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Effect of Shock Wave Exposure on Structural, Optical and Magnetic Properties 
of Lead Sulfide Nanoparticles
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Abstract A series of shock wave pulses with Mach number 2.2 of 100, 200, and 300 shocks were 
applied to lead sulfide (PbS) nanomaterials at intervals of 5 sec per shock pulse. To investigate the 
crystallographic, electronic, and magnetic phase stabilities, powder X-ray diffractometry (XRD), 
diffused reflectance spectroscopy (DRS), and vibrating-sample magnetometry (VSM) were employed. 
The material exhibited a rock salt structure (NaCl-type structure); XRD results indicated that material 
is monoclinic with space group C121 (5). Further, XRD results showed shifts due to lattice contraction 
and expansion when material was subjected to shock wave pulses, indicating stable material structure. 
Based on the data obtained, we believe that the PbS material is a good choice for high-pressure, 
high-temperature, and aerospace applications due to its superior shock resistance characteristics.
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1. Introduction  

In recent years, researchers have focused their 
attention on semiconducting nanoparticles for 
several compelling reasons including tunable 
size-dependent properties[1], highly efficient light 
emission[2], quantum confinement effects[3], sensing[4], 
etc. The field of semiconductor material technology 
research utilizes a diverse range of sulfide 
materials. Lead sulfide (PbS) semiconducting 
nanoparticles are inorganic nanoparticles that have 
garnered much attention in recent years[5]. Among 
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semiconducting substances, PbS is a special type 
of semiconductor, a binary IV-VI compound[6]. 
This material crystallizes in cubic structure with 
Fm3m No.225 space group and has a direct 
bandgap of 0.41 eV and Bohr radius of 18 nm. A 
significant blue shift of absorption onset is thus 
anticipated whenever the size of the crystallite is 
lower than the Bohr radius, the result of the size 
quantization effect[7]. Additionally, the wavelength 
at which the absorption edge occurs may be 
adjusted to from red to violet, spanning the full 
visible spectrum[8]. The transformation of PbS from 
a coarse-grained to a nanostructured form has 
significantly expanded the range of applications for 
the material, particularly in the field of infrared 
(IR) detectors and sensors[9], thermoelectric generators[10], 
photodetectors[11], optoelectronic devices[12], and 
solar cells[13].

Recent studies have shown that semiconducting 
sulfide nanoparticles are structurally stable at room 
temperature and pressure, but that their properties 
become highly unpredictable under non-ambient 
conditions[14]. It is crucial for both academic study 
and practical uses of crystalline materials to have 
a firm grasp of their polymorphic character, 
whether in bulk or nanoform. To determine the 
polymorphic qualities of a particular sample, static 
pressure and temperature driven phase transition 
techniques are commonly used[15]. Interestingly, 
there has been much research on PbS at ambient 
pressure and temperature, but investigations employing 
extreme conditions have been rare. Experiments 
carried out in dynamic shock conditions such as 
under extreme pressure and high temperature are 
important because they can shed light on material 
mechanical characteristics, phase changes, and 
responses to dynamic stress [16]. 

A shock wave is an energetic supersonic wave: 
when a large amount of energy is released quickly 
in a small area, it causes a shock wave, a 
high-energy supersonic wave that causes immediate 

shifts in the medium temperature, pressure, and 
density[17,18]. Shock waves differ from other common 
types of waves such as pressure waves and sound 
waves in how they behave and interact with 
materials[19]. Regardless of the distinctive nature of 
shock waves, the study of their effects when they 
come into contact with various materials has seen 
a significant surge in recent years, which has led 
to the development of a variety of new applications 
in such areas as biology[20], engineering[21], 
aerodynamics[22-24], and medicine[25]. 

The following is a summary of a few noteworthy 
findings, which will hopefully provide the reader 
with a better understanding of the significance of 
high-pressure research. Under shock wave exposed 
conditions, nanoparticles of corundum-type Fe2O3 
(R-3c) go from having a weak ferromagnetic to a 
super paramagnetic nature. Researchers also discovered 
that there is a considerable reduction in particle 
crystallinity; this reduction is proportional to the 
number of shock pulses applied, which reached a 
maximum of 150[26]. 

There is currently no published investigative 
data on the effect dynamic pressure on PbS nanomaterials 
(NPs). This study outlines the process of measuring 
magnetic properties; it includes spectroscopic and 
diffraction investigations that can yield an 
understanding of the responses of magnetic materials 
subjected to shock wave pulses. 

