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Abstract

Investigation aims at incorporation of metal-metal oxide nanoparticles by solution combustion method, into castor-oil
based polyurethane following insitu polymerization technique and studied for structural, morphological, mechanical,
thermal and electrical characterizations. Filler variations were maintained based on weight percentage in the study
with film thickness within 1+0.Imm. Introduction of doping enhanced copper oxide conductive fillers into
polyurethane resulted in increase of current conduction value by 10* times compared to pure films along with improved
stretchability characteristics. Films with 4.0 weight percent filler recorded conductivity values upto 107 S/cm. Pure
films show stretchability upto 59% before breakage, with less than 2% material degradation upto operating
temperatures of 160°C.

Keywords: Castor oil polyurethane film; Silver doped Copper oxide; electro mechanical characteristics, Thermal
degradation.

INTRODUCTION

Polyurethane (PU) is one of the most extensively utilized polymers due to its versatile characteristics,
making it valuable across various industries, including manufacturing, automotive, sports, biomedical,
and construction. PU is a linear block copolymer with alternating soft and hard segments that exhibit a
phase-separated microstructure due to thermodynamic discordancy. Traditionally, petroleum-based raw
materials such as polyols, catalysts, and isocyanates have been employed in the synthesis of PU, particularly
Thermoplastic Polyurethane (TPU) [1]. However, recent advancements have shifted focus toward bio-
based polyurethanes, which aim to replace petroleum-derived components with renewable materials.
Although the transition to bio-based materials is promising, it presents challenges, including compromises
in desired properties compared to petroleum-based PU. In recent years, bio-based polyols derived from
natural resources such as vegetable oils (e.g., castor, soybean, sunflower, and rapeseed oils) have become
well-established in the industry. Castor oil, in particular, is widely used due to its reactive hydroxyl (—OH)
groups, which are beneficial for polyol synthesis. This oil is favoured for its availability, non-edibility,
renewability, high purity, biodegradability, and cost-effectiveness. Despite these advantages, bio-based PUs
often fall short of the performance levels provided by their petroleum-based counterparts. To enhance
the properties of bio-based PU, researchers have explored various strategies, including the use of blends
and composites. Fillers such as cellulose nanocrystals, clay, and wood flour have been incorporated into
PU matrices, while blends with poly(lactic acid) and polyamide have been employed to improve
mechanical and physical properties. Carbon nanotubes (CNTs) have been used as reinforcements in TPU
matrices to enhance electrical and piezoresistive sensing characteristics [2]. Similarly, carbon black has
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improved the viscoelastic and adhesive properties of PU, which are crucial for applications in additive
manufacturing and flexible electronics. Graphene oxide and graphene platelets have also been added to
TPU matrices to boost mechanical, thermal, sensing, piezoresistive, and shape memory properties. The
effectiveness of these fillers largely depends on their dispersion and interaction with the PU matrix, as
well as their shape, size, and morphology, which affect the electrically conductive network, especially for
strain sensing applications. Several studies have explored various methods for synthesizing bio-based PU.
Ivan et al. [3] synthesized PU from castor oil (CO) and toluene diisocyanate (TDI) without catalysts,
maintaining a NCO to OH ratio of 1, under a nitrogen atmosphere at 110°C for 12 hours. Their findings
indicated that adjusting the composition of starting materials and incorporating nanoparticles can
enhance the thermal stability of PU materials. Yeganeh et al. [4] used CO dissolved in tetrahydrofuran
with hexamethylene diisocyanate (HMDI) under a nitrogen atmosphere, stirring continuously until the
theoretical NCO content was achieved, followed by vacuum drying at 50°C for up to 48 hours. Mileo et
al. [5] employed compression molding with a CO and methylene diphenyl diisocyanate (MDI) prepolymer
mixture in a 1.5:1 ratio, observing an exothermic reaction and a curing time of 48 hours. Ibrahim et al.
(6] followed a transesterification process with MDI and glycerol, achieving a thermal glass transition
temperature (Tg) of -15.8°C and thermal stability up to 259°C, with lithium salt addition enhancing
conductivity. Ali et al. [7] used CO dehydrated in a vacuum oven, dissolved in TDI, and mixed with
butanediol (BD) as a catalyst, maintaining a temperature of 65°C for 48 hours followed by a week-long
post-curing at 80°C. This study demonstrated that multi-walled carbon nanotubes (MWCNTs) improved
physicochemical properties, including thermal stability, reduced permeability, and mechanical strength.
Further, Alaa et al. [8] synthesized viscous PU using the pre-polymer technique, with dehydrated
poly(propylene glycol) reacted with diisocyanate and CO, using triethylenediamine and di(propylene
glycol) as catalysts. Jun Zhang et al. [9] preheated CO with butanediol, mixed with MDI, and cured under
10 MPa pressure at 90°C for 1 hour, analyzing the materials using FTIR, DSC, TGA, DMA, XRD, tensile
tests, and water absorption studies, achieving a tensile strength of 15.6 MPa and elongation at break of
over 200%. Tan et al. [10] prepared PU films with CO and glycerol in varying ratios, stirred at 70°C in
