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Acoustic shock wave driven dynamic
recrystallization induced reversible rod-to-cube
morphology transition in CdS: preserving
structural integrity with optical modifications

F. Irine Maria Bincy,a Oviya Sekar,a Kannappan Perumal,a Ikhyun Kim *b and
S. A. Martin Britto Dhas *a,b

Cadmium sulfide (CdS) is a promising semiconductor with a narrower bandgap, making it highly suitable

for optoelectronic and energy storage applications. However, its response to extreme conditions, such as

acoustic shock waves, remains unexplored. In this study, CdS samples were subjected to varying shock

pulses such as 100, 200, 300, and 400 at a transient pressure of 0.59 MPa and a temperature of 520 K,

with a Mach number of 1.5, to investigate structural, optical, and morphological modifications. Analytical

techniques, including X-ray diffraction (XRD), Raman spectroscopy, UV-Vis Diffuse Reflectance

Spectroscopy (DRS), Photoluminescence (PL) spectroscopy, and Field-Emission Scanning Electron

Microscopy (FE-SEM), were employed for comprehensive analysis. XRD and Raman results confirm that

the structure remains stable up to 400 shock pulses, with only a minor peak shift observed at 300 shock

pulses and, at 400 shock pulses which subsequently reverts to its original position. Optical studies reveal

a reversible bandgap shift from 2.37 eV to 2.24 eV, while the PL emission peak shifts from 518 nm to

528 nm and reverts to its original position at 400 shock pulses. Most interestingly, FE-SEM analysis reveals

a morphological transition, and the rod morphology evolves into a cube morphology at 300 shock pulses

due to shock wave-induced dynamic recrystallization. Remarkably, at 400 shock pulses, the morphology

reverts to its original rod morphology, highlighting the reversibility of morphology. These results highlight

the critical role of dynamic recrystallization in enabling morphology modulation without structural phase

alteration. This study establishes acoustic shock waves as a promising pathway to tune both optical pro-

perties and morphology of materials while preserving their structural integrity, offering new directions for

functional material design and processing.

Introduction

In the modern era, cadmium sulfide (CdS) stands as a promi-
nent II–VI semiconductor with wide-ranging potential1 due to
its narrow bandgap with high conduction band potential con-
tributing to unique optical properties in the visible region.2–4

CdS has numerous applications like light-emitting diodes,5,6

hydrogen evolution,7 photovoltaic cells, catalytic properties,8,9

photodetectors,10,11 solar cells, optoelectronic applications,12

and bio tagging molecules when functionalized with bio-
molecules.13 Furthermore, the distinctive photochemical and
photophysical properties of CdS have led to extensive research

on its potential for dye effluent treatment.14 Therefore, CdS
continues to attract widespread research interest due to its pro-
perties, including its crystal structure, optical properties, and
morphology, which play a vital role in its performance. Hence,
ongoing efforts focus on optimizing these factors for improved
efficiency.15–19 Structural tunability plays a vital role in deter-
mining a material’s stability and performance, while optical
properties are closely linked to factors such as bandgaps and
light absorption. Morphology tunability, influenced by both
internal factors like symmetry and external conditions such as
temperature, additives, and solvents, further impacts these
properties. Given its significance across industries such as
pharmaceuticals and petrochemicals, precise control over
materials’ morphology is essential for optimizing both struc-
tural and optical performance in various applications.20

Over the past few decades, CdS has been synthesized and
investigated by conventional and unconventional methods.
Under conventional methods, its structure, optical properties,
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and morphology are influenced by factors such as the different
synthesis methods, reaction temperature, reaction time, and raw
materials and by many methods such as hydrothermal, sol–gel,
solvothermal,21 hot wall deposition,22 spray pyrolysis,23 cathodic
electrodeposition,24 thermal evaporation,25 and chemical bath
deposition methods.26 Unconventional methods involve static
high pressure,27 laser shock waves,28 gamma irradiation,29 and
acoustic shock waves.30,31 Few literature reports on conventional
methods indicate that the annealing temperature plays a crucial
role in modifying the structural, optical, and morphological pro-
perties of CdS. Higher temperatures induce phase transform-
ations, leading to the formation of CdSO4 and CdO.
Morphological changes, such as sintering, result in larger,
smooth, and irregular particles. Studies also reveal that anneal-
ing can tune optical properties by adjusting the bandgap and
light absorption. TG/DSC analyses further confirm these trans-
formations, emphasizing the significance of thermal treatment
in tailoring CdS properties.32 Under unconventional methods,
CdS undergoes a wurtzite-to-rock-salt phase transition around
25–27 kbars, which significantly alters its structural, electronic,
and optical properties. This pressure-induced phase transform-
ation changes the coordination geometry from tetrahedral to
octahedral, reducing the band gap from 2.54 eV (direct) to 1.55
eV (indirect). The transition completely quenches photo-
luminescence while enhancing electrical conductivity. This tran-
sition creates permanent defects upon pressure release, enabling
applications in pressure sensors and tunable optoelectronics.33

High-temperature and high-pressure investigations on CdS using
in situ synchrotron radiation X-ray diffraction confirm that a com-
plete phase transition was observed from the wurtzite (WZ) to
the rock-salt (RS) phase at 2.6 GPa. The RS phase remains stable
up to 21.9 GPa, and the transition is fully reversible upon decom-
pression. The study further highlights that the bulk modulus of
RS CdS is influenced by the cation radius and electronegativity,
which play a crucial role in its mechanical stability.34

