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increases. The obtained values of the Seebeck coefficient have higher values at temperature 300 K. These results 

are better than previously obtained 2D Janus HfBrCl (672.69 μV/K), HfBrI (675.06 μV/K) and HfClI monolayer 

(668.00 μV/K) at mid temperature range.[9]  

Using the constant relaxation time approximation (CRPA) method, electric conductivity has a maximum value is 

2.505 (10-5 /ohm-m) at a temperature of 300 K (Fig. 2(B)). The electronic thermal conductivity (ke) is obtained to 

be ~5.3 (W/mK) at a temperature of 700 K (Fig. 2(C)). The power factor defines the efficiency of thermoelectric 

material, which can be obtained using the Seebeck coefficient and electrical conductivity. The calculated values 

of the power factor of Penta-Si3P2S monolayer are ~0.00093 W/mK2,0.00148 W/mK2, and 0.00184 W/mK2 for p-

type at 300 K, 500 K, and 700 K, respectively, while for n-type, 0.0005 W/mK2,0.001 W/mk2,0.0015 W/mK2 at 

temperatures 300 K, 500 K and 700 K, respectively. These results suggest that the Penta-Si3P2S monolayer can 

be a good candidate for thermoelectric application. 

 

FIGURE 2: (A) Seebeck coefficients, (B) Electrical conductivity (C) Electronic thermal conductivity and  (D) 

Power factor concerning the chemical potential of the Penta-Si3P2S monolayer, respectively. 

CONCLUSIONS 

In summary, utilizing the density functional and Boltzmann transport theory, we investigated the mechanical and 

electronic transport properties of the Penta-Si3P2S monolayer. The monolayer is an indirect band gap 

semiconductor. Young’s and shear modulus value is 106.2 N/m and 47.5 N/m.The calculated values of the 

Seebeck coefficient and electrical conductivity are 2552.42 μV/K and 2.5052x10-5/ohm-m, respectively, at 700 

K. The Si3P2S monolayer shows excellent mechanical and thermoelectric performance that can be used for further 

exploration of energy conversion applications.  
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Abstract. In this paper, we present the effect of residual oxygen on the growth of monolayer MoS2 in a two-zone 

atmospheric CVD system. We demonstrate that inadequate atmospheric oxygen removal from the furnace tube, results 

in either etched MoS2 flakes or irregular flakes on the substrate, whereas effective removal of atmospheric oxygen 

from the tube by purging with high flow of Ar gas, yields monolayer MoS2 triangular flakes. The as-grown samples 

were studied with fluorescence optical microscope and Raman spectroscopy. 

INTRODUCTION 

The various applications of monolayer MoS2 in the fields of photonics, nano-electronics, opto-electronics etc., 

have been demonstrated due to its excellent electronic and optical properties. This has led to the research towards 

growing better quality of monolayer MoS2 [1,2]. Among the numerous techniques for depositing monolayers of 

MoS2, Atmospheric Pressure Chemical Vapor Deposition (APCVD) is the most economical approach for scaling 

to industrial level production. Additionally, APCVD eliminates the need for a vacuum apparatus, making the 

growth simpler [3]. But, the problem in an APCVD system is that the residual atmospheric oxygen (RAO) 

adversely affects the growth of these MoS2 films. Though, the problem of RAO is known, but to the best of our 

knowledge, a systematic study for the effect of RAO on the growth of monolayer MoS2 and its solution in APCVD 

has not yet been done. In this paper, we have investigated the effect of RAO inside the furnace tube on the growth 

of the monolayer MoS2 in a two-zone APCVD system, before and after the CVD reaction. An effective way to 

overcome this problem has also been presented. When RAO is present in the system, we obtain either the irregular 

grown flakes of intermediate Moly Oxysulphide phase or oxygen etched flakes of MoS2, but when oxygen is 

purged out of the system with Ar gas, we obtain the flakes of monolayer MoS2 with size up to 70 µm. The quality 

of MoS2 flakes was observed by Raman spectroscopy and optical florescence microscopy. 

EXPERIMENTAL METHOD 

The fig.1 shows the schematic diagram of APCVD system used for the growth of MoS2 films. It is a two-zone 

furnace system. Sulfur is evaporated in zone-1 at 180°C and carried by Ar gas to zone-2, where it reacts with the 

vapor of MoO3 at 830°C. The reaction is carried out for 3 min. The MoS2 layers get deposited on SiO2/Si substrate, 

kept 5 cm away from MoO3 precursor. The temperature profile for the two zones is given in fig. 2.  

 

 

 

 

 
FIGURE 1. Schematic diagram of the CVD system   FIGURE 2. Temperature profile for the S and MoO3 
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To see the effect of RAO, three sets of experiments were done. In set #1, the chamber was not purged and 

RAO was present in the system and the sample was extracted at growth temperature. In set #2, the tube was purged 

with 1000 sccm flow to carry the sulphur to reaction zone as well as to purge out the byproducts and the excess 

precursors in order to avoid excess deposition. The sample was extracted at growth temperature. In set #3, the 

procedure was same as of set #2 but the furnace was allowed to cool down naturally in a flow of 1000 sccm of Ar 

gas, till the sample was extracted at room temperature. It helped in isolating the environment around the substrate 

from the RAO at high temperature.  

 

RESULT AND DISCUSSION 

 

 

Fig. 3 shows the result of set #1. No flakes having the characteristic triangular shape of MoS2 were formed, 

suggesting the absence of MoS2 phase and possibility of the formation of intermediate Moly Oxysulfide phase 

only [3]. Fig. 4 presents the oxygen etched flakes of MoS2 that are formed in the set #2. An enlarged view of 

etched flake is shown in the inset of fig. 4. The flakes, though show an outline of triangular shapes suggesting 

initial formation of MoS2, but only reminiscent of the material in the form of dots can be seen finally due to the 

oxygen etching.  

 

 
 

 

 

 

 

 

 

 

 

20 μm 
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Fig. 5a, b shows the optical images of the sample set #3. The triangular flakes of the sizes up to 70 µm were 

grown over a large area. Fluorescence Microscopy and Raman spectroscopy were used to confirm the formation 

of monolayer MoS2. Fig.6 presents the fluorescence image of MoS2 monolayer flakes, which shows that the 

fluorescence is emitted from the entire flakes. This suggests the formation of MoS2 monolayer [4]. Similar 

measurements on set #1 and #2 did not show any fluorescence from the deposited structures, which implied the 

absence of monolayer MoS2. Raman spectrum in Fig.7 shows the two peaks corresponding to in-plane 

E2g
1vibration mode at ~386 cm-1 and out-of-plane A1g vibration mode at ~404 cm-1 of MoS2. The difference 

between these peaks is equal to ~18 cm-1
, which is consistent with the peak difference of monolayer MoS2 as 

reported in literature [4]. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Comparing the samples of set #2 and #3, the role of atmospheric oxygen is evident. Extraction of the deposited 

layers at high temperature, results in the etching of MoS2 flakes by the oxygen and its evaporation, whereas 

extraction at room temperature doesn’t etch the flakes due to low temperature of the sample. The triangular flakes, 

which is a preliminary confirmation of MoS2 formation, is present in set #2 and #3 but not set #1, implying the 

detrimental role of RAO during CVD reaction also. The presence of oxygen doesn’t let the MoS2 phase to form 

and instead intermediate Moly Oxysulphide phases were formed. Thus, it is necessary to ensure the absence of 

atmospheric oxygen during the formation of MoS2 by APCVD and one of the ways has been demonstrated here.  

CONCLUSION 

In this paper, it is shown that APCVD is an efficient way to approach for the low-cost production of monolayer 

MoS2. It was found that RAO is detrimental to the formation monolayer MoS2 and should be avoided in the CVD 

chamber during entire growth. An effective method to isolate the CVD chamber form RAO has been suggested; 

it led to the formation of large size (~70 µm) monolayer MoS2 as confirmed by fluorescence optical microscopy 

and Raman spectroscopy.  
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Abstract. This investigation examines the potential of MoS2 nanoribbon and nanoflake as gas sensors for detecting volatile 

organic compounds (VOCs) associated with lung cancer, such as 2,5-Dimethylfuran (C6H8O), using Density functional theory 

calculations (DFT). Upon adsorption of VOCs, a significant decrease in band gap or HUMO-LUMO is observed, indicating 

enhanced conductivity suitable for gas sensing applications. The MoS2 nanoribbon and nanoflake displays particularly strong 

adsorption energy and a promising sensor response, emphasizing its potential in developing sensitive and selective gas sensors 

for early lung cancer detection. 

INTRODUCTION 

The exploration of breath analysis as a non-invasive means of detecting lung cancer is currently underway by 

scientists. Lung cancer is a major global health threat associated with smoking and chemical exposure, with a 

grim prognosis of 86% of patients succumbing within five years of diagnosis [1]. Early detection is crucial, and 

breath analysis focuses on identifying VOCs presents in exhaled breath, which include 2,5-Dimethylfuran, which 

are unique to lung cancer patients [2]. These VOC profiles act as "breathprints," offering a promising screening 

tool due to the simple and speed of breath collection [3]. In this paper, molybdenum disulfide (MoS2) nanoribbons 

and nanoflakes are being investigated as sensors to effectively detect these cancer-related molecules. 

COMPUTATIONAL DETAILS 

All calculations based on DFT were carried out using the SIESTA-software package [4]. The exchange-correlation 

interactions among electrons modeled using the Perdew-Burke-Ernzerhof (PBE) [5] functional of generalized 

gradient approximation (GGA). We have used relativistic pseudopotentials. A double zeta polarization (DZP) 

basis set was used for calculations with a confinement energy of 20 meV. A mesh cutoff energy (300 Ry) was 

employed for calculations. A Monkhorst pack [6] of (1x10x1) and (1x1x1) was used for the one-dimensional (1D) 

nanoribbon [7] and zero-dimensional (0D) nanoflake of MoS2 respectively. 

