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Abstract 12 
 13 

Modulating doping levels and nanofillers blending has facilitated optimization of electrical 14 

properties in polymeric nanocomposite films for thermoelectric applications. Herein we report, 15 

free-standing flexible films of PANI:CSA/ZnSb polymer nanocomposites, with varying 16 

nanofillers ZnSb ratios, to realize charge localization induced enhancement in power factor (≈ 10 17 

times) and thermopower (≈ 6 times) within the protonated PANI:CSA. Le Bail refinement of the 18 

XRD pattern reveals lattice expansion and reoriented chain conformation in the pseudo-19 

orthorhombic PANI structure due to ZnSb intercalation. The thermopower, enhanced to ≈ 50 μV/K 20 

at room temperature, was tunable due to the suppressed bipolaronic states and associated charge 21 

localization, resulting in an improved power factor of ≈ 10 μW/m·K2 . The synthesized polymeric 22 

films exhibit excellent mechanical durability, retaining ~90% of their electrical conductivity after 23 

2000 bending cycles. A flexible thermoelectric generator (FTEG) fabricated using six 24 

PANI:CSA/70 wt.% ZnSb  films produced an output voltage of ~0.9 mV on a human wrist and 25 

~6.7 mV under a temperature gradient of ~50 K, highlighting prospects of charge localization in 26 

improving the low and smeared Seebeck response in conducting polymers like PANI and their 27 

potential for wearable thermoelectric energy harvesting applications.  28 
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1. Introduction. Amidst rising energy demand globally and depleting natural resources, 1 

thermoelectric (TE) energy harvesting is emerging as a promising green technology that enables 2 

efficient conversion of waste heat energy into electricity. As a sustainable approach to enhance the 3 

efficacy of thermal energy conversion, TE applications are expanding to enable the harnessing of 4 

low-grade heat sources accessible at dynamic surfaces such as human body, and portable devices 5 

operating at the microwatt scale.[1,2] In this context, polymeric TE electronic materials have shown 6 

great prospects for flexible and wearable applications, with ongoing research aimed towards 7 

optimizing their electronic transport properties.[3,4] For decoupling the inversely related Seebeck 8 

coefficient (𝑆𝑆)  and electrical conductivity (𝜎𝜎) , various polymer engineering approaches aims 9 

towards maximizing the power factor (𝑆𝑆2𝜎𝜎).[1,3–5] These approaches typically includes (i) precise 10 

control of oxidation level/doping through electrochemical methods; (ii) use of secondary dopants 11 

(with organic protic acids such as HCl, H2SO4, HClO4, CSA) to improve morphology and increase 12 

polarons/bipolarons;[6,7] and (iii) formation of polymer nanocomposites with fillers such as carbon 13 

nanomaterials or inorganic nanoparticles.[8–12]  14 

Amongst actively explored conducting polymers, PANI and their derivatives are well 15 

recognized for their low cost, tunable energy levels, ease in processability, and near ambient 16 

chemical stability.[13,14] Depending on the synthesis conditions, i.e., chemical, electrochemical, 17 

or plasma methods, PANI can occur in diverse structural forms and varying degree of 18 

crystallinity.[15–18] For TE applications, PANI based nanocomposites having an inherently low 19 

thermal conductivity (𝜅𝜅) has garnered much attention owing to their high and tunable σ (ranging 20 

from 10−13 – 10 S/cm) though simple and often reversible protonic doping.[19–22] The 21 

protonation adds positive charges (holes) i.e. polarons (singly charged, spin 1/2) and at higher 22 

doping levels bipolarons (doubly charged, spin 0), onto the conjugated polymer backbone 23 

coupling local structural distortion and electrostatically balancing the charges, as shown in Figure 24 

1(a). Amongst studied protic acids (i.e., acid that donates protons, or hydrogen ions, to an aqueous 25 
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solution), camphor sulfonic acid (CSA), being bulky and hydrophobic, is often preferred as it 1 

enables better processability and σ tunability.[19,23] Moreover, higher CSA doping has remained 2 

most consistent and effective in degree of protonation per repeat unit,[24–27] typically tuned by 3 

molar ratio as indicated in Figure 1(b). Typically, with increasing polaron/bipolaron concentration, 4 

hole density (n) increases, promoting delocalization driven by an enhanced overlap between π-5 

orbitals and improved interchain connectivity via π–π stacking. However, higher n from increased 6 

doping often results in broadening of transport energy levels, limiting and reducing the S ~ 10 7 

μV/K for protonated PANI. Moreover, inhomogeneous polaron distribution coupled with 8 

energetically broad and smeared energy distributions, results in a smeared thermopower response 9 

for many structural or doping changes, studied in PANI based nanocomposite films hybridized 10 

with inorganic materials such as Te[28], PbTe[29], Bi2Te3[30], Bi0.5Sb1.5Te3[31], Ag[32,33], 11 

Ag2Te[34], CdS[35], Bi2Se3[36], and SnSeS[37].  12 

Developing PANI-based flexible nanocomposite films with improved conductivity and 13 

tunable Seebeck coefficient remains challenging due to their heterogeneous structure, complex 14 

interchain interactions, and charge transport dominated by localization, hopping, and chain 15 

disorder.[38–40] Herein, we investigate the electrical transport behavior in free-standing flexible 16 

films of ZnSb nanofillers intercalated PANI:CSA polymer nanocomposites synthesized by 17 

solution mixing. Self-supporting films were drop-casted using m-cresol as solvent and subsequent 18 

delamination in deionized water.[26] Balancing flexibility in an emeraldine salt state (having 19 

intrinsically high σ), the ordered crystalline coordination complexes (ZnSb clusters and metallic 20 

islands) surrounded by disordered amorphous regions within the heterogeneous nanocomposites 21 

structure, contribute to charge localization.[41] The carrier transport behavior as a function of 22 

temperature suggests moderate doping that fits well with the ES-VRH model, accounting for 23 