Unlike conventional methods, such acoustic shock wave
methods have gained prominence in solid-state material
research, especially since the advent of the 21st century and the
invention of tabletop shock tubes.35 Conventional synthesis
techniques are time-consuming, often leading to impurities and
prolonged processing. Additionally, most conventional methods
involve heat treatments, such as thermal annealing, used to
modify the material properties. However, CdS tends to oxidize,
forming sulfates and oxides, which can impact its stability and
performance.36 In contrast, unconventional methods like high-
pressure techniques achieve compression within minutes to
hours, offering a higher compression rate. Acoustic shock waves,
however, operate on a broader timescale, from milliseconds to
microseconds, making them a versatile alternative method. This
ongoing exploration highlights the growing interest in acoustic
shock wave studies, positioning them as a promising avenue for
material research.37,38 Several studies on acoustic shock waves
have reported diverse effects on materials by using a tabletop
semi-automatic Reddy tube. For instance, Bi2Te3

39 and ZnTe 40

exhibited reversible morphological changes, but these were
accompanied by structural transitions. Similarly, CdO undergoes

a transition from the NaCl-type structure (B1 phase) to the CsCl-
type structure (B2 phase), with a change in morphology from a
rod shape to a rectangular shape.41 In the case of In4Se3 and
α-In2Se3, a mixed phase transformed into pure rhombohedral
α-In2Se3, showing phase stabilization and optical modification
without any morphological changes.42 Meanwhile, Bi2Se3

43 and
BiS2

44 demonstrated structural stability and allowed for optical
tuning without altering the morphology. Notably, by acoustic
shock wave treatment, none of these studies reported reversible
morphological changes with tunable optical properties without
accompanying structural transitions, highlighting the unique-
ness of the present findings.

To date, there are no available studies investigating the
structural, optical, and morphological behavior of CdS under
acoustic shock waves. To address this, the present work sys-
tematically investigates how CdS responds to controlled shock
wave exposure, providing new insights into its structural stabi-
lity, optical modification, and morphology tunability. CdS
samples were subjected to acoustic shock waves with varying
shock pulse counts, such as 100, 200, 300, and 400 shock
pulses, to examine progressive changes in their structural and
optical properties, and surface morphology. The shock waves
were applied at a pressure of 0.59 MPa, a temperature of 520 K,
and a Mach number of 1.5, ensuring a well-defined impact on
the material. This study reveals that acoustic shock waves can
reversibly tune the optical properties and morphology of
materials without inducing structural phase changes. By
demonstrating a reversible rod-to-cube morphology transition
in CdS, we introduce a new, non-destructive approach to
control material functionality. These findings highlight acous-
tic shock wave treatment as a powerful method for designing
adaptable materials for applications in optoelectronics, energy
storage, and systems requiring high structural resilience. This
pioneering investigation presents the detailed account of CdS
behavior under acoustic shock wave exposure, addressing a sig-
nificant gap in the current literature.

Shock loading experiment

Cadmium sulfide (CdS) was procured from SRL with 99.9%
purity, India, and utilized without any additional purification
for analysis under acoustic shock wave exposure. The shock
waves were generated using a tabletop semi-automatic Reddy
tube. A pictorial depiction of the semi-automatic Reddy tube is
illustrated in Fig. 1. The experimental shock tube setup con-
sists of a three sections from that driver section and a driven
section, which are cylindrical seamless tubes of 48 cm and
33 cm length, respectively. Both sections have an inner dia-
meter of 1.5 cm. A diaphragm separates the two sections and
is fitted with an 80 GSM diaphragm, which is manually
inserted into the diaphragm section. The powder samples
were placed in a specially designed pouch made of a polyethyl-
ene sheet, with dimensions of 10 × 10 × 1 mm3. The samples
were tightly packed without any air bubbles or trapped air and
then securely sealed to avoid oxidation during the shock
exposure and bursting of the sample pouch. The sealed
pouch was firmly mounted in a stainless-steel sample holder,
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positioned 1 cm away from the open end of the driven section,
aligned along it’s axis to ensure uniform shock exposure.
When the pressure in the driver section reached the critical
threshold, the diaphragm ruptured, generating shock waves.
The CdS samples were exposed to four series of shock pulses,
such as 100, 200, 300, and 400. The Mach number, transient
pressure, and temperature per shock pulses were measured
using two piezoelectric PCB transducers (Model No. 113B26)
that were placed 39 cm apart along the driven section with a
sensitivity of 1.465 mV kPa−1 and a linearity error of 1%. These
calibrations guaranteed precise and repeatable transient
pressure measurements, serving as a dependable reference for
analyzing the impact of shock pulses on the samples. The
Mach number was calculated using the formula, M = V/a,
where V represents the velocity of the object or shock wave (m
s−1), and a represents the speed of sound in the medium (m
s−1). To determine the shock velocity (V), two piezoelectric
PCB transducers are placed in the driver section at a known
distance apart. By simultaneously measuring the pressure
signals and their corresponding time-lag between the sensors
using a storage oscilloscope, the speed of the shock pulses can
be accurately determined. The time response for each shock
wave exposure duration was found to be approximately
2.5 milliseconds. The pressure–time response plot recorded by
piezoelectric PCB transducers using a digital storage
oscilloscope is shown in Fig. 2. The incident Mach number
was measured using two PCB pressure transducers, and con-
dition 5 of the shock tube was estimated using a one-dimen-
sional gas dynamics calculator based on Rankine–Hugoniot
relationships.45 Air was employed as the test gas. The initial
conditions of pressure and temperature in the driver and
driven tubes were used as inputs for the calculations. The esti-
mated pressure and temperature of condition 5 were about
0.59 MPa and 520 K, respectively, for the Mach number 1.5.46

To assess the effects of shock wave exposure, CdS samples
were analyzed before and after shock wave treatment using
various characterization techniques, including powder X-ray
diffraction (XRD), Raman spectroscopy, UV-Vis Diffuse
Reflectance Spectroscopy (DRS), Photoluminescence (PL) spec-
troscopy, and Field-Emission Scanning Electron Microscopy
(FE-SEM).