RESULTS AND DISCUSSION 

Structural Properties: Firstly, we optimized the MoS2 nanoribbon (with 84 atoms) and MoS2 triangular 

nanoflake (with 70 atoms). Thereafter, 2,5-Dimethylfuran was kept on both the structures and optimized to ensure 

the stability and accuracy of our simulations (fig.1). The optimized distances were found to be 3.25 Å and 2.82 Å 

respectively. The adsorption energies of -0.160 eV and -0.133eV were observed for nanoribbon and triangular 

nanoflake respectively. These negative values suggest stronger interactions between the adsorbate and substrates, 

leading to more stable adsorption configurations 
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FIGURE 32: (a) Top & (b) Side view of MoS2NR@C6H8O, (c) Top & (d) side view of MoS2TR@C6H8O. 

Electronic Properties: To evaluate the sensing capabilities, we analyzed the electronic properties associated with 

the adsorption of 2,5-Dimethylfuran on MoS2 nanoribbon and nanoflake. Specifically, we calculated the 

adsorption energies, which provide insights into the stability of adsorbate on the substrates. 

 

𝐸𝑎𝑑𝑠 = 𝐸𝑠𝑢𝑏𝑠 𝑎𝑑𝑠⁄
𝑡𝑜𝑡 − 𝐸𝑠𝑢𝑏𝑠

𝑡𝑜𝑡 − 𝐸𝑎𝑑𝑠
𝑡𝑜𝑡  

 

Where 𝐸𝑠𝑢𝑏𝑠 𝑎𝑑𝑠⁄
𝑡𝑜𝑡  and   𝐸𝑠𝑢𝑏𝑠

𝑡𝑜𝑡  are total energies of substrate with and without the adsorbate respectively and 𝐸𝑎𝑑𝑠
𝑡𝑜𝑡  

is the total energy of adsorbate. Also, we examined the change in electronic band structure and HUMO-LUMO 

energy gap (EH-L) on adsorption. 

 

                    

FIGURE 33: PDOS and Electronic Band structure and HUMO-LUMO of (a) MoS2NR@C6H8O, (b) MoS2NR (c), (d) 

MoS2TR@C6H8O and (e), (f) MoS2TR for both spin up and spin down. 

Fig. 2 indicates that the band gap of MoS2 nanoribbon is 0.396 eV but on adsorption of C6H8O, band gap is 

decreased to 0.207 eV.  On the other hand, the HUMO-LUMO gap of triangular nanoflake is 0.1266 eV and 

1.033eV for spin up and spin down respectively (fig. 2 (e), (f)), while on adsorption of molecule it changed to 

0.1264 eV and 0.544 eV respectively as shown in fig 2(c), (d). The decreased Eg and EH-L for nanoribbon and 

nanoflake respectively suggest a modification in the material’s conductivity and optical properties, which can be 

exploited for gas sensing applications. Additionally, the Polarized Density of States (PDOS) corresponding to 

MoS2NR@C6H8O and MoS2TR@C6H8O are shown in Fig. 3 (b), (c), respectively. 

 

 

 



 

599 

 

Table 1: Distance of Molecules from the substrate (d), spin moment (s), energy band gap (Eg), 

adsorption energy (Eads) and sensor response (S) for the studied systems. 

Substrate d(Å) µ (µB) Eg/EH-L(eV) Eads(eV) S% 

MoS2NR - - 0.396 - - 

MoS2NR@C6H8 O 3.24 - 0.207 -0.160 7.1 

MoS2 TR - 14.00 0.126( ), 1.033( ) -0.133 7.59( ), 9.83( ) 

MoS2TR@C6H8O 2.82 54.02 0.126( ), 0.544( ) -0.133 7.59( ), 9.83( ) 

Sensor Response: To quantify the sensor response, the density of states (DOS) before & after the adsorption 

process at the fermi level is calculated using the Drude formula.: 

 

 

FIGURE 34: Total DOS and DOS for (a) MoS2NR@C6H8O, (b) MoS2TR@C6H8O along with DOS of MoS2 nanoribbon 

and nanoflake. 

The sensor response (in terms of DOS) (S) is then estimated using the formula [8]: 

𝑆 =
|𝑁𝐹
(𝑎𝑓𝑡.𝑎𝑑𝑠)

−𝑁𝐹
(𝑏𝑒𝑓.𝑎𝑑𝑠)

|

|𝑁𝐹
(𝑏𝑒𝑓.𝑎𝑑𝑠)

|
× 100   (2) 

where 𝑁𝐹
(𝑏𝑒𝑓.𝑎𝑑𝑠)

 , 𝑁𝐹
(𝑎𝑓𝑡.𝑎𝑑𝑠)

are the DOS at EF before and after adsorption, respectively. The gas sensor response 

of MoS2NR@C6H8O is 7.1%  while for  triangular nanoflake  (MoS2TR@C6H8O) sensor response is  7.59%  for 

spin up and 9.83% for spin down respectively. 

CONCLUSION 

Our research investigated the adsorption of C6H8O on MoS2 nanoribbons and nanoflakes using GGA functionals, 

demonstrating a significant decrease in band gap size for MoS2 Nanoribbon while in case of nanoflake the HUMO-

LUMO is decreased for spin up or increased in case of spin down MoS2 Nanoribbon. This indicates potential 

improvements in conductivity and optical properties, positioning MoS2 nanoribbon or nanoflake as a promising 

choice for gas sensing applications. The calculated adsorption energies consistently showed negative values, 

suggesting stable adsorption of C6H8O on MoS2, with MoS2 nanoribbons exhibiting the strongest interaction. This 

further supports their suitability for gas sensing. Sensor response calculations based on density of states revealed 

positive responses across all MoS2 structures, emphasizing their effectiveness in gas sensing applications. In 

conclusion, our findings highlight the potential of MoS2, particularly nanoribbons or spin down nanoflake, in 

altering electronic properties through C6H8O adsorption to enhance gas sensing capabilities. 
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Abstract. This study presents the synthesis and characterization of MoS₂ thin films prepared by thermal evaporation. XRD 

patterns confirm the formation of molybdenum disulfide (MoS2) in the β-2H phase with high crystallinity, while FESEM 

images illustrate well-stacked layers. X-ray Photoelectron Spectroscopy (XPS) analysis reveals uniform stoichiometry 

throughout the surface of the film. 

Keywords: Thermal Evaporation, Layered MoS2, X-ray Photoelectron Spectroscopy, Depth analysis. 

INTRODUCTION 

Since the isolation of a single layer of graphene in 2004, which led to the Nobel Prize in Physics in 2010 there 

has been a surge of interest in two-dimensional (2D) materials within the research community. MoS2 is an 

anisotropic 2D material composed of vertically stacked layers held together by van der Waals forces, belonging 

to the transition metal dichalcogenides family which is currently being explored for its electronic, optical, 

catalytic, and sensing properties due to its unique structure [1,2]. Naturally, MoS2 is found in the 2H phase [2], 

but other metastable phases like 3R, 1T, and 1T’ also exist, differing in layer stacking and Mo coordination. Many 

methods have been applied to form various structures and morphologies of MoS2 [3] to be applied in various 

application including Chemical Vapor Deposition (CVD), Molecular Beam Epitaxy, Chemical Bath Deposition. 

Thermal evaporation offers a better alternative for depositing high-quality films, widely used in nanoscale 

fabrications due to its low cost, ease of implementation, high deposition rates, and minimal contamination. The 

morphology of the produced film can be controlled by optimization of the current, voltage used in the deposition. 

However, to produce monolayer or layered nanosheets, various exfoliation methods have been used on bulk MoS2 

[4]. In this work, we prepare MoS2 with morphology of layered nanosheets using thermal evaporation under high 

vacuum conditions. We then analyze its XPS spectra to gain a deeper understanding of the composition which 

can further help in understanding the underlying mechanism involved in various application such as gas sensing. 

MATERIALS AND METHODS 

A thermal evaporation unit by High Vacuum Products and Instruments was used for the deposition. The thin films 

were deposited on Si/SiO2 substrates on an area of 6mm x 6mm. Before deposition, the substrates were thoroughly 

cleaned using ultrasonication in a solution of acetone, ethanol, and distilled water. For the film deposition, 60 mg 

of MoS2 powder (≥ 99.99% purity) obtained from Sigma-Aldrich was used. This powder was placed in a 

molybdenum boat. The boat was heated applying current of 6 A under a vacuum of 5 × 10-6 mbar. The films were 

then annealed in a vacuum at 200°C for 1 hour which were then characterized. To find out the crystallinity of the 

prepared films, D8 ENDEAVOR Bruker diffractometer was used, with a Cu Kα source (λ = 0.154 nm) was 

utilized, in a range of 2θ = 10° to 60°. FESEM and Energy Dispersive Analysis (EDAX) were conducted using 

Quanta FEI-450 FEG. XPS measurements were done using a Thermo Scientific K-Alpha X-ray Photoelectron 

Spectrometer system. Depth analysis was conducted by etching the surface in cycles of 2 nm thickness, with a 

total of 20 etching cycles. 
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RESULTS AND DISCUSSIONS 

Figure 1 shows the XRD pattern of the thin film annealed in vacuum at 200 °C. A prominent (100) peak confirms 

the formation of β-2H MoS₂ (ICCD 00-037-1492). A peak at 2θ = 33.04° corresponds to the Si/SiO₂ substrate. 

The inset highlights a weak but characteristic (002) peak at 14.4°, along with the (004) reflection. Figure. 2 

illustrates the formation of layered MoS2 sheets with well-stacked layers of the synthesized MoS2. The EDAX 

analysis, as shown in the Figure. 3, reveals peaks for Mo and S, indicating the successful formation of Mo and S 

on the substrate.   

                                

       FIGURE 1. XRD pattern of synthesized MoS2               FIGURE 2. FESEM image of layered sheet of MoS2. 

