
Article Not peer-reviewed version

Powering the Future: Leveraging Carbon

Nanotubes, Silicon Nanowires, and

MoS2 for Breakthroughs in Hydrogen

Production and Li-ion Batteries

Abniel Machín , María C Cotto , Francisco Márquez * , Jesús Díaz , Celia Polop , Carmen Morant

Posted Date: 2 October 2024

doi: 10.20944/preprints202410.0126.v1

Keywords: Li-ion Battery; Hydrogen; HER; Water Splitting; Photocatalysis.

Preprints.org is a free multidiscipline platform providing preprint service that

is dedicated to making early versions of research outputs permanently

available and citable. Preprints posted at Preprints.org appear in Web of

Science, Crossref, Google Scholar, Scilit, Europe PMC.

Copyright: This is an open access article distributed under the Creative Commons

Attribution License which permits unrestricted use, distribution, and reproduction in any

medium, provided the original work is properly cited.

https://sciprofiles.com/profile/1159544
https://sciprofiles.com/profile/1216169
https://sciprofiles.com/profile/29359
https://sciprofiles.com/profile/1592705
https://sciprofiles.com/profile/397550


 

Article 

Powering the Future: Leveraging Carbon Nanotubes, 

Silicon Nanowires, and MoS2 for Breakthroughs in 

Hydrogen Production and Li-ion Batteries 

Abniel Machín 1, María C. Cotto 2, Francisco Márquez 2,*, Jesús Díaz 3, Celia Polop 3,4  

and Carmen Morant 5,* 

1 Division of Natural Sciences and Technology, Universidad Ana G. Méndez-Cupey Campus, San Juan, 

00926 San Juan, PR, United States 
2 Nanomaterials Research Group, School of Natural Sciences and Technology, Universidad Ana G. Méndez-

Gurabo Campus, 00778 Gurabo, PR, United States 
3 Department of Condensed Matter Physics, Autonomous University of Madrid, and Instituto de Ciencia de 

Materiales Nicolás Cabrera, Madrid, 28049, Spain 
4 IFIMAC: Condensed Matter Physics Center (IFIMAC), Universidad Autónoma de Madrid, Madrid, 28049, 

Spain 
5 Department of Applied Physics, Autonomous University of Madrid, and Instituto de Ciencia de Materiales 

Nicolás Cabrera, Madrid, 28049, Spain 

* Correspondence: fmarquez@uagm.edu (F.M.); c.morant@uam.es (C.M.); +1-787-743-7979, ext. 4250 (F.M.); 

+34-914974924 (C.M.) 

Abstract: This study explores the hydrogen generation potential via water-splitting reactions under 

UV-vis radiation, by using a synergistic assembly of ZnO nanoparticles integrated with MoS2, 

single-walled carbon nanotubes (SWNTs), and crystalline silicon nanowires (SiNWs) to create the 

MoS2-SiNWs-SWNTs@ZnONPs nanocomposites. A comparative analysis of MoS2 synthesized 

through chemical and physical exfoliation methods revealed that the chemically exfoliated MoS2 

exhibited superior performance, thereby being selected for all subsequent measurements. The 

nanostructured materials demonstrated exceptional surface characteristics, with specific surface 

areas exceeding 300 m²g⁻¹. Notably, the hydrogen production rate achieved by a composite 

comprising 5% MoS2, 1.7% SiNWs, and 13.3% SWNTs at an 80% ZnONPs base was approximately 

3909 µmol h⁻¹g⁻¹ under 500 nm wavelength radiation, marking a significant improvement of over 

40-fold relative to pristine ZnONPs. This enhancement underscores the remarkable photocatalytic 

efficiency of the composites, maintaining high hydrogen production rates above 1500 µmol h⁻¹g⁻¹ 

even under radiation wavelengths exceeding 600 nm. Furthermore, the potential of these 

composites for energy storage and conversion applications, specifically within rechargeable 

lithium-ion batteries, was investigated. Composites, similar to those utilized for hydrogen 

production but excluding ZnONPs to address its limited theoretical capacity and electrical 

conductivity, were developed. The focus was on utilizing MoS2, and SiNWs, and SWNTs, as anode 

materials for Li-ion batteries. This strategic combination significantly improved the electronic 

conductivity and mechanical stability of the composite. Specifically, the composite with 56% MoS2, 

24% SiNWs and 20% SWNTs offered remarkable cyclic performance with high specific capacitance 

values, achieving a complete stability of 1000 mA h⁻¹g⁻¹ after 100 cycles at 1 A g⁻¹. These results 

illuminate the dual utility of the composites, not only as innovative catalysts for hydrogen 

production but also as advanced materials for energy storage technologies, showcasing their 

potential in contributing to sustainable energy solutions. 
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1. Introduction 

In the face of a rapidly evolving global energy landscape, the transition to renewable and 

efficient energy sources has become imperative [1]. This shift is driven by the urgent need to combat 

climate change and reduce our reliance on fossil fuels [1,2]. Among the numerous strategies under 

exploration, advanced materials, particularly nanomaterials, have emerged as frontrunners in 

revolutionizing energy generation and storage technologies [3]. Carbon nanotubes (CNTs) [4,5], 

silicon nanowires (SiNWs) [6–8], and molybdenum disulfide (MoS₂) [9] stand out due to their unique 

properties, which make them ideal candidates for enhancing both hydrogen production and lithium-

ion battery (Li-ion) performance. This paper investigates the innovative integration of these 

nanomaterials into composites optimized for photocatalytic hydrogen generation [3,10–17], and 

energy storage [6,18–23], capitalizing on their synergistic properties to significantly boost efficiency. 