Characterization technique details

The XRD patterns of CdS before and after shock-loaded con-
ditions were recorded using a Bruker D2 Phaser X-ray powder
diffractometer equipped with a CuKα1 radiation source (λ =
1.5406 Å). Data collection was performed over a 2θ range of 20°
to 80° with a step size of 0.02°. XRD analysis was employed to
investigate the structural characteristics of CdS before and
after shock wave treatment and to identify any phase trans-
formations induced by the shock wave exposure. The diffrac-
tion patterns were refined using FullProf software, incorporat-
ing one structural model: the hexagonal structure (P63mc space
group, ICSD #: 043599).

Raman spectra of CdS before and after shock-loaded con-
ditions were obtained using a Renishaw confocal Raman
microscope with a 532 nm (50 mW) laser source. The system
had an axial resolution of less than 1 μm and a lateral resolu-
tion of 0.5 nm. Spectral data were recorded within the
100–1000 cm−1 range to analyze vibrational modes and struc-
tural modifications caused by shock wave treatment.

Fig. 1 Pictorial depiction of the tabletop semi-automatic Reddy tube setup.

Fig. 2 Time response recorded by piezoelectric PCB transducers using
a digital storage oscilloscope.
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UV-Vis DRS of CdS before and after shock-loaded conditions
was carried out using a SHIMADZU UV-5600 PLUS UV-Vis NIR
spectrophotometer, which operates across a broad wavelength
range of 185–3300 nm. For this analysis, spectral data were
recorded between 200 and 800 cm−1 to evaluate changes in the
optical properties of CdS following shock wave exposure.

PL spectra of CdS before and after shock-loaded conditions
were measured using a Perkin Elmer PL 6500 spectrometer,
covering a wavelength range of 190–900 nm. The instrument
featured an accuracy of 0.5 nm, a reproducibility of 0.2 nm, and
a spectral resolution of 1 nm. Measurements were conducted
in real time with a high scanning speed of up to 24 000 nm
min−1. The spectra, recorded between 300 and 700 nm with an
excitation wavelength of 395 nm, provided insights into atomic
defects and their impact on the optical properties of CdS.

FE-SEM of CdS before and after the shock-loaded condition
was performed using a SIGMA HV – Carl Zeiss system

equipped with a Bruker Quantax 200 – Z10 EDS detector. The
instrument was operated at an accelerating voltage range of
200 V to 30 kV, offering magnifications from 20× to 1 000 000×.
It provides resolutions of 1.0 nm at 30 kV and 3 nm at 1 kV,
with the maximum probe current exceeding 100 nA. The 2D
surface profile was generated using MountainsLab software.
FESEM analysis was conducted to examine morphological vari-
ations and elemental composition, identifying structural
changes resulting from shock wave exposure.

Results and discussion
Powder X-ray diffraction (XRD)

Fig. 3 illustrates the (a) XRD pattern of CdS with a standard
pattern and (b) the hexagonal structure of CdS along the c-axis.
The obtained diffraction peaks align with the JCPDS card no.

Fig. 3 XRD pattern and structure: (a) XRD pattern of CdS with a standard pattern. (b) Hexagonal structure of CdS along the c-axis. (c) Top-view of
CdS in the hexagonal structure.
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89-2944, confirming its crystallographic identity. The material
crystallizes in a hexagonal structure with a P63mc space group,
characterized by mirror and glide plane symmetry, ensuring
structural consistency. Cd and S atoms form a wurtzite-type
arrangement, which is a common structure in II–VI semi-
conductors. Each Cd atom is tetrahedrally coordinated with
four S atoms, and each S atom is coordinated with four Cd
atoms, forming a stable covalent network stacked along the
c-axis with weak van der Waals forces. This arrangement leads
to a repeating hexagonal lattice following an ABABAB-type
stacking sequence. Fig. 3(c) shows a top view of CdS in a
hexagonal structure. Their corresponding lattice parameters
are a = b = 4.14 Å, c = 6.71 Å, and the unit cell volume is
99.67 Å3. This stacking sequence ensures uniformity in atomic
positioning and contributes to the material’s overall stability.
The observed crystal structure is well-matched with previous
reports.47,48

Fig. 4(a) shows the XRD pattern of CdS before and after
shock-loaded conditions. After CdS subjected to 100, 200, 300,
and 400 shock pulses showed no new peaks or peak dis-
appearance. This indicates that its crystal structure remains
unchanged. The material retains its hexagonal phase even under
repeated shock exposure. Structural stability is maintained up to
400 shock pulses. But minor peak shifts towards a lower angle
were observed in the (100), (002), and (101) planes for 100, 200,
and 300 shock pulses. Fig. 4(b) shows the zoomed version of

(100), (002), and (101) planes. Shock waves induce rapid com-
pression, leading to deformation in the crystal lattice, which
leads to either lattice relaxation or rapid expansion, depending
on the material’s response to extreme conditions. This process
can alter the internal arrangement of atoms, influencing struc-
tural stability.49,50 Additionally, the presence of uniform tensile
strain at right angles introduces further distortions in the lattice,
which affects atomic spacing and induces mechanical stress. As
a result, the interplanar spacing (d-spacing) alters, disrupting the
equilibrium structure. This increase in d-spacing directly impacts
XRD patterns, causing diffraction lines to shift toward lower diffr-
action angles. Such shifts provide valuable insights into strain-
induced lattice modifications and the extent of deformation
under shock wave exposure.51 The lower-angle shift in diffraction
lines, caused by tensile strain and increased d-spacing, is reverted
at 400 shock pulses due to structural recovery. At a further 400
shock pulses, the material undergoes lattice rearrangement,
where the accumulated strain is gradually released. This relax-
ation can result from restoring the interplanar spacing to its orig-
inal value. As a result, the diffraction lines shift back to their
initial positions, indicating that the material regains its original
lattice configuration despite previous deformation.