 

                                     

                                                              FIGURE 3. EDAX pattern of MoS2.                                                                

The XPS survey scan spectra shown in Figure. 4(a) have been calibrated against the C1s peak at 284.8 eV. 

The Si2p peaks observed in the survey spectrum are attributed to the Si/SiO2 substrate. The high-resolution spectra 

of the Mo3d peak, as illustrated in Figure. 4(b), exhibit the Mo3d doublet with Mo3d5/2 and Mo3d3/2, indicating 

the characteristic +4 oxidation state [5,6]. Additionally, the peak at 235.60 eV corresponds to Mo in the +6 

oxidation state, suggesting the incorporation of oxygen into the grown MoS2 film. This oxygen incorporation 

could occur as substitutional atoms at sulfur sites, as adsorbed oxygen, or as an interfacial Mo-oxide layer due to 

Mo-oxygen bonding at the MoS2 - SiO2 interface, as evident from the O1s spectrum and the presence of unreacted 

sulfur in the S2p spectrum. Furthermore, a S2s is observed at 226.21 eV [7]. In the core level spectra of S2p, 

shown in Figure. 4(c), two prominent peaks (S2p1/2 and S2p3/2) are observed at 162.04 and 163.68 eV, respectively, 

which match well with the binding energy of S2- ions [5,7]. A smaller peak at 165 eV is attributed to S-S bonding, 

possibly due to unreacted sulfur, while the peak at 168.71 eV and 170.07 eV indicates the formation of sulfate 

groups through the oxidation of sulfur [8]. For the O1s spectra, as illustrated in Figure. 4(d), the peak at 532.75 

eV corresponds to SiO2 [7], and the peak at 531.02 eV is associated with surface-adsorbed oxygen contributions 

of lattice oxygen O2- (in the Mo–O bond) [6]. The line scan as seen in Figure. 4(e) confirms the uniform 

distribution of Mo and S across the surface of the film, suggesting a uniform film. The atomic percentages of Mo 

and S are 31% and 69%, indicating that the stoichiometry is preserved in these films. Depth analysis of Mo 

(Figure. 4(f)) reveals that with etching, there is a shift of the binding energy. This shift is attributed to change in 

chemical state of Mo from the surface of the film to the inner layers [7]. The presence of Mo and S is observed 

throughout the sample, with adsorbed oxygen groups on the surface resulting in a lower concentration of Mo and 

S at the surface. As we move towards the interior, the concentrations of Mo and S increase before decreasing 

again near the substrate. After 15 levels of etching, the peaks related to S2- of sulfur reduce significantly and 
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broaden (Figure. 4(g)), although Mo still exists in lower content. This could be due to Mo combining with oxygen 

atoms or Si atoms in SiO2, forming a molybdenum oxide (MoOx) or molybdenum silicon oxide layer [7]. 

 

         

 

 

FIGURE 4. XPS results: (a) Survey scan; narrow scans of (b) Mo3d (c) S2p (d) O1s (e) line scan; depth analysis of (f) 

Mo3d and (g) S2p. 

CONCLUSION 

In summary, we successfully synthesized MoS₂ thin films with well-stacked layers, as confirmed by XRD patterns 

and FESEM images. XPS analysis revealed a uniform distribution of Mo and S throughout both the surface and 

depth of the film, with the stoichiometric ratio of Mo and S. These MoS₂ layered thin films can be directly utilized 

for various applications. Additionally, this is a potential straightforward method for integrating these films into 

heterojunctions for future device applications. They can also be easily exfoliated for further use. 
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Abstract: Tungsten disulfide (WS2) is a transition metal di-chalcogenide (TMD) exhibiting luminescent properties when 

reduced  to zero-dimensional size, i.e. quantum dots (QDs). In this work, the solvent effect impacts the optical and structural 

properties of  WS2 quantum dots (QDs).The QDs have been synthesized in three different solvents using a liquid-phase 

exfoliation method.  The optical properties have been studied using UV-vis absorption and photoluminescence (PL) 

spectroscopy. The confirmation  and size estimation of synthesized WS2 QDs in various solvents have been done using XRD 

measurement. The impact of an  effective solvent has been observed as an enhancement in optical properties, such as increment 

in optical band gapand enhanced  luminescence effect.The WS2 QDs in DMSO solvent has the highest band gap as evaluated 

from UV-Vis absorption spectra and  the particle size for the same is smallest. Thus, the UV-Vis study agrees with the XRD 

study, implying that DMSO is a better  solvent for synthesizing WS2 QDs. DMSO has become an effective solvent that 

exfoliates the QDs in an efficient manner. The  bandgap values estimated from PL emission spectra agreed with the UV-Vis 

absorption evaluated values. Thus, this research  helps understand the role of various solvents in tuning the optical properties 

of WS2 QDs.  

INTRODUCTION  

The strong luminescence effect observed in WS2 monolayer sheets and quantum dots makes them a  

potential candidate in quantum information technology, semiconductor-based spintronics and optoelectronic  

devices. WS2 is a transition metal di-chalcogenide (TMD) arranged in a layered form where each layer is 

connected  via Van der Waals force. The TMDs atoms are covalently bound to each other within the layer, forming 

an X-M-X  arrangement, where M represents the metal and X represents the chalcogen. WS2, among other TMDs, 

possess  unique optical and electrical properties [1].WS2 QDs possess high thermal stability, good water solubility, 

and good  photostability [2]. Quantum confinement plays a key role in dealing with quantum dots, as charge 

confinement in all  lateral dimensions leads to the formation of QDs.WS2 QDs are anticipated to possess a higher 

PL quantum yield  than WS2 2D sheets, potentially due to the quantum confinement effect and increased exciton 

binding energy. These  QDs exhibit a direct bandgap that may be modifiedup to ~5.0eV, whereas WS2 monolayer 

sheets have a direct  bandgap of ~1.9eV. Here, a liquid phase exfoliation method was used to synthesize WS2 QDs 

in different solvents  and their effect is observed on its optical and structural properties.This work has 

demonstrated the role of solvents in  the optical tuning of WS2 QDs. Tuning the size of QDs is a key parameter to 

enhance their performance in device  fabrication.  

MATERIAL AND METHODS  

The bulk WS2 powder of particle size ~2μm (99%), ethanol, dimethyl sulfoxide (DMSO), dimethyl formaldehyde  

(DMF), and deionized water (DI) were used in their original form as purchased from Sigma Aldrich and SRL. A  

simple top-down approach, liquid phase exfoliation was employed to synthesize WS2 QDs in three different 

solvents  (DMSO, DMF and a 35:65 mixture of ethanol and DI).Initially, a 25mg/ml solution was taken and 

ground with a  mortar and pestle before being transferred to a bottleand more solvent was added to obtain a 

1mg/ml solution. A 30- minute bath sonication was performed on the solution maintaining room temperature. 

Consequently, the solution  was treated with a probe sonicator of Sonics Vibra cell with a 12mm diameter, 450W 

power, and an amplitude of  43.A 4 hours probe sonication was followed with a pulse on/off ratio of 3/2 sec 

respectively, keeping the solution in  an ice bath to avoid heating.The collected sample was centrifuged using 

REMI R-24 centrifugation equipment at  

12000 rpm. The supernatant was collected from the centrifuge tubes and stored in transparent glass bottles for  

various characterization. The samples were deposited on clean Si substrate for further studies.  
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RESULTS AND DISCUSSION  

In this article, the synthesized WS2 QDs in different solvents were subjected to characterization techniques to  
evaluate the changes in optical and structural properties. UV-Vis absorption spectroscopy and XRD measurement  
confirmed the synthesis of WS2 QDs in DMSO, DMF and ethanol:DI. PL spectroscopy has been performed using  
Cary Eclipse setup and its effect has been observed in WS2 QDs.  

UV-Visible Absorption Studies  

UV-Vis absorption spectroscopy is a potent tool to identify the sample and study its linear optical  
properties. UV-Vis absorption spectroscopy has been performed utilizing a SHIMADZU UV-Vis 2600  
spectrometer. Figure 2 (a) has presented the UV-Vis absorption spectra for WS2 QDs in all three solvents (DMSO,  
DMF and 35:65 mixture of ethanol:DI).The absorption spectra of the aqueous dispersion of QDs were recorded  
against incident wavelength (nm).The characteristic peak corresponding to WS2 QDs in DMSO, DMF and  
ethanol:DI solvents were observed at ~ 291 nm, 338 nm and ~312 nm, respectively [3]. The absorption peak in 
this  region confirms the existence of WS2 QDs. It is believed that the presence of these peaks can be described 
to the  excitonic transitions from deep valance band states to the conduction band states.To extend the UV-Vis 
absorption  studies, the Tauc’s relation has been employed on the spectra presented in Fig. 1(b). Considering WS2 

QDs as direct  bandgap material, Tauc’s plot has provided insight into the optical properties such as bandgap.The 
band gap value  (Eg) has been obtained by the photon energy axis intersecting with the linear extended portion of 
the Tauc curve.  The estimated bandgap values from Tauc’s plot are ~3.70 eV, 3.97eV and 4.30eV for WS2 QDs 
in DMF, ethanol:DI  and DMSO solvents, respectively.The UV-Vis study infers that QDs have been exfoliated 
to give the highest  bandgap in the DMSO solvent.  

FIGURE 1. (a) UV-vis spectra and (b)Tauc plot of WS2 in DMSO, DMF and ethanol:DI.  

The effectiveness of these different solvents might be explained by a few characteristic parameters of the solvents,  
such as relative permittivity, surface tension etc [4]. These parameters play a significant role in determining the  
efficacy of a solvent used as a dispersive media.These parameters might be responsible for the bandgap 
modulation  in WS2 QDs when exfoliated with different solvents. A noticeable rise in bandgap will lead to the 
subsequent  modulation of optical properties.  

XRD Analysis  

XRD measurement has been carried out (using Miniflex Rigaku CuKα)for confirmation of quantum 

dots. XRD is a non-destructive method conducted for ascertaining materials' crystal structure and phase 

composition.The  effectiveness of the solvent has also been observed in the crystalline nature of the WS2 QDs. 