Coulomb interactions and a soft gap in the density of states (DOS).[42,43] The ZnSb nanofillers 24 

intercalate between amorphous or semi-ordered domains without significantly disrupting the bulk 25 
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crystalline regions, as indicated by minimal changes in unit cell parameters. However,  ZnSb 1 

intercalation while causing lattice expansion and reoriented chain conformation introduces 2 

localized states that suppress bipolaron formation and favor polaron transport, thereby enhancing 3 

both the thermopower and power factors. 4 

2. Results & Discussion. 5 

2.1 Free-standing Flexible Film, Granular Morphology, and Molecular Configuration. 6 

The synthesis by CSA-doping and ZnSb nanofillers additions in PANI yielded a free-standing 7 

flexible dark green film, even for a significantly higher ZnSb content (~ up to 70%) as shown in 8 

Figure 2. The co-occurrence of protonation (with CSA) and hybridization with ZnSb nanofiller 9 

simultaneously in m-cresol (a polar protic solvent) under stirring and ultrasonication has enabled 10 

better dissolution and regulation of the doping level. For cooperative alignment between PANI 11 

chains and CSA molecules, m-cresol plays a unique role in enhancing chain ordering and planarity, 12 

by strengthening hydrogen bonding with both –S𝑂𝑂3− group of CSA and protonated nitrogen (–13 

𝑁𝑁𝐻𝐻+ ) of the PANI backbone.[19] Moreover, m-cresol enables coil to extended chain 14 

transformation in PANI, thereby promoting planarization, better π–π stacking and interchain 15 

connectivity.[44,45] A scheme of our synthesis of PANI:CSA/ZnSb polymeric nanocomposites is 16 

presented in Figure 2. The synthesized free-standing films show superior flexibility, with the 17 

absence of any cracking on their surfaces for up to 70% ZnSb loading. However, it may be noted 18 

that prolonged exposure to oxidizing surroundings was found to degrade PANI chains. 19 

The morphology and microstructure of the representative PANI  film surfaces, both with and 20 

without ZnSb nanofillers incorporated PANI:CSA, were analyzed by SEM micrographs. In Figure 21 

3(a), the SEM micrograph of PANI:CSA film shows a smooth and dense surface film without any 22 

visible cracks and pores. Upon ZnSb nanofiller addition, the polymeric chain retains granular 23 

morphology with ZnSb interlinked nanoparticle structures as shown in Figure 3(b – f). Also, at 24 

higher ZnSb content (> 60 wt.%), agglomerations of ZnSb nanofillers in the range of ~20-30 μm 25 
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in size with granular features of size in range ~100 – 500 nm, were observed as shown in Figure 1 

3(e – f). This amorphous or poorly ordered microstructure is representative of the disrupted 2 

morphology at high ZnSb loading, which interrupts the conductive polymer network. This 3 

morphological disorder likely contributes to the observed decline in electrical conductivity due to 4 

reduced carrier mobility and impaired percolation pathways. Elemental mapping through energy-5 

dispersive X-ray microanalysis was simultaneously conducted to investigate the distribution of 6 

elements in PANI:CSA and ZnSb-incorporated PANI: CSA films. The relevant elemental maps 7 

for Zinc (Zn), Antimony (Sb), Carbon (C), Nitrogen (N), and Sulfur (S), are presented in Figure 8 

3(g – m). As seen in the elemental mapping images of Nitrogen (–𝑁𝑁𝑁𝑁+–), nitrogen was also 9 

detected in the ZnSb regions, indicating an interaction between the charged amine group and ZnSb. 10 

The polymeric layer thicknesses were also corroborated by the surface profiler and analyzing the 11 

transversal cross-section of each polymer with the SEM technique, as shown in Figure 3(n – o). 12 

The average thickness of the pristine PANI:CSA, and PANI:CSA/70 wt% ZnSb are 128 µm and 13 

25 µm, respectively. Here, a decrease in the thickness of the nanocomposite film was observed 14 

with an increase in ZnSb filler, indicating space-filling and densification of the film. This reduction 15 

may be attributed to the occupation of interstitial voids between PANI chains by ZnSb 16 

nanoparticles, resulting in higher packing density and reduced local porosity, as also seen in 17 

previous studies.[46,47] Furthermore, increasing the ZnSb content while maintaining a fixed 18 

amount of PANI:CSA in m-cresol likely reduces the polymer fraction, contributing to the thinner 19 

films observed in the PANI:CSA/70 wt.% ZnSb sample during drop-casting.  20 

2.2 Structural Parameters, Semi Crystallinity and Orthorhombic Symmetry. The 21 

XRD measurements of the synthesized PANI:CSA shown in Figure 4(a) indicate semi-crystallinity, 22 

as evidenced by fewer and broader diffraction peaks, also shown in a magnified view (2θ ~ 10 – 23 

25°) in Figure 4(b). Although partial crystallinity makes accurate determination of the crystal 24 

structure challenging, XRD patterns reveal a broad amorphous region (2θ ~ 10 – 25°), centering 25 
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around 2θ ~ 20 - 22° for synthesized films, which aligns well with previously reported diffraction 1 

patterns.[48,49] Nevertheless, the observed XRD patterns are generally consistent with a pseudo-2 

orthorhombic lattice symmetry for crystalline domains of PANI:CSA complex, in which 3 

protonated polymer chains and CSA anions pack into a unit cell with approximate lattice 4 

parameters a ≈ 7.0 – 7.1 Å, b ≈ 7.9 – 8.6 Å, c ≈ 10.4 A˚ as reported previously by Pouget et al.[50]  5 