Carbon nanotubes are well-known for their exceptional mechanical strength and high electrical 

conductivity, properties that make them indispensable in energy applications [4,5]. In hydrogen 

production, CNTs enhance electron transport, improving the efficiency of photocatalytic water 

splitting [24]. Furthermore, CNTs provide robust structural support in battery electrodes, promoting 

durability and electron mobility—key factors for high-performance batteries [25]. Their role in these 

nanocomposites is to serve as a backbone, facilitating both electron flow and mechanical stability, 

which collectively improves the overall efficiency of the system [25,26]. Silicon nanowires, on the 

other hand, offer a high surface area-to-volume ratio, a feature that is advantageous for both catalytic 

and battery applications [27]. In photocatalysis, SiNWs expose a greater number of active sites for 

water-splitting reactions, thereby increasing hydrogen production rates [28]. For Li-ion batteries, this 

increased surface area facilitates enhanced interaction with the electrolyte, allowing for improved 

lithium-ion storage and retrieval [29]. This is critical for achieving high energy densities and faster 

charging times. MoS₂, a transition metal dichalcogenide, is recognized for its outstanding catalytic 

properties, particularly in hydrogen evolution reactions (HER) [9,30]. Its layered structure hosts 

active sites that are pivotal in catalyzing hydrogen production from water. Beyond catalysis, MoS₂ 

also contributes to the structural integrity and conductivity of battery electrodes when combined with 

other nanomaterials like CNTs and SiNWs [31]. 

In this study, we focus on the synthesis and performance of MoS₂-SiNWs-SWNTs@ZnONPs 

nanocomposites, created through a strategic assembly that integrates zinc oxide nanoparticles 

(ZnONPs), MoS₂, single-walled carbon nanotubes (SWNTs), and SiNWs. The selection of ZnONPs as 

a base material is driven by their excellent absorption properties, essential for initiating photocatalytic 

water splitting. We compare the performance of MoS₂ synthesized through chemical and physical 

exfoliation, finding that the chemically exfoliated MoS₂ exhibits superior catalytic activity. This 

formulation was then chosen for further testing. Photocatalytic tests of the nanocomposites under 

UV-visible light showed a marked increase in hydrogen production, with the optimized composite 

achieving a hydrogen generation rate of approximately 3909 µmol h⁻¹g⁻¹ under 500 nm wavelength 

radiation, more than 40 times higher than that of pristine ZnO nanoparticles. This significant 

enhancement is attributed to improved charge separation and increased catalytic activity due to the 

synergistic interactions among the nanocomposite components. 

In addition to its application in hydrogen production, the potential of these nanocomposites for 

use in Li-ion batteries was also explored. Given the limitations of ZnO nanoparticles in terms of 

electrical conductivity and theoretical capacity, we developed a scalable synthesis process for MoS₂ 

nanocomposites to be used as anode materials. Initial tests on pristine MoS₂ electrodes revealed 

insufficient electrochemical performance. However, the integration of MoS₂ nanosheets with CNTs 

in an 80:20 wt/wt ratio (MoS₂@CNT) improved the performance significantly. Further enhancement 

was achieved by incorporating silicon nanowires into the MoS₂-CNT matrix, forming a second series 

of free-standing electrodes (MoS₂@SiNW@CNT) in a 56:24:20 wt.% composition. This composite 

exhibited a stable and homogeneous microstructure, free from agglomeration, as confirmed by 

energy-dispersive X-ray (EDX) mapping and field emission scanning electron microscopy (FESEM). 

The optimized electrode achieved a remarkable specific capacity of 1000 mAh g⁻¹ after 100 cycles at 
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a current density of 1 A g⁻¹, demonstrating the potential of these nanocomposites to contribute to the 

development of high-capacity, long-life battery systems. 

The primary objective of this study was to demonstrate the dual functionality of the synthesized 

nanocomposites in advancing both hydrogen production and energy storage technologies. By 

harnessing the unique properties of each nanomaterial, this research highlights not only their 

individual contributions but also their combined potential to significantly improve the efficiency of 

energy systems. The comprehensive analysis of the photocatalytic and electrochemical performance 

of these nanocomposites underscores their promise as key components in sustainable energy 

solutions. 

2. Materials and Methods 

2.1. Materials 

The solutions used in the synthesis were prepared with ultrapure deionized water (Milli-Q 

water) having a resistivity of 18.2 MΩ·cm at 25°C to ensure high quality and consistency in 

experimental results. Zinc oxide nanoparticles (ZnONPs) were synthesized using zinc acetate 

dihydrate (Zn(C₂H₃O₂)₂·2H₂O, 98.99% purity) and sodium hydroxide (NaOH, 99.0% purity), both 

sourced from Sigma Aldrich (Milwaukee, WI, USA). Molybdenum disulfide (MoS₂), with 99% purity 

and an average particle size of 90 nm in nanopowder form (Sigma Aldrich, St. Louis, MO, USA), was 

later exfoliated as described in subsequent sections. Silicon nanowires (SiNWs) were obtained from 

Floatech S.L. (Madrid, Spain) and used as received. Ethylenediaminetetraacetic acid disodium salt 

(EDTA-Na₂, ACS reagent grade, 99.4-100.6% purity) in powder form was also employed, along with 

sodium sulfide nonahydrate (Na₂S·9H₂O, >99.99% purity), sodium sulfite (Na₂SO₃, Puriss. p.a. Ph. 

Eur. grade, anhydrous, 98-100% purity), and sodium sulfate (Na₂SO₄, anhydrous, ACS reagent, 

>99.99% purity), all obtained from Sigma Aldrich. Nafion (5% wt solution, Grade D520CS) was 

sourced from Chemours Company (Wilmington, DE, USA). High-purity isopropanol (>99.9% for 

HPLC) and absolute ethanol (200 Proof, >99.5% purity, HPLC/Spectrophotometric grade) were both 

supplied by Sigma Aldrich. Ethylenediamine (EDA), purified by redistillation to >99.5% purity, and 

N,N-dimethylformamide (DMF, for HPLC, >99.9% purity) were also provided by Sigma Aldrich. 

For the preparation of Li-ion battery electrodes, single-walled carbon nanotubes (SWNTs) in 

aqueous suspension (0.2 wt%, without surfactants) were used, supplied by TUBALL™ BATT 

(Luxembourg). Additional materials used in the preparation of Li-ion batteries included a 

polyvinylidene fluoride (PVDF) membrane (Celgard 3501, PP-coated, Charlotte, NC, USA) and a 1M 

solution of LiPF₆ electrolyte in a 1:1:1 mixture of ethylene carbonate (EC), diethyl carbonate (DEC), 

and dimethyl carbonate (DMC), also from Sigma Aldrich. Glass microfiber filter disks (Whatman 

grade GF/B, thickness 0.68 mm) used as spacers were likewise provided by Sigma Aldrich. 