Figure 2 depicts the  XRD pattern for QDs in all three solvents. 
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FIGURE 2. (a) XRD pattern of WS2 in DMSO, DMF and ethanol:DI.  

The XRD pattern of WS2 QDs synthesized in different solvents has revealed the crystalline nature via  
various diffraction peaks corresponding to the characteristic peak positions of WS2 QDs. The peak present in the  
range ~12°-14° represents the (002) plane and a broad band present at ~34° confirms the presence of the (101) 
plane  as well as the (008) plane is also visible in the QDs. Out of all the samples, The XRD pattern for QDs with 
DMSO  solvent agrees more with the crystalline nature of WS2 QDs. In addition to the peaks mentioned above, 
the intense  peak at ~26° confirms the presence of the (006) plane and an intense peak at ~43° confirms the 
presence of the  (104) plane corresponding to the characteristic planes of WS2 QDs [4]. Studying the crystallinity 
of the synthesized  WS2 QDs, the one synthesized in DMSO solvent exhibits the most crystalline nature.  

PL Studies  

Figure 3 shows the PL spectra of WS2 QDs in different solvents. The WS2 quantum dots in each solvent  
has been excited at various wavelengths (350nm, 360nm, 370nm,380nm and 390nm) to record the modifications 
in  their PL emission. The recorded emission spectra in a single solvent has not shown much variation at various 
excitation wavelengths. Here, in this work, an excitation wavelength-independent PL emission is reported for the  
same solvent implying the homogenous size of the QDs [5].However, a significant variation on the emission 
spectra  for QDs in different solvents is observed for a particular excitation. The change in the photoluminescence 
spectra  indicates the size-dependent photoluminescence emission for WS2 QDs.  

FIGURE 3.PLemission spectra for WS2 in DMSO, DMF and ethanol:DI mixture at the excitation 
wavelength  (a) 360nm, (b) 370 nm and (c) 380nm  

The PL emission spectra for WS2 QDs in DMSO, DMF and ethanol:DI was observed at three excitation  
wavelengths (360nm, 370nm and 380nm), as shown in Fig. 3(a)-(c). Interestingly, the QDs synthesized in DMSO,  
display a broad emission as compared to other solvent at each excitation wavelength leads to the enhancement in 
the PL emission of WS2 QDs.The PL spectra exhibits the maximum emission at ~ 444.5nm, 436.25nm and  
437.16nm for WS2 QDs in DMSO, DMF and ethanol:DI, respectively. A solvent-dependent significant shift was  
observed for the QDs for each excitation.The PL emission spectra can be deconvoluted into three peaks. The first  

two components of these three peaks, present in the range ~390-410nm and ~430-445nm, are named a neutral  
exciton A and excitonB, respectively. The next component, present in the range ~480-500nm, is named defect 
bound exciton X [3]. The first two components can be used to estimate the bandgap values for the QDs, as it  
indicates the direct bandgap transition from the split valence band at the k point to the conduction band.The 
high  spin-orbit coupling in the d orbital of the Tungsten (W) atom causes the valence band edge to split near 
the k valley [3].The bound excitonic peak X is supposed to be originated from surface defects. The bandgap 
values of WS2 QDs  were also estimated using PL emission spectra in all three solvents. As the bandgap is 
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highest for WS2 QDs in  DMSO solvent thus, the quantum confinement effect implies the smallest size quantum 
dots for DMSO solvent.   

CONCLUSION  

In this article, the impact of three distinct organic solvents (DMSO, DMF and a mixture of ethanol:DI) was observed on the  

optical and structural properties of WS2 quantum dots. The optical properties of the synthesized QDs have been studied 

utilizing  UV-Vis absorption and photoluminescence spectroscopy. XRD measurement has been performed on the QDs to 

conduct  structural analysis. UV-Vis absorption spectra show that the QDs synthesized in DMSO solvent have the largest 

bandgap (4.3  eV). The presence of crystalline planes of WS2 QDs in the XRD pattern confirms the successful exfoliation of 

the quantum dots. The XRD measurements have also confirmed that the WS2 QDs show higher crystallinity in DMSO solvent 

with the smallest  particle size.PL spectroscopy confirms the presence of WS2 QDs of homogeneous size generating good 

emission spectra in the  blue to green region.The maximum emission peak intensity of the QDs was observed at ~444.9nm in 

DMSO, ~436.25nm in  DMF and ~437.16nm in a mixture of ethanol:DI. The A and B excitonic peaks of PL spectra help 

determine the bandgap of QDs. PL spectra indicates that the smallest QDs were obtained in the DMSO solvent.The bandgap 

values estimated from PL spectra  agreed with the evaluated bandgap values from UV-Vis absorption. Thus, this research 

helps understand the role of various  solvents in tuning the optical properties of WS2 QDs.   
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Abstract. Electron transport layers (ETLs) in perovskite solar cells (PSCs) are essential in deciding their 

efficiency, charge collection, and photovoltaic device parameters. Inorganic ETLs like SnO2, TiO2, and 

ZnO are currently employed to fabricate PSCs. Despite its superior optoelectronic properties, ZnO is often 

overlooked in PSCs due to its chemical instability with metal halide perovskites, requiring modifications 

like chemical doping and surface passivation. This study focuses on engineering ZnO ETLs by 

incorporating different concentrations of fullerene (C60) to examine the structural, optical, and device 

performance of C60-modified ZnO ETLs in MAPbI3 PSCs. The MAPbI3 photoactive layers have been 

fabricated onto pristine and modified ZnO ETLs using a spin coating technique. Incorporating C60 into 

ZnO reduces microstructural and optical defects, such as micro-strain, Urbach energy, and trap levels, 

while enhancing the optoelectronic properties of MAPbI3. This leads to better optical properties and 

improved structural stability, ultimately boosting the performance of photovoltaic devices. 

INTRODUCTION 
 

Perovskite solar cells (PSCs) have attained a power conversion efficiency (PCE) of 26 % due to their easy-to-

scale synthesis, low cost, and suitable optoelectronic properties such as considerable carrier diffusion length, 

ambipolar charge transport, low exciton binding energy, high absorption coefficients, and tunable optical band 

gap [1]. A typical perovskite solar cell (PSC) consists of halide perovskite as a photoactive absorber layer, which 

is inserted between an electron transport layer (ETL) and a hole transport layer (HTL) [2]. Generally, hole-

blocking materials such as SnO2, TiO2, ZnO, fullerene (C60), and their derivative are utilized as ETLs. Electron-

blocking materials such as PEDOT: PSS, NiOx, P3HT, Spiro-OMeTAD, PTAA, etc, are commonly used as HTLs. 

When light shines from the transparent conducting oxide (TCO) side and is absorbed into the perovskite 

photoactive layer, electron-hole pairs are generated, which are further collected from the ETL or HTL side with 

the help of a suitable electrode [3]. Thus, selecting TCO, ETLs, and photoactive layers is necessary for better 

photovoltaic device performance. Inorganic ETLs like SnO2, TiO2, and ZnO have recently been utilized to 

fabricate PSCs. Despite ZnO's superior optoelectronic properties, such as better optical transmittance, higher 

electrical conductivity, and energy band alignment with methylammonium lead iodide (MAPbI3) perovskite 

compared to other ETLs, it is often overlooked. This is due to its chemical instability when in contact with 

MAPbI3, which leads to the decomposition of MAPbI3 into its components [4]. To avoid this, ZnO layers must be 

modified using chemical doping, surface passivation, etc. In this work, ZnO ETLs were modified by incorporating 

another ETL, i.e., C60, and the effects of this incorporation on ZnO were systematically investigated through 

structural, morphological, optical, and electrical analyses. Additionally, C60-modified ZnO ETLs were used to 

fabricate MAPbI3 perovskite films and solar cells to understand their charge transport properties and optical and 

microstructural defects. 

 EXPERIMENTAL METHODS 

Materials Synthesis & Characterization  

As per previous reports, zinc oxide (ZnO) or C60-modified ZnO and MAPbI3 perovskite layers have been 

synthesized [2,5]. To prepare C60-modified ZnO solutions at varying ratios, C60 was added to the 0.35 M ZnO 

solution in different amounts of 0.25 mg/ml, 0.50 mg/ml, and 1.00 mg/ml, followed by thorough stirring. The 

resulting solutions were designated as ZnO (0 mg/ml C60), ZnC1 (0.25 mg/ml C60), ZnC2 (0.50 mg/ml C60), and 

ZnC3 (1.00 mg/ml C60). The fabricated thin films have been characterized using an X-ray diffractometer (PROTO-

AXRD) for their structural properties using a copper-Kα radiation source, and a UV-Vis spectrophotometer 

(Unicam 5625) for their optical properties. Electrical characterizations of solar cells were carried out using the 

electric source meter (Keithley-2400) integrated with the solar simulator (AAA, PET). 
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TABLE 1. Summary of structural parameters 

FIGURE 2. (a) XRD pattern and (b) Zoom-in (110) diffraction plane around 14°of MAPbI3 perovskite films fabricated onto 

pristine and C60-modified ZnO ETLs 

Device Fabrication  
The detailed schematic steps of the fabrication of PSCs are given in Fig. 1. 

In short, ETL layers like ZnO or fullerene (C60) modified ZnO precursor 

were spin-coated on pre-cleaned and patterned fluorine doped tin oxide 

(FTO) substrates (2000 rpm, 40 s) and subsequentially annealed at 200 ºC 

for one h in hotplate. The photoactive layer precursor solution was prepared 

by mixing equal molar amounts of lead iodide (PbI2) and methyl ammonium 

lead iodide (MAI) in anhydrous N, N-dimethylformamide (DMF) solution 

[2]. The precursor solution was stirred for 10-12 h at 60 ºC. The perovskite 

precursor solution was deposited on the top of pristine and modified ZnO 

substrates at 4000 rpm for 30 s and annealed for 10 min at 100 °C. 

