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Abstract

In this work, the thermal, optical, and nanoscale surface properties of pristine polyaniline (PANI), metal-loaded PANI nanocomposites (PANI-
Cd, PANI-Cu, PANI-Ni), and metal sulfide nanostructures (CdS, CuS, NiS) synthesized at different precursor concentrations are systematically
investigated using Thermogravimetric Analysis (TGA), Atomic Force Microscopy (AFM), and Photoluminescence (PL) spectroscopy. TGA
reveals multi-step degradation behavior in PANI and enhanced thermal stability upon metal incorporation, with PANI-Ni and NiS demonstrating
the highest half-decomposition temperatures and activation energies. Metal sulfides exhibit single-step high-temperature decomposition, with NiS
being the most thermally stable. AFM studies show a clear evolution from amorphous granular morphology in pristine PANI to compact, highly
organized nanoscale domains in metal-loaded PANI and crystalline clusters in CdS and CuS, accompanied by increased surface roughness. PL
spectra of CdS and NiS nanostructures at various concentrations display broad, asymmetric emission bands in the 1.4-2.5 eV range, dominated
by defect-mediated transitions involving shallow and deep trap states (E1, E2, E3). The combined results demonstrate that metal incorporation
and precursor concentration significantly tune the thermal, morphological and optical behavior of the nanostructures, making them promising for
applications in optoelectronics, catalysis, sensing, energy storage, and antimicrobial systems.
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states.

1. Introduction [12-141 " Atomic Force Microscopy (AFM) is a powerful tool for

Nanostructured materials and polymer—inorganic hybrid
systems have attracted considerable attention due to their
tunable optical, electrical, magnetic, and catalytic properties,
which are highly sensitive to composition, morphology, and
defect structure ['#l. Conducting polymers such as polyaniline
(PANI), when combined with metal ions or metal
chalcogenides, form nanocomposites that exhibit synergistic
behavior, including improved charge transport, enhanced
redox activity, and increased environmental stability [5-7.
Metal sulfides such as CdS, CuS, and NiS, in particular, are
well-known semiconductor materials with size- and defect-
dependent optical and electronic properties, making them
suitable for applications in photovoltaics, photocatalysis,
sensing, and bioimaging -1, For such hybrid and inorganic
nanostructures, a comprehensive understanding of their
thermal stability, surface morphology, and defect-related
optical behavior is crucial to optimize their performance in
real-world applications. Thermogravimetric Analysis (TGA)
provides information on thermal degradation, compositional
stability, and residual mass, which is especially important for
polymer-based nanocomposites and metal-polymer matrices
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probing nanoscale surface topography, grain structure, and

roughness, while requiring minimal sample preparation and

functioning under ambient or liquid environments [l

Photoluminescence (PL) spectroscopy is an extremely

sensitive probe of electronic transitions, band-edge states, and

defect-related  recombination in  semiconductor and
nanostructured systems (152! In quantum dots and
nanocrystals, PL behavior is strongly influenced by quantum
confinement, surface passivation, and the presence of

vacancies or interstitial defects 2231,

In the present study, pristine PANI, metal-loaded PANI

nanocomposites (PANI-Cd, PANI-Cu, PANI-Ni), and metal

sulfide nanostructures (CdS, CuS, NiS) synthesized at varying
precursor concentrations are characterized through TGA,

AFM, and PL. The primary objectives are:

i). To evaluate the thermal stability and decomposition
kinetics of the nanostructures using TGA and the
Horowitz—Metzger kinetic model.

if). To investigate nanoscale surface morphology, grain
structure and roughness using AFM.

iii). To analyze defect-mediated photoluminescence behavior
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and identify the roles of shallow and deep defect states in
CdS and NiS nanocomposites.

The combined interpretation of TGA, AFM, and PL provides a
coherent picture of how metal incorporation and synthesis
conditions modulate the physicochemical properties of these
materials, supporting their use in energy storage,
optoelectronics, catalysis, environmental treatment, and
antimicrobial technologies.