2.2. Synthesis of the ZnONPs 

The methodology for synthesizing zinc oxide nanoparticles (ZnONPs) is well-documented in 

previous literature [32]. The process begins with the preparation of a zinc acetate dihydrate solution, 

where 25 mL of a 0.2 M solution of Zn(C2H3O2)2.2H2O is thoroughly mixed with 50 mL of deionized 

water. This mixture is then heated to maintain a constant temperature of 60 °C. Once the target 

temperature is achieved, 25 mL of a 4 M sodium hydroxide (NaOH) solution is gradually introduced 

into the mixture in a controlled, dropwise manner. Following the addition of the sodium hydroxide 

solution, the resultant mixture is maintained at 60 °C and continuously stirred for two hours to ensure 

complete reaction and homogeneity of the solution. After that, the heating is discontinued, and the 

solution is allowed to naturally cool to room temperature. Subsequent to cooling, the precipitated 

solids are collected by centrifugation. To purify the product, the collected solids are subjected to 

multiple washing cycles. Each cycle involves resuspending the precipitate in deionized water and 

centrifuging it again to remove any residual impurities and unreacted materials. This process is 

repeated several times until the wash waters achieve a neutral pH, indicating the removal of excess 

reactants and byproducts. Finally, the washed and purified zinc oxide nanoparticles are gathered and 
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spread out to dry. The drying process is carried out in a controlled environment where the material 

is exposed to a constant temperature of 60 °C overnight. This step is crucial as it removes any 

remaining moisture and ensures the stability of the ZnONPs. The result is a dry, fine powder of zinc 

oxide nanoparticles, ready for subsequent experimental use. 

2.3. Exfoliation of MoS2 

The exfoliation of MoS₂ was carried out following the method described by Ghorai et al. [33], 

with slight modifications, combining intercalation with ethylenediamine (EDA) and subsequent 

ultrasonication in an organic solvent. Initially, 0.5 g of bulk MoS2 powder was transferred to a 100 

mL round-bottom flask. To this, 25 mL of ethylenediamine (EDA) and then subjected to magnetic 

stirring at room temperature. This stirring was maintained for 24 hours, to allow for thorough 

adsorption of the EDA molecules onto the MoS2 surface. Next, the mixture was centrifuged at 6000 

rpm for 40 minutes to separate the unadsorbed EDA from the MoS2 particles. The supernatant, 

containing the excess EDA, was decanted and discarded. The precipitate, now containing EDA-

intercalated MoS2, was redispersed in 40 mL of N,N-dimethylformamide (DMF) and the mixture was 

magnetically stirred for 3 hours. After that, the mixture was subjected to centrifugation at 6000 rpm 

for 30 minutes to remove any remaining unadsorbed EDA and excess solvent. The supernatant was 

discarded, and the purified EDA-intercalated MoS2 precipitate was collected. This process of 

redispersion in DMF and centrifugation was repeated twice. The purified EDA-intercalated MoS2 

was then transferred to a 100 mL Erlenmeyer flask containing 50 mL of fresh DMF. The mixture was 

sonicated using a tip sonicator for 4 hours at room temperature. The sonicator was operated at 500 

W and 20 kHz frequency. To maintain the temperature below 30 °C throughout the sonication 

process, the sample was placed in a water bath, and ice was periodically added. Following sonication, 

the resulting suspension exhibited a greenish colloidal appearance, indicating successful exfoliation 

of MoS2 into few-layer or single-layer nanosheets. To isolate these exfoliated nanosheets, the 

suspension was centrifuged at 6000 rpm. The supernatants from this centrifugation step contained 

the exfoliated MoS2 nanosheets, which were carefully collected and stored in clean glass vials for 

further use. The yield of this exfoliation process was very low, necessitating 15 repetitions to obtain 

a sufficient quantity of material for the preparation of the composites. All synthesized batches were 

combined into a single vial and further homogenized with DMF to ensure that the MoS₂ in all 

composites had consistent characteristics. 

2.4. Synthesis of composites 

The synthesis of MoS2-SiNWs-SWNTs@ZnONPs composites was carried out through a multi-

step process as follows. Initially, 500 mg of ZnONPs were dispersed in 50 mL of deionized water. The 

dispersion was subjected to ultrasonication for 20 minutes to ensure a homogeneous suspension. 

Concurrently, the appropriate amounts of SWNTs and SiNWs were combined in a separate 

Erlenmeyer flask and dispersed in 20 mL of deionized water. This SWNTs/SiNWs mixture was also 

ultrasonicated for 10 minutes to achieve a uniform dispersion. Subsequently, this mixture was added 

dropwise to the previously prepared ZnONPs solution under continuous magnetic stirring. The 

resulting composite suspension was maintained under magnetic stirring at room temperature for 1 

hour to facilitate interaction between the components. Following this, a predetermined quantity of 

pre-exfoliated MoS₂ was added to the mixture. The addition of MoS₂ was performed slowly to ensure 

proper integration into the composite. The entire suspension was then stirred for an additional 2 

hours. After completion of the stirring process, the suspension was centrifuged at 6000 rpm for 15 

minutes to separate the solid phase from the supernatant. The resulting precipitate was washed 

several times with deionized water to remove any unreacted species or residual contaminants. This 

washing process was coupled with two additional cycles of centrifugation to ensure purity of the 

composite material. The final solid product was dried in a vacuum oven at 70 °C for 6 hours to remove 

any residual moisture. Subsequently, the dried material underwent thermal treatment at 300 °C for 2 

hours under a continuous nitrogen flow (300 mL min⁻¹) to enhance the stability of the composite. The 
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composite material obtained after thermal treatment was carefully collected and stored in an airtight 

container for further characterization and potential application studies. 

2.5. Characterization of composites 

The surface area of the composites was quantified using the Brunauer-Emmett-Teller (BET) 

method on a Micrometrics ASAP 2020 instrument, which employed nitrogen adsorption isotherms 

at 77 K (Micrometrics Instrument Corporation, Norcross, GA, USA). The morphology and structural 

details of the composite materials were examined through field emission scanning electron 

microscopy (FESEM) with a FEI Verios 460L system, integrated with a Quantax energy-dispersive X-

ray spectroscopy (EDS) analyzer (Thermo Fisher Scientific, Hillsboro, OR, USA). High-resolution 

transmission electron microscopy (HRTEM) analysis was performed on a JEM 3000F microscope 

(JEOL, Peabody, MA, USA) to gain insights into the nanoscale features and lattice fringes of the 

samples. The crystalline phases present in the composites were determined using X-ray diffraction 

(XRD) analysis, carried out with a Bruker D8 Advance diffractometer operating at 40 kV and 40 mA 

(Bruker Corporation, Billerica, MA, USA). Raman spectroscopy measurements were conducted with 

a DXR Raman microscope (Thermo Fisher Scientific, Waltham, MA, USA), utilizing a 532 nm laser at 

5 mW power and a resolution of 5 cm–1, to investigate the vibrational modes of the materials. X-ray 

photoelectron spectroscopy (XPS) was employed to analyze the surface elemental composition and 

chemical states using an ESCALAB 220i-XL spectrometer with non-monochromatic magnesium Kα 

radiation (1253.6 eV) operating at 20 mA and 12 kV (Thermo Fisher Scientific, Waltham, MA, USA). 