Furthermore, 16 mg/ml poly(3-octylthiophene) (P3OT) dissolved in 

chlorobenzene was deposited on the top of the MAPbI3 layer at 2000 rpm for 60 seconds. Finally, the Ag electrode 

(80 nm) was thermally deposited under the base pressure of 1×10-6 torr using shadow masks of active device area 

0.04 cm2 to complete the solar cell. 
 

RESULTS AND DISCUSSIONS  

  

 
 

 

 

Figure 2 (a) shows the XRD pattern of MAPbI3 perovskite films deposited onto pristine ZnO and C60-modified 

ZnO ETLs. Peak positions at 14°, 20°, 24.7°, 28.6°, 32°, 40°, and 43° are assigned to the (110), (112), (202),(220), 

(310), (224), and (330) diffraction plane of the tetragonal of MAPbI3 perovskite crystal structure, respectively [9]. 

Further, it was observed that peak positions near 12° are correspond to PbI2. The intensity of the PbI2 peak 

decreases at a specific concentration of C60-modified ZnO layers, indicating the better structural stability of 

MAPbI3 films. Further, we have found a slight shift in the MAPbI3 films fabricated into different C60-modified 

ZnO layers, as shown in Fig. 2 (b). This shift may be due to structural or optical defects [10]. To determine the 

structural defects, the micro-strain (ε), dislocation density (δ), and crystallite size (D) have been evaluated using 

the Williamson-Hall method, reported elsewhere [11], and the value of structural parameters has been summarized 

in Table 1.  

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Sample D 

(nm) 

δ 

(nm-2) 

ε  

(×10-

3) 

ZnO 57 3.0 1.62 

ZnC1 95 1.1 1.19 

ZnC2 66 2.3 0.17 

ZnC3 25 16 -2.94 

FIGURE 1. Fabrication steps of 
perovskite solar cells 

(a) (b) 

FIGURE 3. (a) UV-Vis absorbance spectra,  (b) dependence of  micro-strain and Urbach energy on C60 concentration, and 

(c) representation of trap states of MAPbI3 films fabricated onto pristine and C60-modified ZnO ETLs 

 

(a) (b)
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The micro-strain has been observed to be minimized for MAPbI3 

perovskite films fabricated onto C60-modified ZnO ETLs, indicating reduced 

micro-structural defects and lattice strain [12,13]. The UV-Vis absorbance 

spectra of MAPbI3 films fabricated onto various ZnO ETLs have been given 

in Fig. 3 (a). All the MAPbI3 films were fabricated onto modified ZnO layers, 

resulting in better optical absorption than the pristine one with a band gap of 

1.52 eV. Further, the optical defects have been determined using the Urbach 

energy method [13], reported elsewhere, and similar trends between the 

optical and structural defects have been found, as displayed in Fig. 3(b-c). 

The trap levels were also significantly reduced from 0.13 eV to 0.10 eV, 

indicating the superior optoelectronic properties of MAPbI3 films fabricated 

onto modified ZnO ETLs [14]. 

 Figure 4 depicts the current-voltage (J-V) characteristics under illumination of PSCs fabricated on pristine 

and modified ZnO ETLs. C60-modified ZnO-based PSCs have enhanced PCE compared to pristine ZnO. The 

improvements in PSCs' efficiency primarily stem from the improved interface between C60-modified ZnO layers 

and MAPbI3 layers, which reduces microstructural and optical defects and facilitates faster charge extraction, 

thereby enhancing photovoltaic device parameters [15].  

 

 

CONCLUSION 
Herein, ZnO ETLs have been engineered by incorporating C60 in different amounts, and the influence of C60-

modulated ZnO ETLs on the structural, surface morphological, and optical properties has been examined. 

Structural results of the fabricated ETLs depict ZnO's hexagonal wurtzite crystal structure. Morphological results 

display the granular film morphology, which changes with C60 concentration. MAPbI3 films fabricated onto 

modified ZnO ETLs depict better structural stability and enhanced optical absorbance with reduced trap levels. 

Additionally, localized optical and micro-structural defects in MAPbI3 films fabricated onto modified ZnO ETLs 

have been significantly diminished. These improvements result in better photovoltaic device parameters of C60-

modified ZnO-based perovskite solar cells. Further research in this direction is essential to explore the potential 

of modified ZnO ETLs in various optoelectronic devices. 
 

ACKNOWLEDGMENTS 
Author Anand Pandey thanks the Department of Science & Technology, New Delhi, India, for the financial 

assistance through the INSPIRE program vide DST/INSPIRE Fellowship/2017/IF170763 under the AORC 

Scheme. 

 

REFERENCES 
 

1. NREL, Best Research-Cell Efficiencies (USA, 2024). 

2. A. Pandey, Studies On Organometal Halide Perovskite Materials And Their Applications To Photovoltaic Devices, 

University of Allahabad, 2023. 

3. S. J. Fonash, Solar Cell Device Physics, Second (Elsevier Academic Press, USA, 2010). 

4. E. Moustafa, L. F. Marsal, and J. Pallarès, ACS Appl. Energy Mater. 5, 4390 (2022). 

5. A. Pandey, A. Garg, and L. Kumar, ECS J. Solid State Sci. Technol. 11, 104002 (2022). 

6. P. K. Samanta, N. K. Rana, and B. S. Kar, Phys. Scr. (2022). 

7. E. Nowak, M. Szybowicz, A. Stachowiak, W. Koczorowski, D. Schulz, K. Paprocki, K. Fabisiak, and S. Los, Appl. Phys. 

A Mater. Sci. Process. 126, 1 (2020). 

8. A. Macková, P. Malinský, A. Jagerová, R. Mikšová, O. Lalik, P. Nekvindová, J. Mistrík, P. Marvan, Z. Sofer, V. Holý, J. 

D. Schutter, U. Kentsch, A. Azarov, and A. Galeckas, J. Phys. D. Appl. Phys. 55, 215101 (2022). 

9. V. Kumar, V. Nagal, R. Kumar, S. Srivastava, B. K. Gupta, M. Kumar, A. K. Hafiz, and K. Singh, RSC Adv. 10, 34651 

(2020). 

10. G. Yuan, W. Xie, Q. Song, S. Ma, Y. Ma, C. Shi, M. Xiao, F. Pei, X. Niu, Y. Zhang, J. Dou, C. Zhu, Y. Bai, Y. Wu, H. 

Wang, Q. Fan, and Q. Chen, Adv. Mater. 35, 2211257 (2023). 

11. A. Pandey and L. Kumar, Phys. B Condens. Matter 628, 413566 (2022). 

12. W. Kong, C. Zhao, T. Huang, X. Li, J. Xing, Z. Yu, P. Yang, W. Li, and W. Yu, ACS Appl. Mater. Interfaces 14, 28154 

(2022). 

13. Y. Liu, J. Banon, K. Frohna, Y. Chiang, and G. Tumen-ulzii, ACS Energy Lett. 8, 250 (2023). 

14. G. Kim, H. Min, K. S. Lee, D. Y. Lee, S. M. Yoon, and S. Il Seok, Science (80-. ). 370, 108 (2020). 

15. H. Zhu, S. Teale, M. N. Lintangpradipto, S. Mahesh, B. Chen, M. D. McGehee, E. H. Sargent, and O. M. Bakr, Nat. Rev. 

Mater. 8, 569 (2023). 

FIGURE 4. J-V characteristics of 

PSCs under illumination 



 

612 

 

Carbon Nanotube Based Composite Thin Film Coatings 

for Stray Light Control Space Applications 

Sonia Saini1,2, Kuntala Bhattacharjee1,* and Girish M. Gouda2 

1Indian Institute of Space Science and Technology (IIST), Thiruvananthapuram, 695 547, India  

2Laboratory for Electro-Optics Systems (LEOS), ISRO, Bengaluru, 560 058, India 

 
a)Corresponding author: kbhattacharjee@iopb.res.in ; kuntala.iopb@gmail.com  

b)first author: sonia.discover2342@gmail.com  

Abstract. The research focuses on demonstrating low dimensional carbon derivative-based black thin film coatings with low 

light reflectance, essential for high absorber coatings to control stray light. The study details a successful process for producing 

stable thin films of carbon nanotubes (CNTs) and nanoscrolls (CNS) on aluminum (Al) substrate, achieving 2-3% reflectance 

in the visible (VIS) and near-infrared (NIR) spectrum. We report the first experimental evidence of direct manifestation of 

CNS formation from single-walled nanotube (SWNT) bundles via oxidative purification, significantly reducing contaminants 

and revealing scrolling of graphitic sheets (GS). Transmission electron microscopy (TEM) showed CNS and multi-walled 

carbon nanotubes (MWCNTs) emergence due to sequential chemical processing of SWNTs, revealing radial merging and 

catalyst particle-induced axial tearing. Scanning electron microscopy (SEM) displayed curled and folded graphene sheets, 

contributing to CNS formation. Microstructural studies via SEM and atomic force microscopy (AFM) identified microcavities 

and pores on the CNS composite films' surface, crucial for the low reflectance observed. These films maintained low 

reflectance in the VIS-NIR spectrum, proving durable under extreme space conditions. The thesis covers the preparation, 

characterizations, and testing of the CNT-CNS composite thin film coatings for low-light scattering applications, with space 

environmental simulation tests (SEST) indicating promising space usage potential. 

Keywords: carbon nanotubes, carbon nanoscroll, composites, thin films, space applications. 