The orthorhombic structure (Space group: Pbca, 61)[51] of ZnSb and the pseudo-orthorhombic 6 

(Space group: Pc2a, 32)[48,49] arrangement of PANI is expected to ensure structural 7 

compatibility within the composite, minimizing interfacial strain and preserving chemical stability. 8 

For conceptual visualization only, molecularly disordered (PANI:CSA) with crystalline (ZnSb) 9 

phases are overlayed/merged randomly to attain simulated powder XRD patterns shown alongside 10 

based on periodic atomic positions,[52] which surprisingly matches well with the measured XRD 11 

patterns. The synthesized unfilled protonated PANI:CSA films display partial order with indexed 12 

pseudo-orthorhombic diffraction peaks shown in Figure 4(c) and listed in Table 1, characteristics 13 

of PANI semicrystalline structure. The evaluated d-spacing for refined structure indicates close 14 

agreement with values and (hkl) indexation for stretched films, made previously for emeraldine 15 

PANI:HCl salt samples.[50]  16 

In the synthesized PANI:CSA, m-cresol treatment may be ascribed to an increased π–π d-17 

spacing, indicating backbone separation and extended conjugation.[45] As indicated in Figure 4(d), 18 

the peak maximum corresponding to the (112) planes, with a d-spacing of approximately 4 Å, 19 

represents the face-to-face interchain stacking distance between phenyl rings along the conjugated 20 

polymer backbones. The low angle shift is indicative of a weaker π–π interaction induced by ZnSb 21 

intercalation which increased d-spacing by ≈ 1.5 times. For ZnSb hybridized PANI:CSA films, the 22 

XRD pattern constitutes a low-angle shift having both broad amorphous regions, and sharp peaks 23 

revealing crystalline domains, as shown in Figure 4(a). An alteration in backbone periodicity peaks 24 

(2θ ≈ 10 – 20°) is clearly observed, which indicates an expanded lamellar stacking or long-range 25 
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periodicity along the polymer chain (i.e. spacing between doped regions or structural repeats). 1 

Moreover, rearrangement of side chains or counterions with ZnSb intercalation may induce 2 

disruption in chain stacking (c-axis), typically related to peak changes at 2θ ~ 20 – 22° for 3 

PANI:CSA complex. Additionally, ZnSb fillers may occupy interstitial spaces within the PANI 4 

matrix, reducing the volume of amorphous regions, wherein ZnSb clusters induce an altered 5 

stacking order, different internal packing, or domain alignment by disrupting the PANI chains. 6 

The cell parameters and crystallite size of the synthesized film were determined using the 7 

Le Bail method, assuming the pseudo-orthorhombic crystal structure (Space group: Pc2a, 32) for 8 

the PANI:CSA Complex.[48,49] The ZnSb nanofillers intercalation in polymer nanocomposites is 9 

evaluated to result in an expanded interlayer spacings, broadening of existing peaks and peak 10 

maxima occurring for new planes i.e. (103) and (211) as indicated in Table 1 and supplementary 11 

figure S4 – S8. The refined lattice parameter for pseudo-orthorhombic PANI:CSA Complex, 12 

suggest a higher lattice parameter for the synthesized unfilled PANI:CSA films, when compared 13 

with stretched films analyzed by Pouget et al.[50] shown in Figure 5(a). Interestingly, despite low 14 

angle shift upon ZnSb intercalation when compared to unfilled PANI:CSA for the synthesized 15 

films, only marginal changes in pseudo-orthorhombic unit cell parameters were evaluated. 16 

Moreover, the average lattice constants (a, b, c) from the crystalline fraction for both pseudo-17 

orthorhombic PANI:CSA complex and orthorhombic ZnSb (Figure 5b) remain mostly unaffected. 18 

This may imply an anisotropic structural change, where ZnSb intercalation may occur only along 19 

the chain stacking (c-axis), causing an anisotropic expansion which averages out due to a marginal 20 

shift in hkl planes. Moreover, as PANI:CSA complex constitutes large amorphous domains with 21 

only smaller proportions of crystalline domains, ZnSb intercalation may only expand or distort the 22 

amorphous regions, with minimal penetration into crystalline zones. Thus, we conclude that d-23 

spacing for different planes increases locally upon ZnSb intercalation, affecting intermolecular 24 
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distances largely, while causing marginal distortion to the crystalline domains of  PANI:CSA and 1 

ZnSb nanofillers, implying structural compatibility. 2 

Although the orthorhombic symmetry match was anticipated to help in attaining an ordered 3 

PANI:CSA complex with periodic hybrid layers, to retain the intrinsic electronic 4 

structure, preventing degradation or distortion of functional sites, thereby maintaining the charge 5 

transport properties essential for TE performance. However, for higher ZnSb content (i.e. >50 %), 6 

Sb, ZnS, and ZnO were also identified as additional phases, which is anticipated to be driven by 7 

low formation energy of Zn vacancies (𝑉𝑉Zn2−). While Zn vacancies typically act as acceptor defects, 8 

leading to hole generation (i.e., p-type conduction), Zn atoms tendency to form coordination 9 

complexes in the presence of strongly acidic sulfonic group (–SO3H) in organosulfur CSA 10 

compounds, may disrupts the π-conjugated system in PANI:CSA complex. The Zn – Sb binary 11 

system encompasses two notable thermoelectric materials: the ordered phase ZnSb and the 12 

disordered phase Zn13Sb10, both having multicenter bonding within Zn2Sb2 rhombic structural 13 

units. The ZnS and ZnO demixing may electrostatically balance PANI:CSA complex, implying 14 

their existence as unreacted clusters when ZnSb nanofillers exceed the percolation threshold or 15 

saturation limit of the PANI:CSA matrix. This can convert polarons/bipolarons into neutral or 16 

localized states depending on Zn vacancies. Additionally, decomposition of ZnSb phase may 17 

interact with charged sites on PANI chains due to co-occurrence of protonation (with CSA) and 18 