The optical bandgap energies of the composites were obtained using a Perkin Elmer Lambda 1050 

UV-Visible-NIR Spectrophotometer (Perkin Elmer, Waltham, MA, USA). Photoluminescence (PL) 

spectra were recorded to study the electronic properties using an FS900 Fluorescence Spectrometer 

(Edinburgh Instruments Ltd., Livingston, UK). The produced hydrogen was quantified by gas 

chromatography (GC), using a thermal conductivity detector (GC–TCD, Perkin-Elmer Clarus 600). 

The photoelectrochemical properties (transient photocurrent response) of the different materials 

were characterized using a CHI660D electrochemical system workstation (Shanghai Chenhua 

Instrument Co., Shanghai, China). Electrochemical measurements, including galvanostatic 

charge/discharge (GCD) curves, were conducted at room temperature using a 12-channel Arbin 

Instruments BT2143 workstation, with a potential window of 0.01 V to 3.0 V (vs Li/Li⁺) at various 

current densities. Cyclic Voltammetry (CV) was performed using a Potentiostat/Galvanostat 

(Princeton Applied Research, PAR, VersaSTAT 3) at a scan rate of 0.2 mV/s, over the same potential 

range of 0.01 V to 3.0 V. Electrochemical Impedance Spectroscopy (EIS) was also carried out with the 

PAR VersaSTAT 3, applying a 5 mV amplitude over a frequency range from 0.1 Hz to 1 MHz. 

2.6. Photocatalytic Experiments 

Optimal conditions for the catalytic hydrogen evolution reaction (HER) studies were determined 

in terms of catalyst dosage (0.5 g/L to 1.5 g/L), and pH levels (4 to 11) prior to initiating the 

experimental procedures. The photocatalytic hydrogen generation was evaluated by introducing 50 

mg of the selected catalyst into a 200 mL quartz reactor flask containing 100 mL of deionized water. 

The reaction mixture was maintained at a constant temperature of 20 °C, agitated using a magnetic 

stirrer set at 20 rpm, and purged with nitrogen gas for a minimum of 20 minutes to remove any 

dissolved oxygen. 

Subsequently, the solution was exposed to ultraviolet-visible (UV-vis) radiation for 120 minutes. 

Various filters were used to select the specific irradiation wavelengths appropriate for the study. To 

facilitate the reaction, solutions of 0.5 M sodium sulfide (Na2S) and 0.03 M sodium sulfite (Na2SO3) 

were added as sacrificial agents. The hydrogen produced during the reaction was carried by a 

nitrogen gas stream, collected, and subsequently analyzed. The evolved hydrogen was captured, and 

its volume quantitatively measured using a gas chromatographic system equipped with a thermal 

conductivity detector (GC-TCD). A Perkin-Elmer Clarus 600 instrument was specifically used for this 

analysis. 
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2.7. Fabrication of Free-Standing SiNWs-SWNTs-MoS2 Electrodes 

Three types of electrodes were prepared, each with varying proportions of MoS₂ as the active 

material: pure MoS₂, MoS₂@CNTs (80:20 wt.%), and MoS₂@SiNWs@CNTs (56:24:20 wt.%). The 

exfoliation of MoS₂ followed the procedure previously described. The carbon nanotubes (CNTs) used 

had diameters ranging from 40 to 60 nm and lengths between 1 to 50 µm, with a purity exceeding 

95%, as indicated by the supplier. The silicon nanowires (SiNWs) had diameters between 25 and 70 

nm and straight lengths of 0.5 to 2 µm, as confirmed by field-emission scanning electron microscopy 

(FESEM). Some nanowires showed thicker diameters, up to 140 nm, and longer, curved lengths 

reaching 20 µm. 

Freestanding electrodes were fabricated by preparing isopropanol (IPA) solutions with varying 

concentrations of MoS₂ or a mixture of MoS₂/SiNWs as the active material. These solutions were then 

poured into a funnel and filtered through a porous polyvinylidene fluoride (PVDF) membrane with 

a thickness of 25 µm, using positive pressure applied by a vacuum pump. Before preparing the 

composite, the CNT solutions in deionized water were sonicated using a probe sonicator for 20 

minutes. New solutions were then prepared by mixing the sonicated CNTs with the corresponding 

active materials (MoS₂ or MoS₂@SiNWs) in deionized water, ensuring the appropriate weight 

proportion of dried CNTs. After thorough mixing, the dispersion was sonicated again for 10 minutes 

at room temperature, leading to good entanglement between the CNTs and MoS₂ (or MoS₂@SiNWs), 

effectively preventing aggregate formation. All production steps were conducted under open-

atmosphere conditions. Filtration was carried out immediately after sonication to prevent precipitate 

formation. This step is essential, as inhomogeneities from MoS₂ agglomerates, SiNWs clusters, or 

CNT bundles can disrupt network continuity and significantly affect battery performance. The 

amount of material used during filtration was standardized to 1 mg cm⁻² of membrane area. After 

vacuum filtration, the compounds deposited on the PVDF membrane were placed in a desiccator for 

at least 2 hours. The resulting electrodes, still attached to the membrane, were then cut into 12 mm 

discs and further dried under vacuum at 10⁻³ mbar and 90 °C for 10 hours. Following this, the 

electrodes were transferred to an Ar-filled glovebox (GP Campus, Jacomex) with moisture and 

oxygen levels below 1.0 ppm, for battery assembly. The 2032 coin-type half-cells were assembled 

using pure lithium (Li) as the counter electrode. The electrolyte employed was a 1.0 M solution of 

LiPF₆ in EC:DEC:DMC (1:1:1). A 16 mm diameter glass microfiber filter disk was placed in direct 

contact with the PVDF membrane supporting the electrode, serving as both the separator and the 

support. After assembly, the cells were allowed to stabilize for a minimum of 4 hours before 

measurement. 