Introduction 

Carbon nanotubes (CNTs), with their 1D structure and excitonic optical transitions, show great promise as 

black absorber coatings due to their superior light-trapping ability and intrinsic properties 1. Discovered by Sumio 

Iijima in 1991 2, CNTs have become technologically significant due to their unique physico-chemical properties 
1. CNTs are categorized as single-walled (SW) CNTs that consist of a single layer of sp2 hybridized carbon atoms 

in cylindrical symmetry and multi walled (MW) CNTs are nested structures of graphene layers, whereas carbon 

nanoscrolls (CNS) are spiral structures of rolled graphene sheets. CNS offers distinct advantages such as open-

ended morphology, tunable diameter, and high carrier mobility. CNT forests have achieved high absorption such 

as 0.9997 3. Despite significant research on CNT thin films and forests, the light absorption properties of CNS are 

less understood. Theoretical and experimental studies suggest CNS’s potential as absorber coatings 3.  

We present a novel and straightforward spray coating method for creating CNT-CNS blended composite thin 

films on flexible aluminium (Al) substrates, achieving exceptional low reflectance levels of 2-3% in the visible 

and near-infrared (VIS-NIR) spectrum. Furthermore, we provide empirical evidence of CNS formation through 

the transformation of scrolling graphite sheets. These coatings are uniform and space environmentally stable. 

Characterization methods such as Raman spectroscopy, fourier transform infrared spectroscopy (FTIR), X-ray 

photoelectron spectroscopy (XPS), X-ray diffractometer (XRD), high-resolution transmission electron 

microscopy (HRTEM), field emission scanning electron microscopy (FESEM), and atomic force microscope 

(AFM) reveal the films' microstructural properties. Preliminary space environmental simulation tests (SEST) 

indicate the coatings' stability and potential for stray light control applications in spaceborne devices. 

 

EXPERIMENTAL 
 

The high-pressure carbon monoxide (HIPCO) SWCNTs having diameter 0.6 to 1.1 nm, and length 400-1000 

nm obtained as a dry black powder in form of 96% SWCNTs along with Fe metallic impurities. Therefore, post-

synthesis purification is necessary to remove these contaminants. In this study [Fig.1(a)], purification was 

achieved through wet oxidation at 300°C, followed by concentrated (conc.) HCl acid wash and annealing at 900°C 

in an inert environment. Functionalization of CNTs involved mixing conc. H2SO4 and HNO3 in a 3:1 volume ratio 

with the purified powder. This mixture was stirred at 70°C for 8 hours, neutralized with deionized water. The 
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functionalized CNT powder was filtered and dried under vacuum at room temperature (RT). The dried powder 

was mixed with a polyurethane binder and a solvent, ultrasonicated for 60 minutes to achieve a well-dispersed 

solution. This solution was spray-coated onto preheated Al substrate using a hand airbrush in a glove box under a 

controlled nitrogen atmosphere [Fig.1(b)]. After coating, the samples were allowed to cool to RT.  

 

 
 

FIGURE 1. (a) flow char of Schematic of the experimental work. (b) depiction of the spray process. 
 

FTIR absorption spectra of the KBr-powdered CNT pellets were measured using a PerkinElmer Spectrum GX 

spectrometer in the range of 4000 to 500 cm-1. XPS measurements were performed by an AXIS Ultra DLD 

spectrometer to study chemical composition of the purified sample. Measurements were carried out using 

monochromatic Al Kα (1486.3eV) X-ray source operating at 117 W power. Survey spectra were acquired with a 

pass energy of 160 eV, whereas, for high-resolution O1s and C1s spectra, a pass energy of 20 eV with a step size 

of 0.1 eV was used. Data was analyzed using Shirley background correction and Gaussian/Lorentzian function 

with GL line shapes of varying full width half maxima (FWHM) for component peaks. Raman spectroscopy 

analysis was carried out with the Lab Ram HR 800 instrument. The surface morphology of the samples was 

examined by the Zeiss SEM Ultra55. AFM measurements were performed using a Bruker Dimension ICON 

instrument in tapping mode. HRTEM measurements were carried out using a FEI-Titam themis instrument 

operated at 300 kV, by drop casting on Cu grids. XRD measurements were performed using a Smartlab X-ray 

diffractometer by Rigaku cooperation, with data collected using monochromatic Cu Kα radiation (1.54 Å) at 40 

kV and 30 mA. The spectral properties of the coated films were analyzed using the PerkinElmer Lambda 950, 

UV-VIS-NIR spectrometer in the range of 400 to 2500 nm. SESTs were conducted on the spray-coated samples 

using environmental test facilities available at LEOS, Bengaluru. 

 

RESULTS AND DISCUSSION 

XRD Study 

 
Normalized FTIR spectra of purified and functionalized CNTs are shown in [Fig.2(a)]. Chemical incorporation 

of various functional components on the sidewalls of the CNTs indicates a successful functionalization of the 

CNTs. The absorption feature obtained at 3393 cm-1 [Fig.2(a)] is assigned to ─OH stretching, C═O stretching 

around 1734 cm-1 [Fig.2(a)] and at 1626 cm-1 is assigned to stretching of C═C graphitic group 4. Absorption peak 

seen at 1375 cm-1 is attributed to ─C⸺O stretching. The most intense peak at 1067 cm-1 is associated with the 

C─O alkoxy group [Fig.2(a)] 5. XPS measurements carried out on the purified sample, Fig.2(b) and (c) correspond 

to C1s and O1s lines respectively. C1s spectrum after deconvolution [Fig.2(b)] exhibits 5 peak features at around 

284.6, 285, 286, 287, 289 eV which we assign to C=C sp2, C-C sp3, C-O alkoxy group, C=O carbonyl or epoxy -

C-O-C- and O-C=O carboxyl group 6,7 respectively. The fitted O1s spectrum [Fig.2(c)] exhibit 3 spectral lines at 

531.6, 532.8 and at 534 eV. The peak corresponding to 531.6 eV is attributed to -C=O, at 532.8 eV is assigned to 

-C-O- of COOH 8 and at 534 eV can be associated to C-OH bonds [83]. 

Normalized Raman spectra of samples are shown in Fig. 2(d-f). Radial breathing modes (RBMs) of SWCNTs, 

[Fig. 2(d)] occur between 150 and 350 cm⁻¹ due to Ag symmetry of carbon10. D band intensity and FWHM 

increase from purified to the coated film [Fig. 2(e, f)], with peak positions shifting up (1343.66 to 1363.52 cm⁻¹), 

indicating an increase in the diameter. The intensity ratio of G to D band (IG/ID) decreases post-functionalization 

due to increased sp³ hybridization [Fig. 2(d-f)] 10. The G band position, influenced by elastic strain, shifts 

downward. Additionally, the 2D band is broader in the coated sample. XRD of the purified, functionalized and 

coated samples are shown in Fig.2(g-i). Peaks at ~26° and 44°, corresponding to the (002) and (101) graphitic 

planes (JCPDS card no. 01-075-1621) [Fig.2(g-i)]. In Fig.2(g), peaks with higher intensity and narrower FWHM, 

indicating better crystallinity. Fig.2(g, h) show peaks at ~42° for the (100) planes of graphitic carbon. A broad 
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onset at 18° is attributed to the CNS component in coated sample [Fig.2(i)] due to the solvent trapped in between 

the CNS layers [Fig.2(i)] 11. 

 

 
 

FIGURE 2. FTIR of purified and functionalized samples in (a), XPS of purified sample for C1s and O1s in (b) and (c), Raman 

analysis for purified (d), functionalized (e) and coated film (f), XRD of purified (g), functionalized (h) and coated film (i).  

tem Studies 

TEM investigations carried out on purified [Fig.3(a-f)], functionalized [Fig.3(g-l)] and coated [Fig.3(m-p)] 

samples. SWCNTs bundles along with Fe impurity particles [Fig.3(a-c)] (seen as dark spots), MWCNTs with 

graphitic spacing Fig.3(d-e) and CNS [Fig.3(f)] are evident. Attachment of functional groups onto the sidewalls 

of CNTs is evident in Fig.3(g). Signature of SWCNT networks with periodicity can be seen in Fig.3(h-j). 

Amorphous walls of functionalized MWCNTs are evident in Fig.3(k) and CNS scrolling in [Fig.3(l)]. For coated 

film, SWCNT bundle [Fig.3(m)], MWCNT with graphitic spacing [Fig.3(n)], entangled MWCNTs [Fig.3(o)] and 

GS curling into CNS [Fig.3(p)] are prominent.  

 

 
 

FIGURE 3. TEM of the purified sample, (a) network of SW and MW CNTs with impurity particles. (b, c) Evidence of 

SWCNTs marked by arrows. Inset of (c) shows the hexagonal symmetry from the SWCNT bundle. (d) MWCNTs from the 

marked area in (a). (e) MWCNT with graphitic (002) plane spacing of ~0.34 nm. Inset of (e) is the FFT from the selected area 

[rectangle]. (f) Folding of GS to form CNS. The open-end of CNS is marked with an arrow. For the functionalized sample, (g) 

attachment of functional groups [marked with arrows]. (h) Evidence of SWCNT bundles. Two regions in (h) [marked with 

squares], show the periodic alignment of SWCNTs as (i) and (j). Amorphous walls of the MWCNTs in (k). CNS with an open-

end [marked with arrow] in (l) with inset:  FFT of the CNS. For coated film, (m) SWCNTs (marked with arrows), (n) the 

graphitic plane stacking in MWCNTs, (o) the entwined MWCNT structures and (p) depicts the formation of CNS from GS. 
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For the purified sample, evidence of CNT nesting [Fig. 4(a)] and CNS with unfused [Fig. 4(b)] and open [Fig. 

4(c)] ends is shown (marked by arrows). Nesting occurs due to σ and π bonds of the carbon atoms, with σ bonds 

forming a strong hexagonal carbon network and π bonds, perpendicular to the tube surfaces, resulting in weak 

vdW interactions 12. After functionalization, there is even dispersion of CNTs [Fig. 4(d, f)], folding of GS to form 

CNS [Fig. 4(e)]. For the coated films [Fig. 4(g-i)], the cross-sectional view [Fig. 4(g)] reveals a film thickness of 

approximately 200 - 250 μm with interlinked forests [Fig. 4(h, i)] with cavities [Fig. 4(i)] on the surface (marked 

by circles). 