Fig. 5 shows Rietveld’s refinement of CdS before and after
the shock-loaded condition. The analysis confirmed that CdS
maintained its structural stability. No phase transition or peak
disappearance was observed. Stability was retained even after

Fig. 4 XRD patterns: (a) CdS before and after the shock-loaded condition. (b) Zoomed version of (100), (002), and (101) planes.
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400 shock pulses, as confirmed through Rietveld’s refinement.
The calculated lattice parameters and unit cell volume, pre-
sented in Table 1, exhibit fluctuations under shock wave-
loaded conditions. At 100, 200, and 300 shock pulses, the
lattice parameters (a, b, and c) and unit cell volume (V)
decreased due to lattice contraction.52 This contraction
induced lattice distortion, leading to a peak shift in the diffrac-
tion pattern. At 400 shock pulses, the lattice parameters
increased due to shock wave-induced expansion,53 restoring

the distorted lattice. Consequently, the previously shifted
peaks returned to their original positions. The direct propor-
tionality between the lattice parameters and unit cell volume
highlights the structural response to shock pulses. The inter-
play between contraction and expansion reflects the dynamic
structural modifications under shock wave exposure. The trend
of lattice parameter and unit cell volume variation with shock
pulses is depicted in Fig. 6, providing insights into the
material’s structural adaptability.

The average crystallite sizes of CdS were calculated using

the Debye–Scherrer formula, D ¼ Kλ
β cos θ

54 for before and

after shock-loaded condition. Dislocation density values were

calculated using the following equation, δ ¼ 1
D2 .

55 The lattice

strain (ε) values were calculated using the equation; ε = β/4 ×
tan θ.56 The average crystallite size of CdS before subjecting it
to shock waves was found to be 24 nm; after shock wave
exposure, a fluctuation in average crystallite size was observed.
For 100 shock-loaded conditions, the crystallite size was
reduced to 21 nm, and for 200 shock pulses, it was reduced to

Fig. 5 Rietveld’s refinement of CdS before and after the shock-loaded condition.

Table 1 Lattice parameters of CdS before and after the shock-loaded
condition

Number
of shock
pulses Structure

Space
group

Lattice
constant
a = b,c (Å)

Unit cell
volume
(Å3) GoF

0 Hexagonal P63mc 4.140, 6.715 99.67 1.3
100 Hexagonal P63mc 4.135, 6.712 98.06 1.3
200 Hexagonal P63mc 4.129, 6.710 96.16 1.4
300 Hexagonal P63mc 4.122, 6.705 92.10 1.1
400 Hexagonal P63mc 4.141, 6.716 99.57 1.5
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20 nm. A continued decrement was noted at 300 shock pulses,
reaching 19 nm. However, beyond this point, a reversal in the
trend was observed. At 400 shock pulses, the crystallite size
increased to 23 nm. The variation in average crystallite sizes
was observed due to shock wave induced dynamic recrystalli-
zation. The high strain rates and localized heating generated
during shock-wave exposure facilitate grain refinement. These
conditions cause a recrystallization process, altering the crys-
tallite structure. As the material undergoes repeated shock
loading, changes in crystallite size become evident. Initially,
grain refinement dominates, reducing crystallite size.
However, at higher shock pulses, recovery mechanisms may
lead to an increase in size.57 Dislocation density and lattice
strain are key indicators for understanding crystal defects and
overall crystallinity, with their variations closely linked to
changes in crystallite size. At 100, 200, and 300 shock pulses,
a progressive decrease in crystallite size was observed, leading
to an increase in both dislocation density and lattice strain.
This trend arises due to the higher density of grain bound-
aries in smaller crystallites, which act as defect sites and lead
to increased lattice distortions. As grain boundaries accumu-
late, internal stress within the material rises, resulting in elev-
ated strain. The increased dislocation density further indi-
cates a greater concentration of defects, disrupting the atomic