2.8. Post-Mortem Characterization of Li-ion Coin Cells 

After electrochemical cycling, selected coin cells were disassembled inside a glove box under an 

inert atmosphere using a precision non-conductor screwdriver. The lithium metal was carefully 

removed, and the electrode was extracted using fine-tipped tweezers. The electrode was 

subsequently cleaned with a dimethyl terephthalate (DMT) solution, followed by rinsing with an 

anhydrous solvent, and dried under controlled environmental conditions. 

For post-mortem characterization, the cycled electrodes were transferred with care and analyzed 

using Scanning Electron Microscopy (SEM) and Nuclear Reaction Analysis (NRA). NRA was 

employed to investigate lithium diffusion profiles within the cycled electrodes. The measurements 

were conducted using a tandem setup of high-current coaxial tandetron accelerators operating at a 

terminal voltage of 5 MV [34]. This technique, based on the nuclear reaction 7Li(p,α) 4He, is highly 

sensitive to the depth distribution of lithium atoms [35,36]. To optimize the NRA signal for lithium 

detection, 3 MeV H+ ions were used, following the conditions established by Paneta et al. [37]. 

Backscattered ions were detected with two surface barrier detectors, having energy resolutions of 12 

keV and 18 keV, positioned at scattering angles of 170° and 165° relative to the beam direction, 

respectively. The resulting NRA spectra were processed and analyzed using SIMNRA software [38–

40]. 
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3. Results 

3.1. Hydrogen Evolution Reaction (HER) 

3.1.1. Characterization of composites 

The synthesized nanomaterials were employed in the fabrication of photocatalysts, which were 

then tested for their efficiency in hydrogen production via water splitting (HER). Additionally, these 

nanomaterials were used to assemble electrodes for Li-ion batteries. The photocatalyst that 

demonstrated the highest efficiency in HER was 6.7%(MoS₂-SiNWs)@ZnONPs-CNTs, making this 

material the focus of a thorough characterization. 

The BET surface area of the different composites was measured, and the results are summarized 

in Table S1. The unmodified ZnONPs exhibited a surface area of 62 m²g⁻¹, which increased to 

approximately 297 m²g⁻¹ with the addition of CNTs and SiNWs. This increase in surface area is 

primarily attributed to the presence of CNTs in the composite. The introduction of exfoliated MoS₂ 

(see Table S1) initially reduced the surface area to 231 m²g⁻¹ for the 5%(MoS₂-SiNWs)@ZnONPs-CNTs 

catalyst and then slightly increased it to 246 m²g⁻¹ with a higher MoS₂ content, as observed in the 

6.7%(MoS₂-SiNWs)@ZnONPs-CNTs catalyst. 

The catalyst precursors were thoroughly characterized using Field Emission Scanning Electron 

Microscopy (FESEM), as shown in Figure 1. The ZnONPs (Figure 1a) exhibit heterogeneous particles 

with diameters ranging from approximately 15 to 25 nm. The chemically exfoliated MoS₂ (Figure 1b) 

consists of small, thin sheets with highly variable sizes, ranging from 1 micron to several microns in 

average diameter. These sheets appear to be composed of multiple layers of MoS₂; however, as will 

be discussed later in the High-Resolution Transmission Electron Microscopy (HRTEM) analysis, 

some of these sheets are actually single-layer MoS₂. The variability in sheet thickness and lateral 

dimensions is expected to impact the electronic properties and catalytic activity of the material, as 

single-layer MoS₂ typically exhibits distinct electronic characteristics compared to its multilayer 

counterparts. Figure 1c illustrates the adduct formed by MoS₂ and carbon nanotubes (CNTs), 

revealing a highly homogeneous interweaving of both materials. This uniform integration is 

anticipated to be crucial for the catalytic performance, as the intimate contact between MoS₂ and 

CNTs can enhance electron transport and catalytic efficiency. The well-dispersed CNT network 

provides mechanical support and electrical conductivity, which are likely to play a significant role in 

the overall activity and stability of the catalysts. Finally, Figure 1d displays the combination of all the 

materials—MoS₂, CNTs, SiNWs, and ZnONPs. The image reveals a relatively homogeneous 

dispersion among all components, which is essential for ensuring consistent catalytic activity across 

the composite material. The uniform distribution of these components suggests effective mixing and 

interaction at the nanoscale, which may contribute to enhanced catalytic properties due to the 

synergistic effects of the individual materials. 
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Figure 1. FESEM images showing ZnONPs (a); chemically exfoliated MoS₂ (b); the adduct formed by 

MoS₂ and CNTs (c); and the catalyst composed of ZnONPs, MoS₂, CNTs, and SiNWs (d). 

The different components were further characterized using HRTEM. Figure 2a shows the 

HRTEM image of the ZnONPs, which exhibit heterogeneous dimensions, consistent with the 

observations made using FESEM. The nanoparticles display a range of sizes, reinforcing the earlier 

findings and suggesting a complex synthesis process that results in a non-uniform particle 

distribution. Figure 2b provides a magnified view of the highlighted region in Figure 2a, with an inset 

showing an even higher magnification where the material’s lattice fringes are clearly visible. The 

characteristic interplanar spacing of 0.32 nm observed in these fringes has been definitively attributed 

to the ZnO wurtzite structure [41], confirming the crystalline phase of the ZnONPs. Figure 2c 

illustrates an HRTEM image of a monolayer MoS₂ sheet, where several defects can be observed 

(highlighted with yellow circles). These defects are hypothesized to contribute to the enhanced 

catalytic activity of the material, as defect sites can serve as active sites for catalytic reactions. 

Although the nature and exact influence of these defects are currently under investigation in a 

separate study, it is likely that they were introduced during the rigorous chemical exfoliation process 

that the material underwent. The presence of these defects may alter the electronic properties of the 

MoS₂ monolayer, potentially leading to improved performance in catalytic applications [42]. Figure 

2d shows a detailed HRTEM image of a SiNW, revealing its high crystallinity and a diameter of 

approximately 11-12 nm. The well-defined crystalline structure observed in the SiNW, which even 

reveals individual Si atoms, is indicative of a high-quality material, essential for applications where 

electronic properties are critical. The carbon nanotubes (CNTs) are not shown in the HRTEM images, 

as they are commercially sourced and have been extensively characterized. Given their well-

documented properties, their detailed characterization was deemed unnecessary for this 

investigation. 