 

 
FIGURE 4. SEM of purified (a-c), functionalized (d-f) and coated (g-i) samples. The unfused edges of the CNS are marked 

by arrows in (b) and (c) respectively. A cross-sectional view of the coated film on the Al substrate is shown in (g) with the 

thickness marked. The cavities formed on the coated film are shown by circles in (i). AFM micrographs of the coated film 

surface (j-l). (j, l) show the surface morphology with microcavities/holes. (l) 3D projection of surface. (m) Optical reflectance 

studies on the coated film as well as after subjecting to SEST. (n) The standard deviation of the mean reflectance values after 

performing SEST w.r.t. the film. 

 

AFM investigations on the coated films [Fig. 4(j-l)] show crosslinked forests of CNTs12 and surface microcavities 

[Fig. 4(j, k)]. These pores are crucial for trapping light through multiple reflections [109]. 

The hemispherical reflectance for the coated film, both before and after subjecting it to SEST, are shown in Fig. 

4(m). Across the spectral band of 500 - 1500 nm, a uniform reflectance variation is observed, with a minimum 

value of 2.3%. This behavior remains consistent after performing SEST, which includes humidity, thermal shock, 

thermal vacuum, and thermal storage tests, demonstrating the film's stability. Fig. 4(n) presents the standard 

deviation of the mean reflectance values post-SEST relative to pre-SEST values. The variation in mean reflectance 

is falling within the error limit, with percentage deviations ranging from 0.4 to 1.6. The thermal shock test yields 

the smallest variation, while the humidity test shows the highest. 

 

CONCLUSION 
 

Research on carbon-based black coatings is evolving, with optical properties tailored for specific applications 

like unwanted light control in thermal detectors, sensors and, spacecraft components. We developed stable CNT-

CNS thin films via spray coating, achieving unprecedented low reflectance (2.3-2.8%) in the 500-1500 nm range. 

Our investigations reveal microstructural changes in SWCNTs, with MWCNTs and CNS emerging as processing-

induced modifications. While MWCNTs are known for excellent optical absorption, CNS shows even greater 

potential. Analysis indicates that surface cavities and pores enhance light trapping capabilities. SEST results 

confirm these coatings as promising for space-related stray light control applications. 
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Abstract. Flexible and wearable e-skin sensors have garnered considerable interest due to their potential in future smart 

sensing applications. However, sensitivity, biosignal detection, and implantability remain significant concerns in the 

advancement of embedded devices. Specifically, electrode compatibility and durability issues arise from the fragility of metal 

electrodes. This study presents an innovative skin-interactive polymer-based patch sensor developed using PDMS-

PEDOT:PSS-Ag flex nanocomposites. The sensor, along with its encapsulation, has a remarkably slim profile of 0.30 mm. 

The compatibility of the PU encapsulation with the human body was assessed by measuring the contact angle and surface 

roughness, which were 57.65° and 0.151 nm, respectively. The results suggest excellent biocompatibility and ideal surface 

smoothness for wearable technology. The sensor exhibited impressive performance, showing relative resistance changes of 

around 580% for finger movements and 630% for neck stretching. These findings indicate that the patch sensor is highly 

effective in monitoring various aspects of human physiology, including movement, breathing, pulse, and pulmonary function, 

holding great potential for future biomedical applications and wearable sensors. 

INTRODUCTION  
Flexible and wearable electronics have been the subject of rapid advancement in recent years, garnering 

considerable interest for their potential applications in artificial e-skins, displays, robotics, sensors, IoT, battery-

free technologies, and defense1. Within the realm of biomedical research, artificial sensor systems show great 

promise for various applications. Our current research is primarily centered around the development of 

ultrasensitive wearable and skin-mountable sensors. These sensors have the potential to revolutionize healthcare 

by enabling the monitoring of health conditions, tracking physiological activities, and assisting diagnostic 

systems. The sensors demonstrate exceptional performance in detecting human gestures, delivering precise 

feedback even under conditions of bending, stretching, or twisting2.  

Researchers are currently investigating polymeric nanocomposites with high electrical conductivity because of 

their potential to revolutionize various fields, such as wearable bioelectronics, modern devices, and human-

machine interfaces3. The materials under investigation have demonstrated outstanding performance, indicating 

their potential for future research and technological progress. Among these, PDMS-PEDOT:PSS-Ag flex 

nanocomposites have emerged as a particularly promising alternative to traditional rigid electronics. The 

flexibility of these devices enables their seamless integration onto curved skin surfaces, a critical factor in ensuring 

accurate and high-quality collection of physiological data4. In this study, we present our findings on the fabrication 

process of a polyurethane (PU) encapsulation and its corresponding properties. Additionally, we discuss the 

synthesis of the polydimethylsiloxane(PDMS)-poly(3,4-ethylenedioxythiophene): poly (styrenesulfonate) 

(PEDOT:PSS)-silver (Ag) flexible sensing layer. Furthermore, the application of this material in sensor device 

fabrication is examined and its performance in monitoring finger movements and neck stretching is evaluated. 

The objective of these investigations is to evaluate the sensor's appropriateness for advanced biomedical 

applications, such as monitoring human motion, pulse, respiration, and other physiological functions in real-time. 

MATERIALS DEVELOPMENT AND SENSING DEVICE FABRICATION 

Materials: Polyurethane granules, Tetrahydrofuran (THF), PEDOT: PSS, Ag flex, PDMS, Ethanol, and DI water. 

Development of Polyurethane film for encapsulation: Firstly, a beaker was used to hold a solution of 30 ml of 

THF. After preparing the solution, 5wt% of PLA based PU granules were incorporated and left to mix for 24 
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hours at room temperature. The resulting well-dissolved PU solution was then used to cast a film using a film 

casting instrument. The casting liquid is left to sit for 24 hours in order to eliminate the solvent and create a clear 

film as shown in Figure 1(a). 

 
Figure 1: (a) Development of PU film; (b) synthesis of sensing Materials; (c) Fabrication of patch sensors. 

 

Sensing layer Development: A PU film was carefully positioned on a glass slide, with a specific sensing area of 

3x1 cm² being covered by Kapton tape. The sensing layer material PDMS-PEDOT:PSS-Ag flex (see Figure 1(b)) 

was applied onto the PU by spin-coating it at a speed of 500 rpm for 30 seconds. Afterwards, the curing process 

involved placing the material in an oven set at a temperature of 60°C for a duration of 12 hours. Afterward, the 

sensors were sized using a laser cutter. Wires were connected to the sensors using tape to ensure electrical 

connectivity. At last, the PU was applied to the surface of the sensing layer to provide protection. Figure 1(c) 

showed the fabrication process of sensor. The sensors were prepared for practical applications, such as monitoring 

human body movements, finger motions, and pulse sensing. 

RESULT AND DISCUSSION  

 

 The structural morphology of the PU film is depicted in Figure 2(a), revealing a uniform film without any cracks. 

This characteristic makes it suitable for the coating of the sensing layer. Figure 2(b) shows the evenly distributed 

material that can be used to develop a conductive surface for efficient charge transfer. The contact angle of 57.65° 

observed for the PU film, as shown in Figure 2(c) of the sensors that come into contact with the human body, 

suggests a moderate level of wettability. This level of wettability is considered ideal as it strikes a balance between 

comfort and functionality. The angle of the film is important for its interaction with bodily fluids such as sweat. 

It needs to be just right so that it doesn't become too saturated or repel the fluids. This is crucial for accurate sensor 

readings and to ensure that the film maintains its structural integrity. Furthermore, the moderate contact angle of 

the sensor enhances its adhesion to the skin, reduces the potential for irritation, and guarantees long-term reliability 

and comfort during prolonged use. The roughness of the PU film was measured at 0.151 nm using AFM, as shown 

in Figure 2(d), suggesting a highly smooth surface. The low roughness of the surface is of great importance for 

researchers studying sensors in contact with the human body, as it helps to minimize skin irritation and improve 

overall comfort, especially during extended periods of use. The smooth surface of the sensor also aids in 

maintaining consistent and reliable performance by minimizing signal noise that could potentially arise from 

surface irregularities. Furthermore, the low roughness of the surface contributes to improved adhesion of the film 

to the skin, resulting in more stable and precise measurements. Therefore, the 0.151 nm roughness of the PU film 

presents a favorable characteristic for wearable sensor applications, as it effectively balances comfort, 

performance, and reliability. 

Human Motion Detection: The fabricated PDMS-PEDOT:PSS-Ag flex nanocomposites-based strain sensor 

possesses desirable characteristics, including compact size, high sensitivity, broad sensing range, and skin-

mimicking properties, making it ideal for wearable motion detection. Evaluations on different body parts, such as 

the finger and neck, showed excellent adhesion and precise movement detection, as illustrated in Figure 3 (e and 

f). Consistent relative resistance changes were observed when the sensor was bent at a constant angle, with 

significant variations occurring with changes in the bending angle. These resistance changes are attributed to the 

deformation of the conductive network within the nanocomposites material, which affects electron pathways and 

alters resistance. During finger exercises, the sensor exhibited a rapid response with an average relative resistance 

change of around 580%. This change results from the strain applied to the nanocomposites material, causing 

stretching and compressing, which modifies its electrical properties. In neck stretching, the sensor showed a 

consistent response at certain angles, with notable variations observed when the angle was adjusted, leading to an 

average relative resistance change of approximately 630%. These results suggest that the sensor is highly effective 
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for monitoring human movement and has potential applications in biomedical monitoring, such as breathing, 

pulse, and pulmonary function. 