2. Experimental details

2.1 Material preparation and characterization

Nanomaterials of PbS with purity of 99.99 % 
were purchased commercially from Sigma Aldrich. 
A Rigaku XRD was used to measure X-ray 
diffraction for PBs NPS at 40 kV and 40 mA, with 
a CuKα monochromator set to 1.5406 wavelength. 
This device is a Powder X-ray diffractometer (PXRD), 
an effective tool that allows for the visualization of 
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structural changes in test specimens, particularly 
under dynamic shock-loaded conditions, and is 
used to investigate atomic-scale structural changes 
in crystalline and non-crystalline materials. 

PbS commonly crystallizes in a rock salt structure 
(NaCl-type structure) at standard conditions (room 
temperature and atmospheric pressure); lead (Pb) 
and sulfur (S) ions are arranged in a cubic lattice. 
However, at high pressures and temperatures, 
material can undergo a phase transition to a new 
crystal structure. Furthermore, at various temperatures 
and pressures, PbS exhibits multiple crystal 
structures[27]. 

The chemical functional groups were investigated 
using Fourier-transform infrared spectroscopy 
(FTIR; Perkin-Elmer; Waltham, MA, USA). The 
specimens were imaged at ambient temperature in 
the range of 4000-400 cm-1. Carl Zeiss sigma 
(2009) field emission scanning electron microscopy 
was used to analyze the PbS surface morphology. 

FESEM combined with EDX spectroscopy was 
used to establish the elemental makeup of PbS 
nanomaterials. The FESEM technique was used to 
examine the surface morphological changes of the 
test sample because there is a high possibility of 
substantial morphological changes under shock 
wave-exposed conditions. 

2.2 Shock tube tests

A shock tube is a simple device used to 
generate shock waves of a specified magnitude in 
a controlled laboratory setting[28]. There are three 
components to a shock tube: the driver, the driven 
part, and the diaphragm. When the driver part is 
filled with compressed gas until the diaphragm 
ruptures, a shock wave is generated and 
transmitted to the driven portion. As shown in Fig. 
1, the NPs are positioned in the sample holder so 
that they are 2 cm from the end of the driven 
section. PbS NPs were subjected to shock waves, 

Fig. 1. Schematic of shock tube tests.

each with a Mach number of 2.2, over the course 
of 5 sec/pulses. We normally apply shock to 
materials based on the properties of the materials. 
Under shock wave flow conditions, materials 
typically exhibit great shock resistance or induce 
structural changes. The manually applied shock 
therefore occurred within a 5-second interval (i.e., 
5 sec/pulses)[18,19,23]. The NPs were then subjected 
to several forms of investigation, including X-ray 
diffraction, FTIR, FESEM, PL, UV- DRS and 
magnetic measurements[29].

3. Results and discussion
3.1 Structural studies
Figure 2 presents XRD patterns of pristine 

(ambient) and shocked samples in the range of 
20-60 angles at 40 kV and 40 mA, with a CuKa 
monochromator set to 1.5406 wavelength. XRD 
patterns show monoclinic structure with space 
group of C121 (5) in both the pristine and shocked 
samples. Additionally, each diffraction peak in the 
XRD pattern is indexed with the Miller Indices 
(hkl) values of the individual PbS of pristine and 
shocked samples and the detected crystalline peaks 
and their positions are confirmed to be aligned 
with the ICSD (68712) card number, confirming 
that the both control and shocked sample belong to 
monoclinic C121 space group.

The pristine XRD patterns make it abundantly 
evident that, under shocked conditions, neither 
lattice deformation nor crystallographic structural 
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Fig. 2. PXRD patterns of pristine and shock wave 
exposed PbS NPs.

Fig. 3. Magnified PXRD patterns of pristine and 
shock wave loaded PbS NPs of different hkl 
planes (a) (1 1 5), (b) (2 0 -8) and (c) (3 1 –3).

transformation occurs. Furthermore, all crystalline 
peaks present in the control sample appeared 
because no new crystalline peak appeared, nor did 
any old peak disappear. The number of shock 
pulses induced a slightly higher angle shift, seen in 
the magnified image. 

The corresponding zoomed-in XRD patterns are 
shown in Fig. 3 (a-c), in which shifts in the (1 1 
5), (2 0 -8), and (3 1 -3) planes toward higher 
angles and peak broadening clearly demonstrate 

Fig. 4. FESEM images of (a) ambient (pristine) 
and (c-d) shock wave flow exposed samples.

the formation of a defective crystal structure under 
shocked conditions[30]. In general, lattice expansion, 
lattice disorder, and bond length expansion of the 
crystal structure occur when the diffraction peak 
shifts toward both higher and lower angle. Also, 
the crystal lattice can acquire dislocations and 
defects as a result of shock waves. Because they 
disturb the usual atomic arrangement, these atomic 
disruptions can cause localized atomic distortions 
and stress within the material[31].