arrangement within the crystalline planes. The rise in lattice
strain suggests that the material experiences increased
internal energy, making it more prone to deformation under
external stress.58 However, at 400 shock pulses, a reversal in
this trend occurred, with crystallite size increasing and both
dislocation density and lattice strain decreasing. The growth
in crystallite size reduces the number of grain boundaries,
minimizing structural imperfections. With fewer defect sites,
the material exhibits lower dislocation density, reflecting a
more stable atomic arrangement. The reduction in lattice
strain indicates decreased internal stresses, leading to
improved structural stability. This change may be influenced
by dynamic recrystallization, where shock wave exposure pro-
motes atomic rearrangement and defect recovery, facilitating
grain coalescence and reducing distortions within the
lattice.59 Compression may occur more easily along the
elongated c-axis as shock pulses propagate through the
sample.60,61 Due to anisotropic behavior, it is significantly
easier to compress the material along the elongated c-axis
than along the ab-plane, primarily due to differences in
bonding and structural arrangements. CdS, being an aniso-
tropic material, exhibits strong covalent bonding within the
ab-plane, while the layers are held together along the c-axis by
weak van der Waals forces. Under shock wave-loaded con-
ditions, these weaker interlayer forces are more easily over-
come, making the c-axis more susceptible to compression.
This is because the elastic modulus, a measure of stiffness, is
typically lower along the c-axis, offering less resistance to
deformation compared to the more rigid ab-plane.62 Due to
such effects, XRD patterns typically show shifts of the diffrac-
tion peaks toward higher 2θ angles by reduced d-spacing,
peak broadening from strain, or intensity changes due to
lattice distortion. However, in this study, no such changes
were observed up to 400 shock pulses. This absence of vari-
ation in the peak position, width, or intensity suggests that
the CdS lattice retains its structural integrity under the shock-
loaded conditions. Additionally, materials with larger crystal-
lite sizes typically exhibit better thermal stability under
extreme conditions, emphasizing the importance of crystallite
size in maintaining material stability. A reduced density of
grain boundaries lowers defect formation, preventing rapid
degradation and enhancing the material’s resilience under
extreme conditions.63 These observations highlight the intri-
cate relationship between crystallite size, lattice strain, and
dislocation density under shock wave treatment. While the
initial reduction in crystallite size increases defect concen-
tration and strain, at 400 shock pulses, it promotes structural
recovery, leading to improved crystallinity and stability.
Overall, these findings confirm the excellent structural stabi-
lity of CdS under shock-loaded conditions. Maintaining the
structural stability of the material is essential, as it directly
influences the material’s reliability and performance in
demanding applications such as energy storage and aerospace
systems.Fig. 7 shows the variation plot of crystallite size versus
lattice strain and dislocation density against the number of
shock pulses.

Fig. 6 Variation plot of lattice parameters and unit cell volume against
the number of shock pulses.
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Raman spectroscopy

Fig. 8 shows the Raman spectra of CdS before and after shock-
loaded conditions and zoomed version of the 1LO and 2LO
peaks. The present study observed three optical vibrational
Raman-active modes at 301, 602, and 904 cm−1. The 301 cm−1

peak was assigned to the fundamental longitudinal optical
(1LO) phonon mode. In comparison, the 602 cm−1 peak corre-
sponded to the first overtone longitudinal optical (2LO)

phonon mode, and the 904 cm−1 peak was identified as the
second overtone longitudinal optical (3LO) phonon mode.
These assignments are well aligned with previous reports.64

Upon exposure to shock waves, no appearance or dis-
appearance of Raman peaks was observed, indicating that the
fundamental vibrational modes remained intact. However, a
slight peak shift was detected from 100 to 300 shock pulses,
where a minor blueshift was observed in the Raman spectrum.
This effect is primarily attributed to shock wave-induced rapid

Fig. 7 Variation plot of crystallite size versus (a) lattice strain and (b) dislocation density against the number of shock pulses.

Fig. 8 Raman spectra of CdS before and after the shock-loaded condition. (a) Range: 200–100 cm−1. (b) Zoomed version of 1LO and 2LO peaks.
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lattice compression, wherein the rapid impact of shock waves
reduces atomic spacing, thereby strengthening interatomic
bonds and increasing vibrational energy. Rietveld refinement
revealed lattice compression and reduced atomic spacing, as
evidenced by decreased lattice parameters and unit cell
volume. The observed blueshift can also be attributed to an
increase in dislocation density at 300 shock pulses. These dis-
locations generate localized compressive strain fields within
the lattice, which elevate phonon frequencies and contribute
to the peak shift. Additionally, the reduction in crystallite size
enhances phonon confinement effects, further supporting the
observed blueshift. Additionally, bond stiffening under high-
pressure conditions further raises phonon frequencies. In
some cases, defect reduction through shock-induced anneal-
ing can restore lattice order, enhance phonon confinement,
and contribute to the observed blueshift.65,66 At 400 shock
pulses, the shifted peak reverted to its original position, indi-
cating a redshift in the Raman spectrum. A redshift occurs
when bonds weaken due to thermal effects, increasing bond
lengths and lowering vibrational frequencies. The recovery of
the peak position suggests that as the material experienced
thermal energy accumulation led to partial structural relax-
ation, counteracting the initial compression effects.67,68 Lattice
expansion induced by shock waves led to increased bond
lengths, as confirmed by larger lattice parameters and unit cell
volume obtained through Rietveld refinement at 400 shock
pulses. The resulting redshift can be attributed to a reduction
in dislocation density, which alleviates residual strain within
the crystal lattice. Furthermore, the decrease in crystallite size
weakens phonon confinement effects, thereby contributing to
the observed redshift. This behavior highlights that an acous-
tic shock wave can induce both lattice compression (leading to
a blueshift) and thermal expansion or bond weakening (result-
ing in a redshift), with the observed Raman shifts reflecting a
complex interplay between dislocation density, crystallite size,
lattice strain, lattice parameters, and unit cell volume. No new
peaks were detected, which further suggests that no significant
structural phase transition occurred, reinforcing the material’s
resilience under shock loading conditions.

UV-Vis diffuse reflectance spectroscopy (DRS)

The CdS before and after shock-loaded reflectance spectra are
shown in Fig. 9. After the shock-loaded condition, the optical
properties of CdS were modified, indicating changes in light
absorption and reflection. To analyze these effects, the
bandgap was calculated for CdS before and after the shock-
loaded condition. The Kubelka–Munk equation was employed
to determine the bandgap values, providing insights into the
material’s optical transitions. These calculations help in
understanding how shock loading influences the optical be-
havior of CdS before and after the shock-loaded condition.
The Kubelka–Munk equation is applied to the reflectance data
to calculate the optical bandgap of CdS under shock-loaded
conditions. This method will convert diffuse reflectance into
absorption-like values.