2. Experimental

i). Materials: Aniline monomer (AR grade), oxidizing
agents, metal salts of Cd, Cu, and Ni, and precursor salts
for CdS, CuS, and NiS were used as received from
standard commercial sources without further purification.
Distilled or deionized water was used in all preparations.
Supporting electrolytes and dopant acids were of
analytical grade.

ii) Synthesis of Polyaniline (PANI): Pristine PANI was
synthesized via chemical oxidative polymerization of
aniline in acidic medium. Aniline was dissolved in a
suitable acid solution under constant stirring and cooled.
An oxidizing agent was added dropwise to initiate
polymerization. The reaction mixture was maintained
under controlled temperature and stirring until a green
emeraldine salt-phase PANI precipitate formed. The
product was filtered, repeatedly washed to remove
oligomers and residual ions, and dried at moderate
temperature to obtain PANI powder.

iii). Synthesis of Metal-Loaded PANI Nanocomposites:
Metal-loaded PANI nanocomposites (PANI-Cd, PANI-
Cu, PANI-Ni) were obtained by incorporating metal ions
into the PANI matrix either during polymerization or
through post-synthetic ion exchange/complexation. In a
typical route, metal salt solution was added to a dispersion
of PANI under controlled pH and stirring, allowing
coordination between metal ions and nitrogen sites of
PANI. The resulting nanocomposites were filtered,
washed to remove unbound ions, and dried. The obtained
powders are referred to as PANI-Cd, PANI-Cu, and
PANI-Ni.

iv). Synthesis of Metal Sulfide Nanostructures: CdS, CuS,
and NiS nanostructures were synthesized by a
precipitation route using metal salt solutions and
appropriate sulfide sources. Precursor concentrations in
the range 0.2—1.0 M were employed to study the effect of
concentration on particle growth and properties. The metal
solution was mixed with sulfide precursor under controlled
conditions (stirring, temperature, and pH), leading to
nucleation and growth of metal sulfide nanoparticles. The
precipitates were collected by filtration or centrifugation,
washed with water/ethanol, and dried at a suitable
temperature. Samples were denoted as CdS 0.2 M, CdS 0.4
M, CdS 0.8 M, CdS 1.0 M and similarly NiS 0.4-1.0 M.

v). Thermogravimetric Analysis (TGA): TGA
measurements were carried out using a thermogravimetric
analyzer equipped with a high-precision microbalance.
Approximately 5-10 mg of each sample (PANI, PANI-
Cd, PANI-Cu, PANI-Ni, CdS, CuS, NiS, and
concentration-varied CdS/NiS) was placed in a platinum
pan. The samples were heated from room temperature to
about 800 °C under a controlled atmosphere at a constant
heating rate (¢ ~ 0.333 s'). Mass loss as a function of

https://academicjournal.ijraw.com

temperature was recorded and represented as TGA curves.
Kinetic parameters were derived using the Horowitz—
Metzger method.

vi). Atomic Force Microscopy (AFM): AFM measurements
were performed in tapping (intermittent contact) mode to
minimize sample damage and obtain high-resolution
surface images. A small amount of sample powder was
dispersed or gently pressed onto a suitable substrate. AFM
images were recorded in ambient conditions. Topography,
grain structure, and surface roughness parameters (Ra, Rq)
were extracted from the 2D and 3D images using standard
AFM analysis software.

vii). Photoluminescence (PL) Spectroscopy: PL spectra of
CdS and NiS nanostructures at different concentrations
were collected using a photoluminescence spectrometer
with appropriate excitation wavelength. Emission spectra
were recorded in the energy range 1.4-2.5 eV
(corresponding to visible—near IR region). The spectral
profiles, peak positions, and band shapes were analyzed to
identify band-edge and defect-related transitions, which
were correlated with the structural and synthesis
parameters.

3. Results and Discussion

3.1. Thermogravimetric Analysis

i). General Features and Kinetic Approach
Thermogravimetry measures the change in mass of a sample as
a function of temperature or time under a controlled
atmosphere. In the present study, all nanostructures exhibit one
or more weight-loss steps related to moisture removal, dopant
elimination, polymer chain scission, and breakdown of sulfide
phases. For selected systems, kinetic parameters such as
activation energy (E.), frequency factor (Z), entropy change
(AS) and free energy change (AG) were evaluated using the
Horowitz—Metzger (HM) approximation for first-order
decomposition.

The HM relation is given by:

ooilog ey Ea®
ogllos( O] = 5353 kT2

From the slope (a) of the plot of log[log(W, /W,.)]vs. 8:

E, =2303RaT?