ZnSb nanofiller hybridization. The alterations in interchain π–π stacking between polymer 19 

backbones, in the coherence length (along both the chain direction and perpendicular to it) and the 20 

interchain spacing significantly impact the determination of the balance between the localization 21 

of electronic charges on individual chains and their delocalization within the 3D-crystalline 22 

regions.[41]  23 

2.3 Bonding Interactions, Charge Localization, and Raman Spectra. The coherence 24 

length (both along and across the chain direction), and interchain spacing are critical factors 25 
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influencing the balance between electronic charge localization on a single chain and charge 1 

delocalization across three-dimensional crystalline regions. To analyze the chemical interactions 2 

between the PANI backbone chain and ZnSb in PANI composites, Raman microscopy was 3 

performed on PANI:CSA and its ZnSb nanocomposites to analyze shifts in semi-quinoid and 4 

polaron peaks. The pristine PANI spectra (Figure 6) shows distinct peaks corresponding to the 5 

emeraldine salt form, including peaks at 415, 513, 578, 717, 810, 1173, 1268, 1340, 1375, 1496, 6 

1590, and 1622 cm-1. The peaks at 415, 513, 578, 717, and 810 cm-1  are attributed to out-of-plane 7 

ring deformation in PANI salt, out-of-plane C-N-C-H vibrations, phenazine-type cross-linking, C-8 

N-C deformation vibrations, and Benzene ring distortion in emeraldine salt. The peaks at 1173, 9 

1268, 1340, 1375, 1496, 1590, and 1622 correspond to C-H bending vibrations of quinonoid (QN) 10 

units, C-N stretching in semi-QN structures, 𝐶𝐶 − 𝑁𝑁+∙ stretching modes of the benzenoid (BZ) and 11 

QN cation radicals within delocalized polaronic structures which accounts for conducting-ES form, 12 

𝐶𝐶 − 𝑁𝑁+∙ stretching vibrational modes in strongly localized polarons, N-H stretching vibrational 13 

modes of QN and BZ rings, C-C stretching modes of the QN and BZ rings (delocalized polaron 14 

vibration), and phenazine-like crosslinking (C=C stretching vibrational modes of QN and BZ 15 

rings).[25,53,54]  16 

As ZnSb content increases, the peak at 1622 cm-1 decreases in intensity and undergoes a 17 

blue shift, indicating reduced quinoid units leading to lowered σ. The peaks at 1590 and 1496 cm⁻¹ 18 

also shift upwards, suggesting increased oxidation, increased localization of polarons, and changes 19 

in changes in protonation level. The peak at 1375 cm-1 (negligible for pristine PANI-CSA) 20 

increases in intensity and shifts to 1378 cm-1 (for 70 wt% ZnSb/PANI), indicating the presence of 21 

highly localized polaron states trapping the polarons, which is anticipated to reduce both holes 22 

concentration and their mobility.[53,54] Additionally, the peak at 1340 cm-1 shifts slightly 23 

downwards, verifying the presence of delocalization on semi-quinoid units, while the peak at 1268 24 

cm-1 shifts down slightly, indicating reduced C-N bonding. Other shifts in peaks (810, 415, 717, 25 
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578, and 513 cm⁻¹) further confirm the chemical interaction between ZnSb and PANI:CSA. To 1 

analyze the Raman spectra qualitatively, the intensity ratio of specific Raman peaks for PANI:CSA 2 

with its 70wt.% ZnSb hybridized counterpart, was evaluated and shown in Table S1 3 

(Supplementary information). The intensity ratio I1 (i.e. I1(1340)/I1(1590) = 1.28) & I3 (i.e. 4 

I3(1337)/I3(1600) = 1.05) corresponds to polaronic delocalization or the doping level, which 5 

decreases as ZnSb is introduced, suggesting reduced σ. While the intensity I2 (i.e. I2(1375)/I2(1590) 6 

= 0 (as no peak was observed) for PANI:CSA) & I4 (i.e. I4(1378)/I4(1600) = 0.94) ratios correspond 7 

to charge localization. While optimal protonation level in all the synthesized films sustains 8 

polaron-bipolarons equilibrium for work function tuning, the positive charge delocalization in the 9 

polymer chain imparts enhanced stability of polarons near the anion site.[16]  10 

The X-ray photoelectron spectroscopy (XPS) was conducted to examine the chemical 11 

states in the PANI:CSA/70 wt% ZnSb nanocomposite flexible film, as shown in Figure 7. The 12 

XPS-wide scan, as shown in Figure 7(a), reveals signature peaks corroborating the presence of C, 13 

N, S, Zn, Sb, and O in PANI:CSA/ZnSb polymeric nanocomposites. In Figure 7(b), the sharp C 14 