vacuum with equimolar MDI addition. Cuadri et al. [11] reacted CO with MDI at 60°C for 48 hours
under nitrogen with continuous agitation, while Baheiraei et al. [12] synthesized prepolymer PU using
chloroform and isophorone diisocyanate (IPDI), with DBTL as a catalyst, increasing temperature to 60°C
and continuing the reaction until the free NCO content matched theoretical values. Macalino et al. [13]
processed PU films with varying castor oil and HDMI ratios, achieving urethane linkages, hydrophilicity,
thermal stability, and varying mechanical properties. Chethana et al. [14] obtained PU sheets by solution
mixing CO in methyl ethyl ketone (MEK) with DBTL as a catalyst under oxygen-free heating, with hot air
circulating mold curing for 10 hours. Khalifa et al. [15] prepared thermoplastic PU films with a constant
ratio of CO, MDI, and BD, involving continuous stirring at 80°C with nitrogen blanketing and hot air
curing for 16 hours. Santos et al. [16] prepared PU sheets from CO and MDI, maintaining an NCO to
OH ratio of 1 with a curing time of 72 hours. Ganji et al. [17] synthesized PU with a 4:1:3 molar ratio of
HMDI, PEG, and castor oil, stirred at 70°C with nitrogen and cured in a Teflon mold for 2 days. Luong
et al. [18] prepared castor oil-segmented thermoplastic PU with DBTL in N-dimethylacetamide, using
MDI as a catalyst, achieving elongation properties up to 1200%, excellent biocompatibility, recovery
properties, and high transparency. Madhukar et al. [19] used an equal molar ratio of CO and TDI,
dissolved in ethyl methyl ketone, with DBTL as a catalyst, continuous stirring, and curing at normal
atmospheric conditions, followed by post-curing at 60°C. Mosiewicki et al. [20] utilized lithium hydroxide
as a catalyst with triethanolamine and castor oil, maintaining stirring at 150°C for 2.5 hours. Chen et al.
[21] prepared PU resins with an NCO to OH ratio of 1.5, using organosiloxane and water as surfactants
and blowing agents, under normal atmospheric conditions with high-speed stirring. Shaik et al. [22]
developed castor oil-based PU with TiO2 nanocomposites for anti-corrosive and antimicrobial coatings,
using toluene-2,4-diisocyanate to modify castor oil-based polyesteramide. These coatings exhibited
operational stability up to 200°C. Khalifa et al. [23] examined the physicochemical and piezoresistive
strain sensing capabilities of a graphene-infused bio-based TPU thin film, prepared by solution casting,
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with enhanced dispersion of graphene, resulting in improved physical properties and sensing
performance, suitable for flexible electronics and structural health monitoring. The combination of bio-
based PU with metal-metal oxides holds promise for applications in sensing and flexible electronics due
to their excellent flexibility, strength, carrier mobility, and restorability. Recent research has highlighted
the promising properties of alkali-doped metal oxides, which exhibit enhanced electrical conductivity,
optical transparency, and structural stability. These attributes render them highly suitable for various
optoelectronic and energy storage applications. Alkali metal incorporation into metal oxides significantly
alters their electronic structures, affecting their band gap energy, carrier concentration, and optical
characteristics. For example, doping with alkali metals can introduce excess electrons, thereby improving
electrical conductivity. Tailoring the optical properties through selective doping enables the creation of
transparent conductive oxides with high transmittance and low resistivity, which are ideal for applications
such as solar cells and transparent electrodes [24-32]. Priscilla et al. [33] synthesized sodium-doped cupric
oxide at the nanoscale using a solution combustion method and observed intriguing size-dependent
chemical properties, including a high surface-tovolume ratio and unique electronic and optical
characteristics. Their electrical analysis using AC impedance spectroscopy revealed a decrease in resistance
with increased Na concentration, which they attributed to improved crystallinity and enhanced surface
area. Siddiqui et al. [34] also studied Na-CuO nanostructures and found enhanced optical and electrical
properties due to defect formations, such as copper and oxygen vacancies. Curda et al. [35] prepared
AgCuO2 using a low-temperature route and reported promising properties for potential applications.
Zhang et al. [36] developed conductive adhesive tapes by incorporating copper-silver nanoparticles and
achieved a low volume resistivity of 2.0x10° Qm. Vettumperumal et al. [37] analyzed Cs-ZnO thin films
prepared via the sol-gel method, finding high mobility and improved crystalline quality, suggesting their
suitability as transparent conductors. Additionally, Thangavel et al. [38] investigated the effects of cesium
doping on ZnO thin films, noting significant changes in phonon energy and spectral properties, which
could advance the development of optoelectronic devices. The integration of bio-based polyurethane
further enhances the flexibility, strength, carrier mobility, and restorability of these materials, showcasing
their potential across various applications. This study focuses on the development of bio-based PU/Ag-
CuQO nanocomposite thin films using the solution casting method, investigating their physicochemical
characteristics, mechanical, thermal, and electrical properties, and electro active sensing capabilities. To
the best of our knowledge, this represents the first report on such bio-based PU/Ag-CuO nanocomposite
thin films.