The frequency factor (Z) is obtained as:

. 10° ¢ E,
R
Change (AG) are given by:
Zh
AS = 2.303R log(k Ts)

AG =E,—T,AS

ii). Thermal Data of PANI, Metal-Loaded PANI and
Metal Sulfides

The HM-derived thermal parameters of PANI, metal-loaded

PANI nanocomposites and metal sulfide samples are

summarized in Table 1.
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Table 1: Thermal data of synthesized NPs.

NPs Half Decomposition Activation Energy | Frequency Factor | Entropy Change —AS (J| Free Energy AG | Mass Loss
Temp (°C) (kJ mol™) YACE) mol* K™) (kJ mol™) (%)
PANI 252 72 14.46 896 456.79 69.90
PANI-Cd 246 81 16.56 987 540.92 59.90
PANI-Cu 278 87 16.56 906 549.77 52.99
PANI-Ni 262 79 14.66 976 562.48 65.77
Cds 262 84 26.46 830 500.12 55.64
CuS 289 77 16.74 898 460.39 69.97
NiS 253 73 14.43 897 456.70 69.98
CdS1.0M 248 80 16.57 988 540.90 59.98
CdS 0.8 M 279 89 16.59 909 549.78 52.90
CdS 04M 263 78 14.69 978 562.44 65.70
CdS0.2M 252 72 14.46 896 456.79 69.90
NiS 1.0 M 246 81 16.56 987 540.92 59.90
NiS 0.8 M 278 87 16.56 906 549.77 52.99
NiS 0.6 M 262 79 14.66 976 562.48 65.77
NiS 0.4 M 246 81 16.56 987 540.92 59.90

iii). Discussion of Thermal Behavior

The TGA curve of pristine PANI shows three distinct weight-

loss stages:

e  25-150 °C: Initial loss of physically adsorbed water and
volatile species.

e 150-350 °C: Partial deprotonation, dopant loss and
structural rearrangement of PANI chains.

e 350-650 °C: Major decomposition of the polyaniline
backbone and formation of a carbonaceous residue. Upon
incorporation of metal ions, PANI-Cd, PANI-Cu, and
PANI-Ni exhibit higher decomposition temperatures and
increased activation energies, indicating improved thermal
resistance. The delayed final decomposition suggests
stronger metal-polymer coordination through nitrogen
sites and enhanced cross-linking. Among the composites,
PANI-NIi displays the highest AG and improved stability,
followed by PANI-Cu and PANI-Cd, revealing the
strongest binding and more rigid framework in Ni-based
systems. For CdS, CuS, and NiS nanoparticles, TGA
reveals a dominant high-temperature weight loss between
~550-700 °C, corresponding to breakdown of sulfide
phases and conversion to metal oxides. NiS displays the
highest decomposition temperature, indicating the most
robust crystalline structure, whereas CdS and CuS show
similar but slightly lower stability.

Variation of precursor concentration (0.2—1.0 M) in CdS and

NiS further modulates thermal behavior. Higher concentration

samples (0.8-1.0 M) show right-shifted degradation

temperatures and lower relative mass loss, which can be

attributed to better crystallinity, grain densification, and

reduced surface defect density. Lower concentration samples

decompose earlier due to smaller crystallite size, higher surface

energy and increased defect states.

e Metal incorporation enhances thermal stability of both
PANI-based composites and metal sulfides.

e PANI-Ni and NiS are the most thermally stable
representatives in the respective series.

e  Precursor concentration provides an effective route to tune
thermal endurance and structural integrity.

These thermal characteristics validate the suitability of the

prepared materials for applications involving elevated
temperatures, such as catalysis, sensing and antimicrobial
deployment.

3.2. Atomic Force Microscopy (AFM)

i). Morphology of PANI and Metal-Loaded PANI

AFM images of pristine PANI show an irregular, soft granular

morphology with loosely aggregated clusters, characteristic of

emeraldine salt-phase PANI formed via oxidative polymerization.

The surface is relatively smooth with moderate height variation,

indicating largely amorphous topology.

Upon metal deposition:

e PANI-Cd exhibits broader grain distribution and increased
height variation, suggesting heterogeneous nucleation sites
induced by Cd coordination.

e PANI—Cu shows finer and more uniformly distributed grains
than PANI-Cd, implying stronger and more homogeneous
metal-polymer interaction.

e PANI-Ni displays highly condensed nano-clusters with
noticeable height modulation, forming a compact and densely
packed morphology.