1s peak is shown at ~285 eV, representing different carbon environments in PANI and CSA, while 15 

the N 1s spectrum corresponds to different nitrogen states in PANI (e.g., neutral, polaron, 16 

bipolarons), as shown in Figure 7(c). The superimposed peaks at ~399.3 eV, ~399.95 eV, ~400.85 17 

eV, and ~402.3 eV correspond to imine (=N-), amine (-NH-), polarons, and bipolarons (both being 18 

protonated nitrogen (N+)), respectively. Similar peaks were also shown by Dezhuang et al.[55], 19 

for pure PANI and PANI/SWCNT. The S 2p spectrum confirms the presence of CSA dopants, 20 

showing two peaks at 168 and 169 eV, attributed to the sulfonic group from camphor sulfonic acid, 21 

with a binding energy range of ~167–171 eV. The high-resolution Zn 2p doublet, with two peaks 22 

at ~1023.3 and ~1046.5 eV for Zn 2p3/2 and Zn 2p1/2, indicates Zn2+ oxidation state. Similarly, the 23 

Sb 3d spectrum exhibits peaks at ~532.1 and ~540.8 eV for Sb 3d5/2 and Sb 3d3/2, which overlap 24 

with O 1s peaks, showing high intensity and correspond to its presence in PANI:CSA. For 25 
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comparison, the wide scan survey spectra for PANI:CSA is shown in Figure S12.[56–58] To 1 

further elucidate the chemical structure modulated by ZnSb incorporation, high-resolution N 1s 2 

XPS spectra was deconvoluted for PANI:CSA and PANI:CSA/70 wt.% ZnSb nanocomposite 3 

films, respectively. The N 1s spectra, as shown in Figure 8(a) & (b), reveal four distinct nitrogen 4 

components corresponding to imine (=N–), amine (–NH–), polaronic, and bipolaronic nitrogen 5 

species, as also observed previously for deconvoluted N 1s spectra.[55] 6 

In pristine PANI:CSA, peaks are observed at ~399.3 eV (=N–), ~399.5 eV (–NH–), 7 

~400.85 eV (polaron), and ~402.9 eV (bipolaron), with corresponding concentration contributions 8 

of 21.05%, 30.76%, 27.83%, and 20.36%, respectively. In contrast, the PANI:CSA/70 wt.% ZnSb 9 

nanocomposite exhibits the same chemical assignments with slight shifts: ~399.3 eV (=N–), 10 

~399.95 eV (–NH–), ~400.85 eV (polaron), and ~402.3 eV (bipolaron). However, the spectral 11 

concentrations are significantly redistributed to 40.78%, 23.95%, 31.97%, and 3.30%, respectively. 12 

These deconvoluted peaks reflect a significant decrease in bipolaron content (down to 3.30% from 13 

20.36%) and a marked increase in imine nitrogen (~94% relative rise), suggesting a reduction in 14 

the overall oxidation state of the PANI matrix upon ZnSb loading. The suppression of bipolaron 15 

states, along with a ~0.6 eV downshift in the bipolaron peak, indicates either their trapping or 16 

conversion to polarons. This behavior suggests partial charge localization at the ZnSb–PANI 17 

interface, likely induced by interfacial energy barriers or trap states introduced by the ZnSb phase. 18 

The moderate increase in polaronic content (N⁺ from 27.83% to 31.97%) indicates stabilization of 19 

single-charge carriers, while the reduced –NH– peak intensity points to partial deprotonation or 20 

chemical restructuring of amine sites under interfacial strain or charge transfer. The overall 21 

decrease in the proportion of charged nitrogen species (polaron + bipolaron) relative to total 22 

nitrogen supports the observed moderate decline in electrical conductivity. These changes are 23 

shown in supplementary Table S2 & S3. 24 
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The UV–Vis absorbance spectra of pristine PANI:CSA and the PANI:CSA/70 wt.% ZnSb 1 

composite films are shown in Figure 9. The overall absorbance intensity is higher in PANI:CSA 2 

across the full spectral range, suggesting a more extended π-conjugated system, whereas the lower 3 

absorbance in the composite indicates partial disruption of conjugation upon ZnSb incorporation. 4 

In the deep UV region (200–280 nm), PANI:CSA exhibits a sharp absorption band at ~212 nm, 5 

which redshifts to ~215.5 nm in the composite. This feature may arise from aromatic ring-related 6 

transitions or residual solvent interactions i.e., m-cresol.[12] A secondary transition around 253 7 

nm in PANI:CSA, also observed in the composite at ~251.5 nm, is attributed to π–π* transitions 8 

within the benzenoid segments of the polymer backbone. The slight redshift and suppression of 9 

these bands in the ZnSb-loaded film suggest local electronic perturbations and possible changes in 10 

π-stacking or chain conformation.[12,59,60] In the visible region (300–400 nm), both samples 11 

show a polaron–π* transition, a key signature of charge delocalization in doped PANI. This band 12 

appears at ~391 nm for PANI:CSA and shifts to ~397 nm in the composite, accompanied by a 13 

noticeable reduction in intensity. These changes may indicate partial localization of polarons and 14 

disruption of extended charge transport pathways, consistent with a transition from delocalized to 15 

more localized carrier states. In the near-infrared region (800–900 nm), a broad absorption feature 16 

at ~859 nm is evident in PANI:CSA, corresponding to π–polaron transitions associated with 17 

bipolaron formation in the highly doped state.[12,59,60]  18 

 In the PANI:CSA/70 wt.% ZnSb composite, this band intensity is suppressed and 19 

redshifted to ~881 nm, suggesting a reduction in bipolaron delocalization and the emergence of a 20 

more localized electronic structure. Similar peaks and trends of solvent traces, π–π* transitions, 21 

polaron–π* transition,  and π–polaron transitions were seen is several studies.[12,59,60] This 22 

spectroscopic evidence aligns with XPS N 1s analysis, which also suggests a notable reduction in 23 

bipolaron content in the composite film. Collectively, UV–Vis–NIR and XPS results confirm that 24 