2. EXPERIMENTATION

2.1 Materials

Analytical grade purified castor oil (CO) with 97% assay, methyl ethyl ketone (MEK), toluene-diisocynate
(TDI) and dibutyl tin dilaurate (DBTL), cupric nitrate trihydrate, silver nitrate, glycine and sucrose.
Procured chemicals were used as received from TCI chemicals Chennai, SD fine chemicals Mumbai, and
Himedia laboratories Nasik, India.

2.2 Preparation of conductive polymer films

Silver doped copper metal oxide nanoparticles (Ag-CuO-NPs) are prepared by sol-gel method. The oxidizer
was cupric nitrate, glycine and sucrose was fuel. Cupric nitrate, silver nitrate, sucrose and glycine is
dissolved in doubly distilled water. The mixture is maintained at 60°C temperature with continuous
stirring upto 5 hours until the solution mixture condensed into a gel form. The gel is subjected to further
heating until auto ignition is attained and precipitation is observed. For completion of calcination process
the combustion product is transferred to ceramic crucible and transferred into preheated muffle furnace
for annealing at 800°C. The prepolymer was prepared from bio degradable castor oil with TDI and MEK
as solvent and chain extender, more detailed preparation of the polymer has been discussed in our
previous studies [31]. Prepolymer mixture was dispersed with calculated weight percent of Ag-CuO
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nanoparticles and sonicated at 60°C in inert atmosphere. The films were transferred into glass moulds
for 12 hrs of air drying and further curing of 8hrs at 70°C. Cured films were of 1£0.1 mm thickness and
were cut into 10mm *x 50mm strips for tensile and into 30 mm diameter circle for compressive testing.

2.3 Characterizations

Morphological structure was examined by obtaining scanning electron microscopy (SEM) images along
with energy dispersive x-ray spectroscopy (EDX) reports. Composition and crystallinity of the films were
investigated by spectrums obtained by x-ray diffraction (XRD) and fourier transform infrared (FTIR)
Study. Particle distribution by Dynamic Light Scattering (DLS) technique, Tensile strength, compressive
loading, electrical conductivity tests were conducted by universal testing machine (UTM) and keithley dc
source meter. Thermal degradability tests were conducted by obtaining thermo gravimetric analysis (TGA)
spectrums.

3. RESULTS AND DISCUSSIONS

3.1 XRD and DLS studies of Silver doped Copper Oxide Nanoparticles (Ag:CuO-NDPs).

X-ray diffraction spectra of Ag:CuO-NPs is shown in Figure 1 . Obtained results are in well coordination
with similar work by Igbal et al. [39]. Diffraction peaks at 20 values 32.5°, 35.5°, 38.1°,48.7°, 53.5°, 58.3°,
61.6° and 68.1° are observed corresponding to monoclinic phase of CuO crystal planes. Peaks at 38.77°,
44.3° 64.5° and 77.5° correspond to plane orientation (111), (220), (220) and (311) of Ag. All the
diffraction peaks are in good agreement to monoclinic CuO (JCPDS no. 80-1917 and cubic Ag (JCPDS
no. 040783 as reported [39]), indicating nanoparticles are composed of pure Ag:CuQO. Particle
distribution studies reveal average particles size of 76.94+1.28 nm which is in well agreement with
previous studies.
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Figure 1 (a) Powder XRD spectra of Undoped Copper Oxide NPs (b) Powder XRD spectra of 5mol%
Silver doped Copper Oxide NPs (Ag: CuO-NPs) (c) DLS particle distribution graph of the Ag:CuO fillers.