Reflectance is correlated with absorption, allowing the
optical bandgap to be estimated based on the material’s
optical transitions. This relationship provides insight into how
the material interacts with light. By linking reflectance to
absorption properties, the bandgap can be accurately deter-
mined. The band gap was calculated using the following
equation (F(R)hυ)2 = A(hυ − Eg), where F(R∞) stands for
Kubelka–Munk function, and can also be called the remission
function, and R∞ refers to diffuse reflectance, which is
obtained from R∞ = Rsample/Rstandard. A refers to a constant
given by the transition probability and the diffuse reflectance
R∞, hυ represents incident photon energy, and Eg is denoted
as the bandgap.69 Fig. 10 illustrates the Kubelka–Munk plot.
The plot is drawn between (F(R∞)hυ)

2 and hυ, where straight
lines are fitted to match the experimental bandgap curves.
These lines help in identifying the optical transition behavior
of CdS. To determine the optical bandgap, the fitted lines are
extended until they intersect the hυ axis. This intersection
point represents the bandgap energy of the material. Such an
approach ensures an accurate estimation of the optical
bandgap.

Initially, CdS exhibited a bandgap of 2.37 eV, which was well
matched with the values reported in the literature for CdS in a
hexagonal structure.70 After shock wave exposure, a reduction
in the bandgap was observed at 100 shock pulses, the bandgap
was slightly reduced to 2.36 eV, followed by a further decrease
in the bandgap to 2.35 eV at 200 shock pulses. A significant
drop was observed after 300 shock pulses, where the bandgap
reached 2.24 eV, aligning well with reported values for hexag-
onal CdS.71 This reduction suggests a notable alteration in the
material’s optical properties. Under shock wave exposure, the
material experiences rapid compression, which can cause con-
traction or expansion of the crystal lattice, and leads to alterna-
tion in the crystal lattice. This induces lattice deformation,
causing atoms to shift from their original positions. The result-

Fig. 9 Reflectance spectra of CdS before and after the shock-loaded
condition.
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ing structural distortion affects electronic properties, including
bandgap modifications.72 When the crystal lattice contracts,
atoms move closer together, which reduces the lattice para-
meters and increases orbital overlap.73,74 Such a type of stron-
ger interaction between electronic orbitals lowers the conduc-
tion band (CB) and raises the valence band (VB) upwards,
resulting in reduced energy requirement for electron excitation

and leading to bandgap narrowing. Structural distortions and
lattice defects such as increased lattice strain at 100, 200, and
300 shock pulses introduce localized states near the band
edges, forming band tails that extend into the bandgap. These
tails enable absorption of lower-energy photons, altering the
material’s optical properties. Additionally, deep-level defects
can lead to mid-band state creation between the CB and VB.
These states can act as charge traps, potentially extending
carrier lifetimes but also increasing localized energy losses and
leading to a lower bandgap.75 Interestingly, at 400 shock
pulses, the bandgap returned to its original value of 2.37 eV. In
contrast, shock wave-induced lattice expansion increases the
atomic spacing, and causes an increase in lattice parameters,
reducing the orbital overlap and weakening electronic inter-
actions. As a result, the conduction band (CB) and valence
band (VB) shift in energy, increasing the gap between them
and requiring more energy for electronic transitions.76

Additionally, shock wave-induced thermal energy will anneal
out the localized defect states and reduce structural disorder,
which leads to reduced lattice strain at 400 shock pulses. It can
promote atomic rearrangement, allowing defects to recombine
or migrate out of the forbidden energy region. This process
reduces band tail states, which are typically caused by struc-
tural irregularities near the band edges, and eliminates mid-
band states that arise from deep-level defects.77 As these defect
states diminish, the material exhibits a more ordered electronic
structure with an increased bandgap at 400 shock pulses.
Fig. 11 illustrates the mechanism of bandgap modification of
CdS before and after shock-loaded conditions. This reversible
bandgap suggests that the material undergoes a reversible
change under shock wave exposure. The observed variations in
bandgap reflect the influence of shock waves on the electronic
structure of CdS.

Photoluminescence (PL) spectroscopy

Fig. 12 presents the PL spectra of CdS before and after shock-
loaded conditions in the range of 300–700 nm. The emission
peak for CdS before the shock-loaded condition was observed
at 518 nm, closely matching previously reported values in the

Fig. 10 Kubelka–Munk plot of CdS before and after the shock-loaded
condition.

Fig. 11 Mechanism of bandgap modification of CdS before and after the shock-loaded condition.
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literature.78 Fig. 13 shows the zoomed version of the emission
peak. A slight shift in the emission peak was observed under
shock-loaded conditions, with a minor shift appearing at 100

and 200 shock pulses, and more pronounced red shifts to
528 nm were observed at 300 shock pulses. It is well aligned
with the literature value for the CdS hexagonal structure,
achieved through varying calcination temperatures.79