ZnSb incorporation significantly modulates the redox and electronic structure of PANI, shifting 25 
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the equilibrium toward neutral and polaronic states while suppressing bipolaron formation and 1 

extended charge delocalization. Such evolution toward a more localized electronic structure is 2 

indicative of charge carrier confinement, a mechanism that likely contributes to the observed 3 

enhancement in Seebeck coefficient and overall thermoelectric performance while partially 4 

deteriorating the electrical conductivity. 5 

2.4. Charge Localization Induced Tunable Thermopower and Enhanced Power 6 

Factor.  In PANI:CSA/ZnSb nanocomposite films, CSA, being a bulky and flexible anion, helps 7 

uncoil the PANI backbone, enhancing planarity and π-orbital overlap between adjacent chains, 8 

particularly when processed with m-cresol.[19] At high enough doping (∼50% protonation), the 9 

synthesized PANI:CSA as shown in Figure 10(a), with σ ~102 S/cm behaves like a degenerate 10 

semiconductor or a dirty metal (i.e. σ(T) decreases with increasing temperature), suggesting 11 

presence of quasi-metallic conduction pathways having improved interchain delocalization.[19–12 

21] Moreover, σ(T) decreases with increasing ZnSb content, suggesting interface scattering and 13 

possible disruption in the ordered regions of PANI:CSA, causing localization of charge carriers as 14 

confirmed by Raman  and XPS analysis. The pristine PANI:CSA exhibits an electrical 15 

conductivity of ~148 S/cm at 323 K, which drops to 40 S/cm in PANI:CSA/70 wt% ZnSb 16 

nanocomposite films. To account for Coulomb interactions between localized charge carriers 17 

during hopping or variable-range hopping transport, the Efros–Shklovskii variable range hopping 18 

(ES-VRH) model is employed, which accounts for the formation of a soft gap in the density of 19 

states near the Fermi level.[42,61,62] The temperature-dependent carrier transport analyzed using 20 

the ES-VRH mode fits well with the temperature-dependent σ(T) as indicated in Figure 10(b).  21 

Notably, the temperature dependence T-1/2 exponent distinguishes ES-VRH from Mott VR 22 

and accounts for long-range Coulomb interactions between localized charge carriers, which form 23 

a soft gap in the DOS close to the Fermi level. As intercalation of ZnSb into PANI:CSA complex 24 

results in an expanded interlayer spacing, with inherent structural disorder, localization effects that 25 
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may impede charge carrier mobility. The evaluated activation energy (Ea), as shown in Figure 1 

10(c), exhibits a slight and non-monotonic increase with increasing ZnSb content. The increased 2 

charge carrier scattering from ZnSb centers and charge localization observed with higher ZnSb 3 

content results in a decreased carrier concentration (n) and carrier mobility (μ), as verified by Hall 4 

measurements near room temperature shown in Figure 10(d). In conjugated polymer systems, both 5 

energetic and spatial disorder can serve as charge-trapping centers, ultimately reducing carrier 6 

mobility. 7 

The temperature-dependent variation of the Seebeck coefficient, S(T), for the synthesized 8 

PANI:CSA/ZnSb nanocomposite films is presented in Figure 10(e), displays a positive value of 9 

Seebeck coefficient confirming p-type behavior, characteristics of protonated PANI-based 10 

nanocomposites, rich in polarons and bipolarons, both of which are hole-like carriers. The S(T) for 11 

π conjugated polymers as validated by Watanabe et al.[62] based on Mott formula, is expressed 12 

as[61,62] 13 

𝑆𝑆 ∝  𝑚𝑚∗𝑇𝑇 �
1
𝑛𝑛
�
2
3�

 
(1) 

 where 𝑚𝑚∗, T, and n correspond to charge carrier effective mass, temperature, and charge carrier 14 

concentration. This equation suggests that the Seebeck coefficient rises with increasing 15 

temperature or decreasing n, as observed in the synthesized polymer nanocomposites. The S(T) 16 

for all the PANI films showing inverse relation with σ(T) increases with temperature as shown in 17 

Figure 8(f), which is attributed to reduced carrier concentration and increased phonon scattering 18 

mechanisms at elevated temperatures.  19 

With increasing contents of ZnSb nanofillers in the PANI matrix, the Seebeck coefficient 20 

is substantially increased. At 323 K, the smeared Seebeck coefficient of PANI:CSA film is 21 

typically observed to be  ≤ 10 µV/K, due to their inhomogeneous polaron distribution caused local 22 

variation in carrier energy level. Thus, energetically broad and smeared DOS, often led to low and 23 
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insensitive S for moderate structural or doping changes.[7] For 70 wt% ZnSb/PANI nanocomposite 1 

film, the S was increased to ≈ 50 µV/K (~ 6 times) at 323 K and up to ~ 60 µV/K at 373 K. The 2 

higher value of the S corresponds to lowering n as shown by Hall measurement, reduction in 3 

bipolarons level that may lead to charge localization as suggested by Raman, XPS, and UV-vis 4 

NIR analysis.[41,56–58] By introducing localized states or affecting the band structure, ZnSb may 5 

induce an asymmetric DOS near the Fermi level,[64] also implied by altered and distorted structure 6 

hybridized PANI:CSA/ZnSb nanocomposite films and XPS spectra. Such asymmetry favors 7 

higher S, as it depends on the difference in the average energy of electrons above and below the 8 

Fermi level. Thus, existence of both partially delocalized and localized states, introduced via ZnSb 9 

intercalation, leads to a combined effect of reduced σ and an increased S, wherein the partial 10 

delocalization probably comes from existing singly charged polarons levels as seen from XPS 11 

study, and the partial localization states probably arise from suppressed bipolarons level 12 

significantly.  13 

Figure 11(a) shows a plot of electrical conductivity versus Seebeck coefficient for reported 14 