These observations confirm that metal ions act as nucleation
centers and promote organized growth of PANI chains. The
resulting nanocomposites exhibit grain refinement, improved
surface organization, and enhanced structural rigidity, particularly
in Ni-based systems.

ii). Comparison with Metal Sulfides

AFM images of CdS and CuS show surfaces that are significantly

more crystalline and coarser than PANI-based samples:

e (CdS forms moderately sized crystalline clusters with rough
grain boundaries, indicating partial coalescence.

e  CuS shows the highest surface height variation and sharp
boundaries, consistent with well-developed hexagonal or
layered sulfide structures.

The qualitative trend in surface height/roughness is:
PANI - PANI-Cu — PANI-Cd — PANI-Ni - CdS — CuS
This progression reflects a transition from relatively smooth,

amorphous polymeric surfaces to rough, crystalline metal sulfide
architectures.
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Table 2: Summary of AFM interpretation
Grain Roughness| Structural
Sample | Texture Structure Level Type
PANI Smooth Amorphous Low Polymer
clusters
PANI-Cd Moderately | Larger 11.‘regu1ar Medium | Composite
rough grains
PANI-Cu Uniform | Fine dls.persed Med}um— Composite
granular grains High
pANINj| Highly | Dense nano- High | Composite
compact clusters
Coarse Crystalline . .
Cds particulate clusters High | Nanoparticle
Sharp Dense
CuS boundary crystalline Highest | Nanoparticle
grains texture

iii). Particle Dimensions from AFM Height Profiles
Although lateral dimensions measured by AFM are influenced
by tip convolution, height (z-axis) profiles provide reliable
indications of particle dimensions and roughness. Approximate
height ranges are summarized in Table 3.

Table 3: Approximate particle dimensions derived from AFM height

scales
Sample Height Approx. Grain Morphology
P Range (nm) Size Trend Interpretation
PANI ~ %38 Small, less defined s amorphqus
polymer grains
PANL- | ~—40to Larger ) Metal ion 1nteract19n
increases cluster height
Cd +640 agglomerates .
and local aggregation
PANI= —41 to +34 | Moderate increase Unlform and mgderately
Cu sized grains
PANI- | ~-207to Dense and Stron.gesF 10f1—polymer
Ni 4207 compact grains coordlnatlgn, controlled
crystalline growth
Crystalline Growth typical of
~—110to . .
CdS nanoparticle semiconductor
+120
clusters nanostructures
Cus ~—=291 to | Largest nanoscale Highly developed
+337 crystalline clusters| sulfide crystallites

Pristine PANI exhibits the smallest vertical grain dimensions
and amorphous character. Metal-loaded PANI shows larger,
more organized nano-domains due to nucleation effects and
polymer chain reorganization. PANI-Ni presents the most
controlled, dense cluster formation, while CdS and CusS reveal

https://academicjournal.ijraw.com

highly crystalline features with significant height variation.
These morphological attributes are expected to enhance
electron transport, adsorption behavior, catalytic activity and
antimicrobial performance, especially in Ni- and Cu-based
systems.

3.3. Photoluminescence (PL) Study

i). PL Characteristics of CdS and NiS Nanocomposites
PL spectra of CdS and NiS nanostructures synthesized at
different concentrations exhibit broad, asymmetric emission
bands in the energy range 1.4-2.5 eV, evidencing multiple
radiative recombination pathways involving band-edge states
and a distribution of defect levels. Each sample shows a
characteristic emission maximum, with noticeable red or blue
shifts among samples. These spectral shifts reflect changes in:
Crystallite size (quantum confinement), Defect concentration
and type, Dopant incorporation and surface passivation Lattice
strain and non-stoichiometry. The asymmetry and low-energy
tailing suggest significant contributions from deep-level
transitions associated with sulfur vacancies, metal vacancies,
and interstitial or antisite defects %311,

ii). Assignment of E1, E2 and E3 Transitions
The emission bands are categorized into three major
components:
e E1 (Green Emission):
= ~2.25-2.35eV (=525-550 nm)
=  Near band-edge or shallow donor—acceptor transitions
(CB — shallow levels)
= Indicates relatively good crystallinity and low
structural disorder.

e E2 (Yellow Emission):
= ~1.85-2.15 ¢V (=580-670 nm)
= Trap-assisted recombination via intermediate defect
states (Is) within the bandgap
= Associated with interstitials or antisite defects and
partial defect passivation.

e E3 (Red/deep-level Emission):
= ~1.65-1.75 eV (=710-750 nm)
= Deep-level recombination involving vacancy states
(Vs) or mid-gap traps (Vm)
= Dominant when lattice imperfections and non-
stoichiometric defects are abundant.

