compounds might be protecting/passivating the PbS
nanocrystals. Finally, ab initio theoretical calculations suggest that the nitrogenated sites along with the
N-CNTs act as anchoring sites, where the interaction is carried out directly through the Pb atoms.
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