Under shock-loaded conditions, the electronic structure
undergoes significant modifications, leading to a redshift in
the PL emission peak. When a shock wave propagates through
a material, it causes lattice contraction by reducing the
spacing between atoms, which enhances orbital overlap. This
distortion introduces localized shallow traps and mid-gap
states within the bandgap and the energy levels that arise due
to structural disorder and strain. These straps effectively lower
the energy required for electronic transitions, allowing charge
carriers to undergo recombination at lower energy levels.
Instead of radiating energy as photons, a significant portion is
dissipated through phonon interactions, which results in non-
radiative recombination.80–84 However, at 400 shock pulses,
the removal of shallow trap states can lead to a reversal of
these effects, allowing the emission peak to shift back toward
its original position and shift toward a lower wavelength,
which is a blueshift. Consequently, the PL emission peak
shifts to a longer wavelength, causing a redshift in the spec-
trum. Conversely, a blueshift in PL occurs when the shock-
induced strain enhances charge carrier mobility, particularly
for excitonic electron–hole pairs. As the material undergoes
lattice expansion, the mobility of these carriers improves, redu-
cing their likelihood of being trapped in localized defect
states. This increased mobility facilitates efficient exciton
recombination, weakening the influence of shallow traps and
mid-gaps. As a result, the binding energy of these straps
decreases, leading to their delocalization. With fewer low-
energy recombination pathways, the emission peak shifts
toward shorter wavelengths, producing a blueshift in the PL
spectrum.85,86 Fig. 14 shows the mechanism of the emission
peak shift. Fig. 15 illustrates the CIE chromaticity diagram of
CdS before and after the shock-loaded condition. The y-values
(0.708) consistently exceeded the x-values (0.243), indicating
that an emission peak corresponds to green emission, which
originates from electron transitions between the conduction
band and an acceptor level. This shift indicates subtle modifi-
cations in the electronic structure, likely influenced by external
factors such as shock loading. Despite this variation, the
optical characteristics remain stable, maintaining consistency
with prior studies. Such emission behavior highlights the
material’s potential for optoelectronic applications, particu-
larly in photonic devices.87,88 For CdS before and after shock-
loaded conditions, the green color purity was 71.59%. After
100, 200, and 300 shock pulses, the color purity increased to
72.12%, 72.31%, and 81.09%, respectively. However, after 400
shock pulses, the emission peak returned to its original posi-
tion, and the color purity reverted to 71.59%. High color purity
is crucial in solid-state lighting devices as it ensures high-
quality color rendering and efficiency. Improved color purity
allows for more precise and vibrant lighting, enhancing the
performance and application potential of solid-state lighting
technologies, such as LEDs.89

Fig. 13 Zoomed version of the emission peak.

Fig. 12 PL spectra of CdS before and after the shock-loaded condition.
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Field emission scanning electron microscopy (FE-SEM)

Fig. 16 presents the EDX spectrum of CdS. The EDX spectrum
confirms the presence of cadmium (Cd) and sulfur (S) atoms.
Fig. 17 and 18 present the FE-SEM images of CdS before and
after shock loading, with a scale bar of 100 nm and 200 nm,
accompanied by corresponding 2D surface profiles. Initially, CdS
exhibits a rod-like morphology, which is characteristic of its an-
isotropic crystal growth. Anisotropic crystal growth refers to the
non-uniform expansion of a crystal structure along different crys-
tallographic directions, leading to distinct shapes and mor-
phologies due to different surface energies. For example, hexag-

onal and tetragonal structures tend to grow anisotropically due
to differing surface energies. This growth behavior influences
material properties, making it essential for applications in semi-
conductors, nanomaterials, and optoelectronics.90 For 100 and
200 shock pulses, the rod-like morphology remains the same.
Once the shock pulses increased to 300, the rod-like morphology
changed to a cube-like morphology due to shock wave-induced
dynamic recrystallization.91 A hexagonal crystal structure of CdS
can also exhibit a cube-like morphology.92

Acoustic shock waves significantly influence the mor-
phology of the sample due to its low thermal transport values.
CdS has a low thermal conductivity of 2.9 W m−1 K−1, which
allows thermal energy to accumulate and trigger the recrystalli-
zation process and turn the material into a molten state. For
100 shock pulses, the energy input is insufficient to change
the morphology. At 200 shock pulses, localized heating
becomes more pronounced, and the onset of melting begins to
appear. This early-stage melting initiates morphological evol-
ution, although it remains below the threshold required for
dynamic recrystallization or complete morphology transition.
As the number of shock pulses increases to 300, the energy
reaches a critical threshold. The rapid deposition of energy,
combined with the material’s poor ability to dissipate heat due
to low thermal conductivity, results in intense localized
heating that induces dynamic recrystallization and leads to a
molten state. Consequently, the rod-shaped particles undergo
fragmentation and reorganization, gradually transforming into
a cube-like morphology. This transformation is primarily
driven by the thermal softening, fragmentation, and rapid
resolidification induced by the shock pulse, where a combined
transient pressure of 0.59 MPa and a transient temperature of
520 K generate a superheating and supercooling effect within
milliseconds. The rapid heating initiates a premelting process,
wherein the material briefly enters a molten-like state before
resolidifying. If the material has low thermal conductivity, this
premelting phase and transient molten state can allow mor-
phological changes by promoting localized melting and sub-
sequent cooling.93

Due to the low thermal conductivity of CdS, heat is loca-
lized rather than dispersed, allowing sufficient thermal energy

Fig. 14 Mechanism of the emission peak shift.

Fig. 15 CIE (x, y) chromaticity diagram of CdS before and after the
shock-loaded condition.

Fig. 16 EDX spectrum of CdS.
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to accumulate at a specific region. These localized molten
zones enable the formation of new grain boundaries. Upon
rapid cooling, these zones solidify into a more compact, ener-
getically favorable cube morphology. As recrystallization pro-
gresses, the particles reorganize and stabilize into a cube-like
morphology due to the molten phase solidifying under rapid

shock waves induced by lattice compression. This transform-
ation occurs entirely within the hexagonal crystal structure of
CdS, meaning that while the external morphology changes sig-
nificantly, the fundamental crystallographic arrangement
remains unaltered. The cube-like morphology observed at
intermediate shock pulses arises as a result of the thermal

Fig. 17 FE-SEM images of CdS before and after shock loaded condition, with a scale bar of 100 nm, accompanied by corresponding 2D surface
profiles.
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energy distribution, which facilitates the formation of a more
compact morphological change through localized resolidifica-
tion at 300 shock pulses.