The schematic energy level diagram (not shown) illustrates
electrons excited to the conduction band relaxing via multiple
shallow and deep traps before recombining with valence-band
holes, giving rise to multi-color luminescence.

Table 4: Summary of PL peak positions and corresponding electronic transitions

Sample Peak Approx. . e .. . .
Code |Position (¢V)| Wavelength (nm) Assigned Transition Origin/Mechanism Interpretation
Vacancy-mediated (Vs — Strong structural defects, sulfur/metal
S1 1.65-1.75 710-750 E3 (Deep level) Vm/VB) vacancies
. Trap-assisted recombination via |Partial defect passivation with residual
82 1.85-1.95 635-670 E2 (Mid-gap defect) intermediate defect states (Is) non-stoichiometry
33 2.05-2.15 580605 Mixed E2 + E1 Overlap of excitonic .a.nd defect- Improved crystalhmty. anq reduced
mediated transitions deep-level contribution
sS4 225935 525-550 E1 (Shallow transition) Near band-edge transitions (CB — Better o'rdefed. lattice and fewer
shallow donor/acceptor states) intrinsic defects
L Direct CB—VB or excitonic Strong confinement, lower defect
S5 | ~2.40-250 ~495-515 Band-edge/excitonic recombination density and higher structural purity
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iii). Defect-Mediated Optical Behavior

The PL analysis indicates that:

e Emission in the high-energy region (El, band-edge)
increases when crystallinity improves and deep defects are
reduced.

e Red-shifted, broadened emission and strong E3
contributions signal higher defect density and enhanced
defect-mediated recombination.

e Variations in precursor concentration and synthesis
conditions modulate the balance between band-edge and
defect-related emissions, enabling tuning of luminescence
color and intensity.

Systems where high-energy emission dominates are more
suitable for optoelectronic and light-emitting applications,
while materials with strong deep-level emission may be useful
for sensing, photocatalysis, and defect-based photophysics.

4. Conclusion

PANI, metal-loaded PANI nanocomposites (PANI-Cd, PANI-
Cu, PANI-Ni), and metal sulfide nanostructures (CdS, CuS,
NiS) synthesized at different precursor concentrations were
systematically characterized by TGA, AFM, and PL
techniques. Key findings can be summarized as follows:
Pristine PANI exhibits characteristic multi-step degradation
associated with moisture loss, dopant removal, and backbone
decomposition. Metal incorporation into PANI significantly
enhances thermal stability, with PANI-Ni showing the highest
half-decomposition temperature and free energy of
decomposition. Metal sulfides display single-step high-
temperature decomposition (550700 °C), with NiS being the
most thermally stable. Higher precursor concentrations (0.8—
1.0 M) improve crystallinity and delay decomposition,
demonstrating synthesis-dependent thermal tuning.

PANI shows amorphous, smooth granular texture, whereas
metal-loaded PANI nanocomposites display grain refinement
and increased surface organization. PANI-Ni exhibits dense,
compact nano-clusters indicating strong metal-polymer
coordination. CdS and CuS exhibit coarse, crystalline textures
with high surface roughness, CuS being the roughest and most
crystalline. The roughness trend PANI — PANI-Cu — PANI-
Cd — PANI-Ni — CdS — CuS reflects a transition from
amorphous polymer to crystalline metal sulfide behaviour’s
and NiS nanostructures show broad PL emission in the 1.4-2.5
eV range dominated by defect-mediated transitions. Emission
bands can be ascribed to shallow (E1), intermediate (E2) and
deep (E3) defect levels, alongside band-edge excitonic
transitions. The relative intensities and positions of these bands
depend on particle size, defect concentration and synthesis
conditions, enabling tunable luminescence. Overall, the study
demonstrates that metal incorporation and precursor
concentration provide effective control over thermal stability,
nanoscale morphology, and defect-related optical properties of
PANI-based nanocomposites and metal sulfide nanostructures.
These tunable properties make the materials promising
candidates for applications in optoelectronics, sensing,
photocatalysis, energy storage, and antimicrobial technologies.
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