PANI-based nanocomposites with our reported 𝜎𝜎 vs. 𝑆𝑆 values, showing inverse correlation and a 15 

largely low values of S attained for polymer nanocomposites. Figure 11(b) demonstrates an inverse 16 

and varying relationship between S(T) and σ(T) with varying ZnSb content and temperature (373 17 

– 293 K) from right to left, suggestive of weak localization and non-degenerate transport 18 

regime.[61,62] As a semi-conductive filler, the distribution, morphology, and interfacial 19 

phenomena of intercalated ZnSb nanoparticles within polymeric PANI:CSA matrix promote 20 

charge localization, while for high protonation level i.e. polarons and bipolarons in PANI:CSA 21 

complex promotes delocalization.[41] Figure 11(c) shows the PF of the PANI:CSA and 22 

PANI:CSA/ZnSb nanocomposite films. The value of the power factor can be calculated from a 23 

simple expression (PF = S2𝜎𝜎). A higher PF ~ 10 µW/m.K2 at 333 K is calculated for 70 wt% 24 

ZnSb/PANI nanocomposite film, 10 times larger than the pristine PANI:CSA film (PF ~ 1 25 
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µW/m.K2), thus highlighting the prospect of structurally compatible semiconducting fillers for 1 

improving and tuning the S effectively. To assess the impact of oxidative and humid exposure, 2 

electrical measurements after ~2 months showed slight reductions in conductivity and Seebeck 3 

coefficient, likely due to PANI chain degradation (Figure S13, Supplementary Section S6). 4 

Further enhancement of the power factor may be achieved by increasing charge carrier 5 

mobility through the incorporation of surface-functionalized carbon nanotubes (CNTs) or 6 

graphene or structural reordering via post-synthesis treatments that enhance backbone planarity 7 

and conjugation length, thereby promoting long-range charge transport. Figure 11(d) compares 8 

various studies, highlighting that while most have focused on Tellurium (Te)-based fillers, herein 9 

we employ a widely recognized, non-toxic, Te-free material ZnSb nanofillers blending in 10 

PANI:CSA to achieve power factor optimization. Additionally, co-doping and hybridization with 11 

metal oxides (e.g., TiO2, Fe2O3, CuO), 2D materials (such as MoS2, WS2, and MXenes), represent 12 

a promising direction for future development of PANI based nanocomposite films for 13 

thermoelectric applications.  14 

2.5. Fabrication of Flexible Thermoelectric Generator (FTEG). To assess the practical 15 

applicability of the optimized PANI:CSA/70 wt.% ZnSb nanocomposite, a flexible device 16 

constituting patterned composite legs (~ 15 × 5 mm² each) on a Kapton (polyimide) substrate. As 17 

shown in Figure 12(a), the legs were connected in series with silver contacts, and copper wires 18 

were attached using silver paste to ensure good ohmic contact. The device was tested under two 19 

conditions: (i) body heat harvesting, where it was attached to a human forearm using Kapton tape, 20 

generating an output voltage (VOC) ~ 0.9 mV from a ~10 K skin-to-air temperature gradient (∆T) 21 

(Figure 12b); and (ii) hot plate heating, where it produced up to ~6.7 mV at a ~50 K gradient 22 

(Figure 12c), consistent with the reported values.[26,28,55,56] The device retained its flexibility 23 

and stable performance during attachment to curved surfaces, demonstrating its robustness and 24 

feasibility for wearable electronics demanding body-conformable adaptability.   25 
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3. Conclusion. We report flexible, free-standing PANI:CSA and PANI:CSA/ZnSb 1 

nanocomposite films via solution drop-casting, with intercalation of ZnSb nanofillers attained in m-2 

cresol medium. Lattice expansion and reoriented chain conformation with a marginal variation in 3 

unit cell parameters, was evaluated for pseudo-orthorhombic PANI:CSA complex upon 4 

orthorhombic ZnSb nanofillers intercalation, which disrupts original ordering and led to emergence 5 

of new crystalline domains. Raman spectra confirm conformational changes and charge localization 6 

in the polymer matrix, while XPS and UV-Vis-NIR analyses indicate a transition from bipolaronic 7 

to polaronic states, accompanied by changes in oxidation state and doping levels, consistent with 8 

Hall measurement results. These findings suggest that incorporating semiconducting fillers like 9 

ZnSb into conducting polymers modulates charge transport by suppressing bipolaron formation and 10 

increasing carrier scattering and localization, leading to an improved Seebeck coefficient (≈ 50 11 

µV/K) and power factor (≈ 10 µW/m·K2) at room temperature for higher ZnSb content. A flexible 12 

thermoelectric generator (FTEG) fabricated with six PANI:CSA/70 wt.% ZnSb nanocomposite films 13 

generated ~0.9 mV on a human wrist, and ~6.7 mV under a 50 K temperature gradient, showcasing 14 

its possible practical potential. Thus, semiconducting nanofillers induced charge localization 15 

presents a promising strategy for tuning the Seebeck coefficient and enhancing the power factor, 16 

thereby enabling the development of flexible TE films suited for wearable electronics and body heat 17 

recovery, especially where mechanical flexibility and environmental compatibility are essential  18 

Associated Content.  19 

Supporting Information. Details of experimental procedures for ZnSb synthesis, 20 

PANI:CSA/ZnSb hybrid film fabrication, and characterization methods. Additional data include 21 

structural parameters, crystallographic analysis, SEM images, key Raman intensity ratios with 22 

interpretations, bending test results, XPS survey spectra, and aging stability assessments. 23 
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TABLES 1 