3.1 FTIR Characterization

The FTIR spectra for pure and filler dispersed PU nanocomposites for different filler weight percentages
of 0.5, 1.0, 2.0 and 4.0% is as presented in Figure 2. The absence of the vibration band in the 1880cm™
to 2800cm™ range confirms the completion of urethane reaction and absence of free isocyanides group
in the polymer structure [40,41]. Vibration bands at 1072cm™, 1550cm™ to 1580cm™ represent C-N
stretching and N-H bending, peaks at 1600cm™and 1720cm™ feature C-C and C-O stretching vibrations
of urethane chains, bands between 2820cm™ and 3040cm” show CH, symmetric and anti-symmetric
stretching vibrations and 3380cm'features free O-H and N-H stretching [42-47). With the addition and
increase of Ag-CuO-NPs the peaks exhibit decreasing intensity. Increased stretching vibrations in 4000cm®
'to 3200cm™ range is due to interaction of nanoparticles with urethane links [47].
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Figure2. Fourier transform infrared spectrum of pure and Ag-CuQO NPs filled PU films.
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3.2 XRD Characterization

XRD data of the undoped films, characteristic peaks are apparent at 20 value of 20.3°. The corresponding
reflection plane presents an interchain ‘d’ spacing measuring 4.369A°. Figure 3. The doped films, XRD
spectrum unveils additional diffraction peaks at specific 20 values, notably 32.5°,41.1°, and 48.89°. These
peaks suggest the embedded presence of CuQ, further substantiated by the ‘d’ spacing of 2.32A°.
Additional diffraction peaks at 26 values of 35.0°, 38.33°, 58.33°, 61.66°, and 64.4° manifest within the
doped film spectrum. These peaks are consistent with Ag-CuQO, having ‘d’ spacing values ranging between
1.37A° to 1.44A°. Data provides compelling evidence for the successful incorporation of Ag-CuO
nanoparticles within the PU matrix.
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Figure 3. X-Ray Diffraction Spectrum of PU-Ag: CuO Nanocomposites, with Pristine, 0.5, 1.0, 2.0 and
4.0% NPs filler weight% dispersions.

3.3 Morphological and elemental characteristics

SEM images presented a specific morphological characteristic. Figure 4(a) unveils the microstructural
facets of the unadulterated PU film. Evident from the image is a consistent and smooth surface,
symbolizing the regular morphology generally associated with pure PU films. Such a uniform surface could
potentially impact various material properties, including optical clarity and mechanical resilience. Figure
4(b), there is a marked shift in the microstructural appearance, this figure captures the presence of Ag-
CuQO nanoparticles within the polymer matrix. A observation is the manifestation of nano-sized
agglomerations (average agglomeration size of 200nm). The literature suggests that such agglomeration
phenomena can be attributed to a diminished radial growth rate in amorphous regions combined with
inherently elevated surface energies [48,49].
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Figure 4. SEM images of (a) pristine and (b) Ag-CuO-Nps doped PU Film (c) EDX image of Ag-CuO-NPs

PU film nano composite.

Elemental microanalysis of the formulated Polyurethane-Ag-CuQO nanocomposites was executed,
harnessing the capabilities of Energy dispersive Xray Spectroscopy (EDX) Figure 4c. Through the EDX
assessment, several elemental constituents emerged, confirming the presence of Oxygen (O), Nitrogen
(N), Carbon (C), Ag, and Cu within the nanocomposite structure. Intriguingly, Carbon, Oxygen, and
Nitrogen stand out as the foundational elements constituting the PU matrix. The analytical data further
illuminated distinct energy peaks, especially at the values of 0.52, 0.93, 1.04, 8.04, and 8.9keV.
Elaborating on these findings, the X-ray energies at both 0.52 and 0.93keV were identified to be correlated
with the emissions stemming from the K-shell of oxygen and the K-shell of copper, respectively. An energy
peak at 3.01keV was associated with the L-shell emissions of Ag. The nanocomposite's elemental profile
was further enriched by the emergence of supplementary energy peaks, notably at 0.52keV and 2.8keV.
This enhancement in the energy spectrum can be attributed to the strategic doping of Ag within the CuO
structure [50, 51-53].