Figure 4 presents FESEM images of the pristine 
and shocked samples. The morphology of the pure 
sample resembles a hollow, plate-like sphere. The 
surfaces of the pristine sample do not exhibit any 
obvious damage or deformation. Therefore, it is 
obvious that, before exposure to shock waves, the 
pristine and 100-shock samples were devoid of 
imperfections on the surface, of cracks, and of 
deformations.

At 200- and 300-shock pulse exposed conditions, 
large breakages were observed: cracks may have 
formed due to shock wave impacts. The pristine 
and 100-shock samples saw high dynamic impacts 
under shock wave loaded conditions; the unstable 
surface morphology led to several surface 
modifications such as deformations, cracks, shape 
changes, etc. The positions of major cracks are 
shown by red circles; corresponding SEM micrographs 
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Fig. 5. EDAX spectra of (a) ambient (pristine) and 
(c-d) shock wave flow exposed samples.

are provided. However, certain cracks are extremely 
evident in the 2 μm range, and it was discovered 
that the crack level grew with increased number of 
shock pulses[19,32]. 

The particles in the sample experienced 
significant shock crushing due to strong transient 
pressure at a load of 300 shocks, and their forms 
completely changed. As shown in Fig. 4 (d), the 
rod-like morphological structures were considerably 
changes[33]. This was demonstrated by the large 
increase in particle fragmentation, which had a 
significant negative impact, causing surface defects 
and active areas on the surface. Further, for 
confirmation of the elemental analysis, the EDAX 
spectrum was obtained for pristine and shock 
loaded conditions, with results shown in Fig. 5 (a-d). 

3.2 Optical properties

The photoelectrical characteristics of PbS NPs 
are studied using Ultraviolet Diffuse Reflectance 
Spectroscopy. Because the study of electronic 
devices requires extensive information on optical 
transmittance and optical band gap energy, we 
performed UV-DRS measurements between wavelengths 
of 200 and 900 nm. The resulting reflectance spectra 

Fig. 6. UV-DRS spectra of ambient and shocked 
PbS NPs. 

Fig. 7. FTIR spectra of ambient and shocked PbS 
NPs.

are shown in Fig. 6. The obtained ambient PbS 
NPs reflectance spectra matched well with those 
from earlier studies[34]. It is thus revealed that 
sample crystal structure and particle size are not 
impacted by the number of shock pulses; however, 
the proportion of reflectance changes slightly under 
shock wave loading conditions. The proportion 
decreases significantly at 100 and 200 shocks and 
then increases at 300 shocks.

The optical reflectance was measured in the 
range of 0 ~ 4000 cm−1, as shown in Fig. 7. After 
a shock wave, a remarkable decrease in the 
transmittance intensity was observed. This results 
from deterioration of the chemical structure and a 
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lowering of the molecular weight of PbS after the 
shock wave. We normalized the y-axis of all 
samples to check for chemical change of PbS after 
shock wave treatment; similar decreases in 
transmittance intensity are also found in the 
literature[35].

Characteristic peaks of PbS can be seen at 3451, 
2326, 1640, and 1148 cm-1, corresponding to O-H 
stretching, C-H stretching, C=O stretching, and 
C-O-C stretching, respectively. The bands at 1044 
and 1046 cm-1 were caused by stretching 
vibrations of -O-C-C in PbS. The stretching of the 
-C-O-C- group in the ester linkages of PbS 
resulted in peaks in the region of 1144–1264 cm-1. 
The band at the 1700 cm-1 region was attributed to 
C=O stretching vibrations of ester groups in PbS. 
Meanwhile, the peaks at 1359 cm-1 were assigned 
to symmetric and asymmetric deformational 
vibrations of –CH2– groups in the PBS main 
chains, respectively. Peaks in the 500–900 cm-1 
region were identified as metal–oxygen (M–O) 
stretching vibrations. 

A second sharp peak at 1395 cm-1, absent in the 
shock samples, was identified as carboxyl group 
(C-O) stretching vibration. The peaks at 1044 to 
1061 cm−1 and 1398 to 1431 cm−1 were due to the 
frequency of heteropolar diatomic molecules of 
PbS. And, the region from 1100 to 1128 cm−1 
matched the C–N stretching vibrations. The region 
from 1560 to 1658 cm−1 corresponded to the water 
molecules[36]. The crystal lattice may vary under 
shock wave flow conditions, breaking up hydrogen 
bonds and changing the structure of the entire 
material. Vibrational modes associated with 
hydrogen bonding may thus be significantly 
altered or possibly removed, leading to the 
disappearance of corresponding FTIR peaks. Further, 
under shock flow conditions, as the crystal lattice 
undergoes compression or distortion, positions of 
atoms or molecules within the lattice can change. 
This can affect the vibrational frequencies of 

chemical bonds, leading to shifts in the FTIR 
peaks. These shifts are often associated with 
changes in bond lengths and bond angles within 
the material[37].