Preprints.org (www.preprints.org)  |  NOT PEER-REVIEWED  |  Posted: 2 October 2024 doi:10.20944/preprints202410.0126.v1

https://doi.org/10.20944/preprints202410.0126.v1


 9 

 

 

Figure 2. HRTEM images showing ZnO nanoparticles (ZnONPs) at different magnifications (a and 

b). The inset in (b) corresponds to a further magnified region, highlighting the lattice fringes. 

Chemically exfoliated MoS₂ monolayer, with some regions displaying structural defects marked by 

yellow circles and SAED pattern (c), and the detailed image of a highly crystalline silicon nanowire 

(SiNW) (d). 

Figure 3 shows the Raman spectra of CNTs, SiNWs, ZnONPs, MoS₂, and the 6.7%(MoS₂-

SiNWs)@ZnONPs-CNTs catalyst. The CNTs (Figure 3a) exhibit two peaks at approximately 1338 cm⁻¹ 

and 1576 cm⁻¹, corresponding to the D band, which is associated with the presence of defects in the 

material, and the G band, respectively, both of which are characteristic of carbon nanotubes [43]. 

Figure 3b shows the Raman spectrum of the SiNWs, showing a characteristic peak at approximately 

518 cm⁻¹, which can be attributed to the first-order phonon mode [44]. The Raman spectrum of 

ZnONPs (Figure 3c) displays distinct peaks at ca. 327 cm⁻¹, 437 cm⁻¹, 560 cm⁻¹, and a broad band 

around 1160 cm⁻¹. The 327 cm⁻¹ peak is attributed to the second-order Raman spectrum, while the 

437 cm⁻¹ peak is assigned to the E2 modes of Zn motion, corresponding to the characteristic band of 

the wurtzite phase [45,46]. The 560 cm⁻¹ band is associated with the E1 mode, typically originating 

from second-order Raman scattering, and the broad band at 1160 cm⁻¹ is attributed to overtones 

and/or combination bands [45–47]. The Raman spectrum of MoS₂ (Figure 3d) shows two characteristic 

bands at approximately 384 cm⁻¹ and 408 cm⁻¹, which have been assigned to the E¹₂g and A₁g modes, 

respectively [48]. These bands are indicative of the exfoliation process and the formation of MoS₂ 

flakes with few layers [49,50]. The 6.7%(MoS₂-SiNWs)@ZnONPs-CNTs catalyst (Figure 3e) exhibits 

peaks corresponding to the various components within the sample, albeit with differing intensities 

due to the proportions of the components in the catalyst. The detection of significant peaks from all 

catalyst components confirms the heterostructured nature of the composite. 
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Figure 3. Raman spectra of CNTs (a); SiNWs (b); ZnONPs (c); MoS2 (d); and 6.7%(MoS₂-

SiNWs)@ZnONPs-CNTs (e). 

Figure 4 shows the X-ray diffraction (XRD) patterns of the 6.7%(MoS₂-SiNWs)@ZnONPs-CNTs 

catalyst, along with the individual XRD patterns of ZnONPs, CNTs, SiNWs, and MoS₂ for comparison 

purposes. The diffraction peaks observed for ZnONPs (Figure 4a) can be clearly indexed to the 

hexagonal wurtzite ZnO phase, which dominates the diffraction pattern of the 6.7%(MoS₂-

SiNWs)@ZnONPs-CNTs catalyst, as shown in Figure 4e. The strong and distinct reflections are 

indicative of the crystalline nature of the ZnONPs and confirm their predominant presence within 

the composite catalyst [51]. The XRD pattern of CNTs (Figure 4b) reveals several peaks, which have 

been assigned to the (002) and (100) reflections characteristic of single-walled carbon nanotubes [52]. 

These reflections are consistent with the graphitic structure of CNTs, confirming their structural 

integrity within the composite. The diffraction pattern of SiNWs (Figure 4c) exhibits very weak 

intensities, characterized by three faint reflections assigned to the (111), (220), and (311) planes [53]. 

These weak reflections are typical of highly homogeneous and crystalline silicon nanowires, similar 

to those employed in this study. The low intensity of these peaks can be attributed to the small size 

and high dispersion of the SiNWs within the catalyst matrix. The MoS₂ XRD pattern (Figure 4d) 

displays multiple diffraction peaks located at approximately 32°, 36°, 39°, 49°, and 58°, corresponding 

to the (100), (102), (103), (105), and (110) crystalline planes of the 2H-type MoS₂ hexagonal phase, in 

accordance with the JCPDS # 75-1539 standard [48,54,55]. These reflections confirm the hexagonal 

crystalline structure of the MoS₂ layers used in the catalyst preparation. In Figure 4e, the XRD pattern 

of the 6.7%(MoS₂-SiNWs)@ZnONPs-CNTs catalyst is shown, highlighting the diffraction peaks of the 

composite’s constituents. To facilitate the identification of each component, a consistent color-coding 

scheme has been employed across the figures. The XRD pattern is dominated by the intense peaks 

from ZnONPs, the major component of the catalyst. Additionally, a minor peak at a low angle can be 

attributed to the presence of CNTs. The absence of discernible peaks from other components, such as 

MoS₂ and SiNWs, in the catalyst’s XRD pattern can be explained by the high degree of dispersion and 

the relatively low proportions of these materials within the composite. This high dispersion 
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effectively reduces the crystallite size to the point where the diffraction signals from these 

components are below the detection limit of the XRD technique, further emphasizing the successful 

integration and distribution of the various components in the catalyst structure. 

 

Figure 4. XRD patterns of ZnONPs (a); CNTs (b); SiNWs (c); MoS2 (d); and 6.7%(MoS₂-

SiNWs)@ZnONPs-CNTs (e). 