Table 1. (hkl) indexation based on pseudo-orthorhombic lattice symmetry (Space group: Pc2a, 32) 2 
of PANI:CSA complex in emeraldine salt proposed by Pouget et al.[50] and evaluated d Spacing 3 
of synthesized PANI:CSA/ZnSb nanocomposite films. 4 

(hkl) Pouget 
et al.[50]  

This Work 

PANI:CSA PANI : CSA/ZnSb Nanocomposite Films 
30% 40% 50% 60% 70% 

(010) 7.88 7.85 - - - - - 
(101) 5.87 5.95 8.79 8.80 8.74 8.84 8.83 
(002) - 5.40 7.51 7.51 7.48 7.41 7.42 
(111) - 4.93 6.54 6.53 6.51 6.56 6.54 
(012) 4.38 4.61 5.92 5.92 5.91 5.86 5.86 
(102) 4.18 4.43 5.68 5.68 5.66 5.67 5.67 
(020) - 4.27 5.21 5.20 5.19 5.19 5.17 
(112) - 3.97 4.86 4.86 4.85 4.85 4.85 
(200) 3.57 3.76 4.61 4.60 4.59 4.68 4.67 
 (201) - 3.57 4.32 4.31 4.30 4.37 4.37 
(121) - 3.56 4.17 4.16 4.16 4.16 4.15 
(210) 3.24 3.45 4.13 4.12 4.11 4.17 4.16 
(022) - 3.44 3.98 3.98 3.98 3.96 3.94 

 5 

 6 

  7 
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FIGURES 1 

 2 

Figure 1. (a) Generic structure of emeraldine base form of polyaniline, which transforms to 3 
emeraldine salt form, constituting polarons and bipolarons. (b) Dependence of electrical 4 
conductivity vs. protic acid concentration.[24–27]  5 

 6 
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1 
Figure 2. Schematic representing fabrication process of flexible PANI:CSA/ZnSb nanocomposite 2 
free-standing film. 3 
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 1 

Figure 3. (a – f) SEM micrographs illustrating the granular morphology of ZnSb clusters with 2 
increasing ZnSb content. (g – m) EDX elemental mapping of the marked region highlights the 3 
distinct distribution of ZnSb clusters within the polymeric PANI matrix. (n – o) SEM image of 4 
cross-section of PANI:CSA & PANI:CSA/70 wt.% ZnSb nanocomposite film, respectively. 5 
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 1 

Figure 4. (a) X-Ray diffraction patterns of pristine PANI:CSA, and PANI:CSA/ZnSb (30 – 70 2 
wt.%) nanocomposite films, (b) Characteristic reflection corresponding to PANI:CSA complex 3 
shown in a magnified range, (c) Le Bail refined structure implying pseudo-orthorhombic symmetry 4 
(Pc2a, 32), with corresponding (d) d-spacing for unfilled PANI:CSA complex.  5 
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 1 

Figure 5. Refined lattice parameter for pseudo-orthorhombic (a) PANI:CSA Complex with empty 2 
symbols corresponding to values evaluated by Pouget et al.[50] (b) Orthorhombic ZnSb phase in 3 
PANI:CSA/ZnSb nanocomposite vs. ZnSb content. 4 

 5 

 6 
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 1 

 2 

Figure 6. Raman spectra of the PANI:CSA, and PANI:CSA/ZnSb (30 –  70 wt. %) nanocomposite 3 
films. 4 

  5 

 6 
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 1 

Figure 7. (a) XPS survey spectra; (b) –(f) high resolution peaks of C 1s, N 1s, S 2p, Sb 3d, and Zn 2 
2p, respectively, of the :PANI:CSA/70 wt.% ZnSb  nanocomposite film. 3 

4 
Figure 8. Deconvoluted N 1s XPS spectral peaks for (a) PANI:CSA, & (b) PANI:CSA/70 wt.% 5 
ZnSb nanocomposite film 6 
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1 
Figure 9. UV–Vis–NIR absorption spectra analysis of PANI:CSA and PANI:CSA/70 wt.% ZnSb 2 
composite films. 3 
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 1 

Figure 10. Temperature dependence of (a) electrical conductivity, (b) ES-VRH model fitting with 2 
a temperature exponent of 1/2 demonstrating linear behavior, (c) activation energy derived for 3 
variable-range hopping conduction, (d) carrier concentration and mobility as a function of ZnSb 4 
content from room-temperature Hall measurements, (e) Seebeck coefficient variation with 5 
temperature, and (f) the inverse relationship between the Seebeck coefficient and electrical 6 
conductivity for PANI:CSA and ZnSb-incorporated PANI:CSA nanocomposite flexible films at 7 
varying ZnSb Weight percentages. 8 

 9 
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Figure 11. (a) Electrical conductivity as a function of the Seebeck coefficient for reported PANI-1 
based nanocomposites[28–35]; (b) Jonker plot illustrating the relationship between Seebeck 2 
coefficient and electrical conductivity; (c) Temperature-dependent power factor of PANI-based 3 
materials; and (d) Comparison of reported power factor values for PANI-based 4 
nanocomposites[28–34]. 5 

 6 
 7 
 8 
 9 
 10 
 11 
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 16 
 17 
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 20 
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 1 

 2 
Figure 12. Flexible thermoelectric device based on PANI:CSA/70 wt.% ZnSb: (a) Device 3 
schematic on Kapton substrate with alternating PANI:CSA/70 wt.% ZnSb nanocomposite flexible 4 
films; (b) On-body demonstration under body heat; (c) Output under hot plate-induced ΔT; (d) 5 
Output voltage (Vo) vs. ΔT confirming thermoelectric response. 6 
  7 
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