3.3 Photoluminescence analysis

Photoluminescence (PL) spectra of materials 
excited at 310 nm are shown in Fig. 8. The 
emission spectra show a distinct and broad peak; 
Gaussian curve fitting was used to deconvolute the 
PL spectra. The parent PbS deconvoluted into 4 
components, PbS-100 and PbS-200 deconvoluted 
into 8 components, and PbS-300 into 7. 

When exposed to shock waves, PbS first 
appeared to be displaced to the UV region; 
however, the highest shock wave sample actually 
had PL intensity in the blue indigo range. Green 
emission appeared to be absent from all shock 
waves samples. Considering the surface defects, 
the PL peak seen at approximately 424 nm was 
caused by transfer of electrons from the conduction 
band edge to holes trapped at interstitial Pb2+ sites. 
Further, the extreme pressures and temperatures 
generated by shock wave pulses must be the main 
sources of structural changes, phase transitions, 

Fig. 8. PL spectra of ambient and shocked PbS 
NPs.
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and disruptions in the material electronic properties, 
leading to the disappearance of peaks in the PL 
spectra of PbS samples under shock conditions. 
These changes may have an impact on the energy 
levels available for electronic transitions, which 
could cause some PL peaks to disappear. Peak 
disappearance in PL spectra can also be attributed 
to chemical processes, lattice distortions, and 
non-radiative relaxation processes under shock 
conditions.

3.4 Magnetic properties

Figure 9 shows measured room temperature 
hysteresis loops of the pristine and shock wave 
exposed samples. The magnetic characteristics of 
PbS NPs were evaluated using a vibrating sample 
magnetometer under shock wave loaded conditions. 
Magnetic measurements are performed in a Vibrating 
Sample Magnetometer (VSM) by placing a prepared 
sample on the VSM system. The magnetic 
response to an applied magnetic field can be 
measured using sample oscillation induced by the 
VSM.  The observed hysteresis loop clearly shows 
that the ambient sample exhibits super 
paramagnetic behavior; the PbS NPs exhibits a 
large M-H curve loop at room temperature. It is 
interesting to observe that, when the number of 
shock pulses to the sample increased, such as to 
100 and 200, the area of the hysteresis loop 
decreased, along with the saturation magnetization[38]. 
As a result, under shock wave flow conditions, an 
abundance of factors, including long-range order, 
local lattice vibrations, Jahn-Teller distortion effects, 
particle size, surface defects (spin canting), etc., 
significantly influence magnetic behavior and 
phase transformations[39]. 

The superparamagnetic behavior changed to 
diamagnetic behavior at higher shock conditions 
(300 shock pulses) due to unraveling of the 
alignment of magnetic moments within the 

Fig. 9. Isothermal magnetization of PbS NPs. (a-c) 
Superparamagnetic behavior and (d) Diamagnetic 
behavior.

material under shock wave flow conditions. Due to 
lattice strain in the materials, we saw a shift 
toward a higher angle at up to 200 shock pulses, 
as show in results of XRD, FESEM, and UV-DRS 
measurements; these results are in good accord 
with the magnetic results. As shock to materials 
increased, we observed a relaxation of the material 
lattices[34]. The extremely high pressures and 
temperatures associated with shock events, during 
which PbS changed from super-paramagnetic to 
diamagnetic state, can also lead to changes in 
electronic structure, to spin interactions, and 
possibly to the introduction of defects or 
impurities within the material[23]. 

4. Conclusions
In this study, we have thoroughly investigated 

the structural, optical, morphological, and magnetic 
properties of commercially purchased PbS NPs at 
shock loads of up to 300 and a Mach number of 
2.2. Powder XRD results confirm that the material 
has a monoclinic structure and is highly stable 
under shock loaded conditions. We observed shifts 
toward higher to lower angles due to lattice 
expansion and contraction. The same behaviors 
were observed in UV-DRS and PL measurements, 
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respectively. Further, particle size increased after 
100 and 200 shock pulses and decreased after 300 
shock pulses due to sudden changes in temperature 
and pressure under shock wave flow conditions. It 
was interesting to note that, under shock wave 
flow conditions, magnetic phase changed from 
super-paramagnetic to diamagnetic due to the 
alignment of magnetic moments within the material.
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