The representative elements of the most efficient catalyst, 6.7%(MoS₂-SiNWs)@ZnONPs-CNTs, 

were thoroughly characterized by X-ray photoelectron spectroscopy (XPS). The Zn2p spectrum 

(Figure 5a) reveals two distinct components at binding energies of 1044.2 eV and 1020.5 eV, 

corresponding to the Zn2p1/2 and Zn2p3/2 transitions of Zn²⁺, respectively [56]. The characteristic spin-

orbit splitting of 23.7 eV confirms the oxidation state of Zn as Zn²⁺ [56]. Both transitions exhibit high 

symmetry, and attempts to fit the data to other possible zinc states yielded no significant results, 

thereby ruling out any additional contributions from other oxidation states. Figure 5b shows the O1s 

transition, which displays a clear asymmetry. This transition has been deconvoluted into three 

components at approximately 530.1, 532.3, and 535.3 eV. The peak at 530.1 eV is attributed to O²⁻ 

species within the ZnO lattice, indicating the presence of oxygen in a well-defined crystalline 

environment [57]. The component at 532.3 eV is assigned to O²⁻ in oxygen-deficient regions, 

suggesting the presence of defects or non-stoichiometric areas within the ZnO structure [57]. The 

highest binding energy peak at 535.3 eV likely corresponds to species generated by the interaction of 

ZnO nanoparticles with other components in the catalyst, possibly indicating surface modifications 

or interactions with other phases [57]. The C1s spectrum (Figure 5c) is also asymmetric and has been 

deconvoluted into two components at approximately 284.7 eV and 286.7 eV. The dominant peak at 

284.7 eV is assigned to sp²-hybridized carbon, characteristic of the CNTs present in the catalyst 

[56,58]. The secondary peak at 286.7 eV is attributed to C-OH groups, likely arising from structural 

defects in the CNTs, which could be introduced during the synthesis or functionalization process 

[58]. The Mo3d and S2s transitions are presented in Figure 5d. The Mo3d spectrum features two well-

defined and symmetrical peaks at 232.1 eV and 228.9 eV, corresponding to the Mo3d3/2 and Mo3d5/2 

doublet, respectively [56]. These peaks are indicative of the Mo⁴⁺ state in MoS₂, confirming the 

presence of MoS₂ as a component of the catalyst [59,60]. Additionally, a peak observed at 
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approximately 226.4 eV is attributed to the S2s transition, further confirming the presence of MoS₂ 

within the catalyst [59]. The Si2p transition, as shown in Figure 5e, exhibits two deconvoluted peaks. 

The most intense peak, observed below 100 eV, is clearly asymmetric and was deconvoluted into two 

peaks at 99.8 eV and 99.2 eV. These peaks correspond to the Si2p1/2 and Si2p3/2 transitions of elemental 

silicon (Si) [56], with a characteristic spin-orbit coupling of approximately 0.6 eV. Additionally, a less 

intense peak at 103.7 eV is assigned to oxidized silicon (SiOx) [56], which likely originates from the 

surface oxidation of the silicon nanowires (SiNWs). This oxidation could be a result of exposure to 

ambient conditions or interactions with other components within the catalyst. 

 

Figure 5. X-Ray Photoelectron Spectroscopy (XPS) spectra of Zn 2p (a); O 1s (b); C1s (c); Mo3d (d) and 

Si2p (e). 

Diffuse reflectance spectroscopy was used to characterize both the precursors and the catalysts. 

The reflectance data, expressed in Kubelka-Munk units, enabled the determination of bandgaps via 

Tauc plots (see Figure 6). The bandgap energy of the wurtzite phase of ZnO is typically around 3.37 

eV [61], but the synthesized ZnO nanoparticles (ZnONPs) exhibited a slightly lower bandgap of 3.26 

eV, likely due to variations in morphology and particle size, which influence the semiconductor’s 

properties. Incorporating carbon nanotubes (CNTs) into the ZnONPs further reduced the bandgap 

to 2.90 eV (Figure 6b), a result expected from the interaction between ZnONPs and CNTs, which 

modifies the composite’s electronic structure [62]. MoS₂, with a bandgap of approximately 2.5 eV [63], 

is known to shift the bandgap towards the visible region when forming heterostructures [63]. 

Similarly, silicon nanowires (SiNWs) exhibit a bandgap ranging from 1.5 to 1.8 eV, depending on 

their diameter [64]. The MoS₂-SiNWs adduct (Figure 6e) displayed a bandgap of 2.67 eV, which aligns 

with the results observed in the catalysts (Figure 6c and 6d). The 5%(MoS₂-SiNWs)@ZnONPs-CNTs 

catalyst showed a bandgap of 2.87 eV, placing it within the visible spectrum, and this shift was further 

shifted to 2.83 eV in the 6.7%(MoS₂-SiNWs)@ZnONPs-CNTs catalyst. The incorporation of SiNWs, 

like MoS₂, consistently reduced the bandgap, enhancing visible light absorption and catalytic 

efficiency. The results in Figure 6 demonstrate that these catalysts effectively utilize visible light for 

catalytic processes, a conclusion further supported by hydrogen evolution reaction (HER) results to 

be discussed later. 
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Figure 6. Tauc plots of (αhn)2 versus energy (eV), and determination of the bandgap energy of 

ZnONPs (a); ZnONPs-CNTs (b); 5%(MoS₂-SiNWs)@ZnONPs-CNTs (c); 6.7%(MoS₂-

SiNWs)@ZnONPs-CNTs (d); and MoS2-SiNWs (e). 

3.1.2. Photocatalytic Hydrogen Production 

Before proceeding to the characterization of these catalysts in the hydrogen production reaction 

from water, an investigation into the optimal process conditions was conducted. For this 

investigation, the catalyst that exhibited the highest efficiency, namely 6.7%(MoS2-SiNWs)@ZnONPs-

CNTs, was selected. The impact of the medium’s pH (Figure S1) and catalyst loading (Figure S2) was 

evaluated. The optimal conditions were found to be pH=7 and a catalyst loading of 60 mg/100 mL. 

Control experiments (Figure S3) were also performed to determine whether the reaction could occur 

without light, thus distinguishing between purely catalytic and photocatalytic processes. As shown 

in Figure S3, the hydrogen production mechanism is predominantly photocatalytic, but in the 

absence of light, a small hydrogen yield of approximately 83 µmol/hg was observed, attributable 

solely to catalysis. 