However, as the number of shock pulses reaches 400, the
cube-like morphology reverts to a rod-like morphology. This
reversal is attributed to thermal relaxation and atomic

rearrangement mechanisms that promote the recovery of the
material’s original elongated shape. The further shock wave
exposure allows the thermal energy to dissipate more gradu-
ally, encouraging the recrystallization process to favor the rod-
like morphology once again. This suggests that the material
has an inherent tendency to recover its original shape when

Fig. 18 FE-SEM images of CdS before and after shock loaded condition, with a scale bar of 200 nm, accompanied by corresponding 2D surface
profiles.
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sufficient thermal energy is provided, allowing atomic
diffusion and structural realignment to occur. The reversible
dynamic recrystallization is driven by the material’s lower
thermal conductivity, causing heat dissipation to occur gradu-
ally. This slow release of heat promotes defect realignment
and atomic rearrangement within the crystal lattice. So, at 400
shock pulses, the defect reorganization becomes more exten-
sive, facilitating further atomic stabilization and enabling the
crystal lattice to regain its order. This ongoing process, where
strain-induced defects are both formed and annealed out
under the combined effects of rapid pressure and thermal
energy, results in dynamic recrystallization and the restoration
of the rod-like morphology. Additionally, the continuous
thermal fluctuations enable localized energy redistribution,
facilitating preferential growth leading to the reformation of
the rod-like morphology. During shock wave experiments, the
processes of melting and recrystallization occur within milli-
seconds, minimizing the likelihood of complete liquefaction.
To mitigate contamination and unintended oxidation, the
pouch was completely sealed without any gaps, ensuring the
sample’s integrity and stability throughout the experiment.94

Despite these distinct morphological transformations, XRD
analysis confirms that no structural phase changes occur, rein-
forcing that the crystallographic structure integrity of the
material remains stable under shock wave exposure. The CdS
sample maintains its hexagonal crystal structure throughout
the process, demonstrating that while the external morphology
dynamically evolves under varying shock conditions, the
internal crystal framework remains unchanged. The observed
sequence of transformations highlights the intricate balance
between fragmentation, recrystallization, and thermal recovery
mechanisms, where the interplay of temperature and pressure
leads to tuning the morphology without altering the under-
lying hexagonal phase. It has been previously reported by
S. Rajkumar et al. that Nd2O3 showed morphological changes
from irregular particle shapes to a circular hexagon-shaped
morphology without any structural changes, but the mor-
phology was not reversible.95 This study underscores the role
of shock wave-induced thermal effects leading to material
modifications, emphasizing that morphology can be tuned
through controlled shock wave exposure while preserving the
fundamental structural stability of the material.

Conclusion

This study provides valuable insights into the structural, optical,
and morphological evolution of CdS and its response under
acoustic shock-loaded conditions. XRD and Raman analysis
confirm that CdS retains its hexagonal structure up to 400 shock
pulses, with only a minor peak shift at 300 shock pulses, which
reverts to its original position at 400 shock pulses. The structural
stability was further validated through Rietveld refinement.
Optical analysis reveals that the bandgap decreases from 2.37 eV
to 2.24 eV at 300 shock pulses, indicating enhanced electronic
transitions. However, at 400 shock pulses, the bandgap reverts to

its original value, demonstrating a reversible optical response.
PL spectra exhibit a shift in the emission peak from 517 nm to
528 nm at 300 shock pulses, which returns to its initial position
at 400 shock pulses, further confirming the reversibility in
optical behavior. Most interestingly, the morphological study
shows a striking transformation, where rod-like structures tran-
sition into a cube morphology at 300 shock pulses, and it reverts
to their original rod-like form at 400 shock pulses. Notably, this
reversible morphological transition occurs without any detect-
able structural changes, highlighting the dynamic adaptability
of CdS under shock waves. Overall, these findings demonstrate
the remarkable reversibility of CdS in structural, optical, and
morphological aspects under shock-loaded conditions. The
ability of CdS to maintain its hexagonal structure despite transi-
ent peak variations, along with the reversible changes in
bandgap, PL emission, and morphology, underscores its struc-
tural resilience and dynamic adaptability under acoustic shock
waves. The reversible optical properties suggest potential for
tunable electronic and optoelectronic applications, where con-
trolled bandgap modulation can enhance device performance.
Similarly, the reversible morphological transformation from a
rod to a cube and back to rod-like structures, without permanent
structural alterations, highlights the material’s ability to with-
stand mechanical stress while retaining its intrinsic character-
istics. This reversible tuning can improve CdS-based devices like
LEDs, photodetectors, and sensors by enhancing performance
and durability. It offers a promising approach to developing
adaptable, shock-resistant semiconductor materials for
advanced applications. Overall, this study provides crucial
insights into the reversible tuning of CdS optical and morpho-
logical properties via acoustic shock wave exposure, governed by
shock-induced dynamic recrystallization. Remarkably, these
transformations occur without compromising the material’s
crystallographic phase. The findings establish acoustic shock
waves as a powerful, non-destructive tool for modulating
material behavior, highlighting dynamic recrystallization as a
key mechanism for morphology control. Further exploration of
the underlying recrystallization dynamics could enable the devel-
opment of materials with engineered responses for next-gene-
ration functional applications.
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