3.4 Electro-Mechnical studies of nanocomposite films

Pure PU films were subjected to tensile testing show tensile strength of 0.152MPa with 59% elongation
at breaking. On addition of nanoparticles films show decrement in tensile strength but increment in
elongation stretchability. To study the change in conductivity of films with change in stretching distance,
the films were attached with copper electrodes and connected to dc source meter, loaded to universal
testing machine and subjected to tensile loading. Tensile deformation and current readings were recorded
while the film was being stretched. Prepared conductive films were stretched to a maximum length of
10mm and the voltage potential was maintained constant at 50Volts. It can be observed that with the
increment in filler weight percentage there is proportional increase in conductivity values at zero loading,
as the stretching distance is increased there is drop in current conductivity ability of the films this is due
to increase in inter-particle distance between fillers within the composite film. It is observed that there is
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good coordination between tensile elongation and conductivity in films with filler weight percentages
above 1.0wt%, below which the films exhibit constant values of current conduction for any value of

stretch Figure 5(a) and 5(b).
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Figure 5. (a) Ag=CuQO nanofiller weight concentration v/s current conductivity in films (b) tensile
elongation v/s current conductivity of nanocomposite films.

To study the volume conductivity, films were subjected to compressive loading along with dc source meter
attachment. The specimens were of 1mm thickness and cut into circular shapes with 30mm diameter
sandwiched between copper electrodes. Examination of the films was achieved by loading the specimens
in steps of five upto maximum load of 30N after every new loading step, a settling duration of one minute
was maintained and readings were recorded. Figure 6(a) shows linear increase in conductivity values with
increment in loading. Films show no appreciable change in conductivity values upto a loading of 2.5N.
With further increase in loading films tend to show linear increments of current conductivity.
Considerable variations of current values above 15N loading were observed providing good range of
workability. Figure 6(b) depicts the variation of conductivity with respect to filler concentration, doped
films show linear increment in conductivity with increase in filler weight percentage. Maximum current
conductivity value of 4.38E°Amps or volume conductivity value of 1.317E7S/cm is recorded at 50Volts
of potential for nano composite films with filler percentage of 4.0wt% under a maximum load of 30N.
All the tested films exhibited increase in conductivity values with load increment; this behaviour is due
to tunnelling effect of nanofillers in the films.
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Figure 6. (a) Compressive load v/s current conductivity of films (b) Ag-CuQ filler weight concentration
versus conductivity of films under compression load.
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3.5 Thermogravimetry Studies

Upon analysis of the thermal degradation properties of the films, Figure 7 displays significant weight loss
of 50% recorded at 382°C because of degradation of the ester linkage connecting fatty acids to the glycerol
backbone inherent in castor oil. The initial weight reduction of 10% occurs in films within temperature
of 282°C. 80% of degradation in films was observed at temperature of 457°C, as a result of the breakdown
of rigid segments within the PU structure [13,54]. Metallic oxide sediment remains accounted for 8.6%
of sample weight at 900°C of testing temperature. Composite Films exhibit less than 2% of degradation
loss up to operating temperature of 170°C.
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Figure 7. TGA Spectrum of Prestine PU and Ag-CuO-PU nanocomposite films showing average residual
weight percentage of 8.6% in composite films.

4. CONCLUSIONS

Silver doped copper oxide nanoparticles were successfully prepared by sol gel method and dispersed into
polyurethane prepolymer synthesized from bio-based polyol-castor oil. Films were subjected to studies by
FTIR, XRD, DLS, SEM, EDAX, TGA and Electro-mechanical examinations. FTIR spectrums confirmed
the formation of urethane links along with stretching vibration bands of Ag-CuO nano particles. XRD
spectrum revealed the presence of Ag-CuO nanofillers in prepared films with diffraction peaks at 26
values. EDAX analysis confirmed the presence of key urethane elements along with silver and copper in
the films. Elongation versus conductivity tests reveal limitation of films to exhibit wider current
conduction range so as to be used as sensing elements in stretching applications, whereas under
compression loading films showed higher range of conduction above 15N loading. TGA analysis revealed
less than two percent of total weight loss in films above 160°C of operational temperature.
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