 

 

 

Figure 2: SEM image for (a) PU film, (b) PDMS-PEDOT:PSS-Ag; (c) Contact Angle of PU; (d) AFM of PU 

film; human motion detection (e) finger bending, (f) neck movement, (g) an overview of patching site location 

CONCLUSIONS 

In conclusion, we have effectively created a state-of-the-art wearable patch-type strain sensor, measuring just 0.30 

mm in total thickness. This sensor has a sensing layer made of PU-encapsulated PDMS-PEDOT:PSS-Ag flex 

nanocomposites for best performance. With a contact angle of 57.65° and outstanding surface roughness of 0.151 

nm, the PU film provides comfortable and efficient adherence to the human body. The performance of our sensor 

was verified by large resistance variations: 580% for finger motions between 0° and 90° and 630% for neck 

stretching. These astounding findings demonstrate the sensor's potential for cutting-edge biological uses, such as 

the real-time monitoring of a person's breathing, heart rate, movement, and pulmonary function. 

ACKNOWLEDGMENTS 

D. Nayak including all authors would like to acknowledge the Centre of Excellence (CoE) on ‘Manufacturing of 

Next Generation Bio-Medical Devices’ from DCPC Govt. of India (F.No:25012/01/2020-PC-II (FTS:16020) for 

the financial support to perform this research. 

REFERENCES 

1. A. Manikkavel, V.  Kumar and S.S. Park, Colloids Surfaces A Physicochem. Eng. Asp. 688, 133536 (2024). 

2. M.U. Zaheer, and S.H. Chang.. Adv. Compos. Mater. 33, 456–477 (2024). 

3. T. Truong and J. Kim. Polymers (Basel). 16, 373 (2024). 

4. I. Elizabeth, C. Athira, S. J.  Paul, and B. P. Singh. Carbon Lett. 34, 1187–1195 (2024). 

 

 

 

 

 

 

 

 

 



 

620 

 

Energy Harvesting by Cellulose-PEDOT: PSS Aerogel-

Based Triboelectric Nanogenerator 

Deviprasad Sahoo1, a), Debashish Nayak1, Sashwata Sahoo1, Tusharkant Nayak1, 

and Smita Mohanty1 

1 CIPET: School for Advanced Research in Petrochemicals (SARP) - Laboratory for Advanced Research in 

Polymeric Material (LARPM), Bhubaneswar, Odisha, India, 751024. 

 
a) Corresponding author: deviprasad.sahoo9696@gmail.com 

 

Abstract. This study presents a novel Triboelectric Nanogenerator (TENG) based on cellulose-PEDOT: PSS 

aerogel and PDMS for sustainable energy harvesting. The TENG, simulated using COMSOL Multiphysics, and 

experimentally operated in contact separation mode leverages the unique properties of cellulose aerogels for 

high electrical output yielding efficient output (60 V Voc, 100 nA Isc, 50 nC Qsc). This promising technology 

opens up new possibilities for mechanical energy harvesting and health monitoring applications. 

INTRODUCTION  

With recent advancements in flexible electronics and sensing technologies, it is now feasible to fabricate 

flexible and lightweight health monitoring devices. To facilitate this functionality, there is a need for a compact 

energy supply unit that possesses high energy density and self-charging capability. Energy harvesting devices that 

have recently emerged have shown promise in harnessing ambient and human-based energy sources to power 

sensor systems. TENG has emerged as a promising nanotechnology for sustainable energy harvesting based on 

the coupling effect of triboelectrification and electrostatic induction 1. When subjected to mechanical stimuli, the 

electric charges transfer between two different media upon contact, converting mechanical-to-electric energy. It 

generally consists of tribopositive and tribonegative layers operating across different energy harvest modes 

(vertical contact separation, lateral sliding, single electrode, and freestanding). The performance of TENG can be 

optimized by using a wide variety of tribo-materials and by selecting a suitable mode of operation, which can be 

measured by the output parameters like open circuit voltage (Voc), short-circuit current (Isc), and short-circuit 

charge transferred (Qsc). In recent years cost-effective advanced polymeric and biomaterials have shown 

significant results across energy harvesting technology. However, studies related to TENG based on cellulose 

aerogel materials is very limited 2. The unique interconnected 3D networks and air-filled pores of these cellulose 

aerogels have the potential to facilitate high-electrical output performance due to the synergistic effect of 

solid−solid contact electrification between the two electrification layers, and the gas−solid contact electrifications 

between the inner surface 3. In this work, we have simulated a TENG device by COMSOL Multiphysics to obtain 

the electric potential distribution across different separation distances of tribopostive, and tribonegative layers. 

Understanding the fundamental operating principle and how different parameters impact the overall performance 

of the device can provide valuable insights for designing the device structure to achieve the best results in specific 

applications 4. Based on the simulated model, we have fabricated a cellulose-PEDOT: PSS aerogel and PDMS-

based TENG and analyzed its potential for health monitoring applications. The cellulose is extracted from 

sugarcane bagasse by using the TEMPO oxidation method and interacted with PEDOT: PSS followed by the 

freeze-drying method to form a porous aerogel structure. The synthesized material is characterized using FTIR, 

and SEM and their electrical output is measured by operating the TENG in contact separation mode. The efficient 

output of the device (Voc upto 60 V, Isc upto 100 nA, and Qsc upto 50 nC) can power smaller electronic circuits 

like LEDs and can charge capacitors. The performed study promises effective applicability in mechanical energy 

harvesting and further possibilities in health monitoring devices 5. 

MATERIALS & METHODS 

The developed energy harvesting device is based on the TENG mechanism. First, the TENG design is 

simulated using COMSOL Multiphysics (Version 6.2.0.415) to obtain the electric potential distribution across 

different separation distances of tribopostive and tribonegative layers. Two-dimensional finite element modeling 

was developed to simplify the numerical computation without sacrificing its fundamental physics significance. 

The parameters used in this simulation are listed in TABLE 1. Based on the simulated design TENG device is 

assembled experimentally.  Cellulose-PEDOT: PSS-based aerogel composite and PDMS films were deposited as 
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tribopositive and tribonegative layers of the TENG device respectively. The cellulose nano-fibers were extracted 

from sugarcane bagasse using TEMPO oxidation technique to incorporate PEDOT: PSS composites, followed by 

aerogel preparation using the freeze-drying method. Fourier-transform infrared spectroscopy (FTIR) analysis was 

carried out by using FTIR NICOLET I S 50, for cellulose, TEMPO-oxidized cellulose, and aerogel samples. The 

morphological appearance of cellulose and cellulose- PEDOT: PSS aerogel is analyzed by Scanning electron 

microscopy (SEM: EVO MA 15, Carl Zeiss SMT). By adding 4 ml of PDMS base and 0.04 ml of curing agent to 

a petri dish, 0.5 mm thick PDMS films were synthesized. After that, both the tribo-positive and negative layers 

were assembled to fabricate a TENG device (4 cm x 2cm) operatable by contact separation mode. The copper 

electrode was utilized as a contact to both layers. The electrical output of the device such as open circuit voltage 

(Voc), short circuit current (Isc), and short circuit charge transferred (Qsc) is measured by using Keithley 

electrometer 6517b.  

TABLE 1. Utilized parameters in the calculation of TENG’s output characteristics. 

 

 Parameter values 

Dielectric 1 εr1 – 2, L = 5mm, H – 0.1 mm 

Dielectric 2 εr1 – 3, L – 5 mm, H – 0.1 mm 

Copper Contact εr1 – 1, L – 5 mm, H – 0.001 mm 

Surface charge density 8 µC 

Maximum separation  0.005 m 

Max velocity 1 m/s 

 

 

FIGURE 1. (a-d) Synthesis method of cellulose - PEDOT: PSS. (e) FTIR spectra of the synthesized sample. (f) SEM images 

of cellulose and cellulose-PEDOT: PSS aerogel. 

 

RESULTS & DISCUSSION 

The unique interconnected 3D networks and air-filled pores of aerogels facilitate high-electrical output 

performance due to the synergistic effect of solid−solid contact electrification between the two electrification 

layers, and the gas−solid contact electrifications between the inner surface. Based on this concept the fabricated 

TENG device made up of cellulose-PEDOT: PSS aerogel and PDMS have shown optimum electrical output. In 
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FTIR spectra, (Fig 1e) the interaction between cellulose nano-fibrils and PEDOT: PSS is observed from the 

diminishing peak at 1636 cm -1 due to the protonation of CNF. Fig. 1f and 1g show the morphological appearance 

of CNF and CNF-PEDOT: PSS aerogel. The increase in 3D networks and air-filled pores of aerogels may have 

facilitated the high-electrical output performance. From the 2D TENG finite elemental modeling, it is observed 

that the electric potential in open circuit conditions increased up to 18 V at a maximum separation of y = 0.005 

m, as shown in Fig. 2a and 2b.  The simulated model has provided information about fundamental operating 

principles and the impact of structural parameters on the overall performance of the device. This information has 

provided valuable insights for designing the device structure to achieve the best results. The experimentally 

fabricated device was tapped continuously over a period of 40 s to record the obtained electrical output by using 

an electrometer. It has provided optimal output performance, with Voc up to 60 V (Fig. 2d), Isc up to 100 nA 

(Fig. 2f), and Qsc (Fig. 2g) up to 50 nC. Such output performance can be utilized to power smaller electronic 

circuits like LEDs, watches, etc., and power capacitors to work as a self-powered sensor.   

 

 

FIGURE 2. (a-d) Synthesis method of cellulose - PEDOT: PSS. (e) FTIR spectra of the synthesized sample. (f) SEM images 

of cellulose and cellulose-PEDOT: PSS aerogel. 

CONCLUSIONS 

The fabricated TENG device has shown excellent electrical outputs comparable to some recent works based 

on TENG, suggesting the effective performance of cellulose/PEDOT: PSS-based aerogel and PDMS tribo-layers 

Moreover, The CNF aerogel-based TENG is also capable of sensing physiological movements and charging 

micro-electronic devices. The proposed device also has the potential to harvest energy from cardiovascular 

activity while simultaneously monitoring its behavior for early detection of cardiovascular abnormalities. This 

technology would revolutionize the health monitoring device sector and other cutting-edge applications based on 

energy harvesting from aerogel-based electronic devices and the management of renewable energy resources. 
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