Figure 7 shows the results for hydrogen production via photocatalysis using the different 

materials studied. The photocatalytic efficiency was measured using Na2SO3 (0.02 M) and Na2S (0.4 

M) as sacrificial agents. Activities were tested under different irradiation wavelengths of 220, 280, 

320, 400, 500, 600, and 700 nm for all samples. 
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Figure 7. H2 production profiles of the synthesized materials under irradiation at different 

wavelengths. ZnONPs-CNTs (a); 5%(MoS2-SiNWs)@ZnONPs-CNTs (b); 6.7%(MoS2-

SiNWs)@ZnONPs-CNTs (c). The vertical lines represent the average error of each measurement. 

As illustrated in Figure 7, the base material (ZnONPs-CNTs) exhibits significant activity in the 

visible region, specifically between 400 and 500 nm (Figure 7a). When 5% of MoS2-SiNWs (comprising 

3.3% MoS2 and 1.7% SiNWs) is added to this composite, there is a substantial increase in hydrogen 

production (Figure 7b). This enhancement is not limited to the visible region but extends across the 

entire spectral range studied. Moreover, when the percentage of MoS2 is increased to 5% (5% MoS2 

and 1.7% SiNWs), the hydrogen production sees an even more pronounced boost, with the maximum 

observed production reaching 3909 µmol/hg at 500 nm. This significant enhancement underscores 

the synergistic effect of both additives (MoS2 and SiNWs) in enhancing the catalytic performance of 

the material. The results demonstrate that the integration of MoS2 and SiNWs into the CNTs-ZnONPs 

framework not only broadens the active spectral range but also dramatically amplifies the efficiency 

of hydrogen generation. The pronounced activity in the visible spectrum, coupled with the 

remarkable overall increase in hydrogen production, highlights the potential of these hybrid 

materials in photocatalytic applications. The synergy between MoS2 and SiNWs appears to play a 

crucial role in improving the charge separation and light absorption properties, thereby leading to 

enhanced catalytic activity. 

The photoelectrochemical properties of the different materials were investigated using a 

CHI660D electrochemical system in a 0.1 mol/L Na2SO4 solution (see Figure 8). Initially, 25 mg of the 

nanomaterial (either ZnONPs, CNTs-ZnONPs, 5%(MoS2-SiNWs)@ZnONPs-CNTs, or 6.7%(MoS2-

SiNWs)@ZnONPs-CNTs) was dispersed in 3 mL of ethanol mixed with 10 µL of a 5 wt% Nafion 

solution. Then, 200 µL of this suspension was applied to a 1×1 cm² piece of Fluorine-doped Tin Oxide 

(FTO) conductive glass, which served as the working electrode. The setup included a saturated 

calomel electrode (SCE) as the reference electrode and a 1×1 cm² platinum sheet as the counter 

electrode. Transient photocurrent measurements were performed at a potential of 0.5 V (see Figure 

8). Upon analysis, the transient photocurrent responses of the samples under cyclical light 
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interruption at 500 nm revealed that ZnONPs exhibited a significantly lower photocurrent density 

compared to the CNTs-ZnONPs composite. However, when 5%(MoS2-SiNWs) were incorporated 

into this composite, a substantial enhancement in photocurrent was observed, with an increase up to 

almost 16 times the value shown by ZnONPs alone. This demonstrates that the addition of CNTs, 

and particularly the incorporation of MoS2-SiNWs, can effectively promote the dispersion of photo-

induced carriers due to the formation of heterojunctions. This effect is even more pronounced when 

the MoS2 content is increased to 5% (5%MoS2-1.7%SiNWs), as seen in Figure 8d, where the hydrogen 

production under 500 nm radiation was analyzed. The results highlight the superior performance of 

the hybrid material, emphasizing its potential in enhancing photoelectrochemical processes. The 

creation of heterojunctions between the different components significantly improves charge 

separation and carrier mobility, thereby boosting the overall photocatalytic efficiency. 

 

Figure 8. Transient photocurrent response in the light on−off processes of ZnONPs (a); ZnONPs-

CNTs (b); 5%(MoS2-SiNWs)@ZnONPs-CNTs (c); and 6.7%(MoS2-SiNWs)@ZnONPs-CNTs (d), at 500 

nm. 

To further explore the impact of photogenerated carriers on hydrogen production, an additional 

study was performed using EDTA-Na2 as a hole (h+) scavenger. As shown in Figure S4, incorporating 

EDTA-Na2 into the reaction mixture led to a notable increase in hydrogen production for the most 

efficient catalyst, 6.7%(MoS2-SiNWs)@ZnONPs-CNTs, under irradiation across all tested 

wavelengths. 

Previously presented results have already indicated that the catalysts in this study exhibit 

efficient electron-hole separation. However, the enhanced hydrogen production observed with the 

addition of EDTA-Na2 can be explained by the further reduction of electron-hole recombination, 

resulting in improved H2 generation. This additional scavenger study underscores the catalysts’ 

capability to maintain efficient charge separation and further optimizes their photocatalytic 

performance by mitigating recombination effects. The use of EDTA-Na2 provides a clearer 
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understanding of the mechanisms at play and highlights the potential for further enhancing 

hydrogen production by fine-tuning the interaction between photogenerated carriers and scavengers. 

A recyclability study of the most active catalyst, namely 6.7%(MoS2-SiNWs)@ZnONPs-CNTs, 

was conducted to assess its durability. The catalyst underwent 10 usage cycles. After each cycle, the 

catalyst was recovered from the reaction mixture via centrifugation at 5000 rpm for 15 minutes and 

subsequently washed through two centrifugation-washing cycles using water. The catalyst was then 

dried at 60°C for 4 hours in a vacuum oven before the next cycle. The results, as shown in Figure S5, 

indicate a noticeable decline in hydrogen production starting from the first cycle and continuing 

throughout the 10 cycles. After the final cycle, the measured H2 production was 3787 mol/hg, 

reflecting an efficiency drop of ca. 17%. This reduction in performance could be due to the potential 

leaching of MoS2-SiNWs during the catalyst’s use and regeneration processes. To further investigate 

this, a quantitative analysis of Mo and Si was performed using XPS (data not shown). Initially, the 

elemental composition of the catalyst (6.7%(MoS2-SiNWs)@ZnONPs-CNTs) was: Mo 3.05%, S 1.98%, 

C 14.42%, Si 1.61%, Zn 61.33%, and O 17.64%, which provided a Mo/O ratio of 0.172 and a Mo/Si ratio 

of 1.89. After the 10th cycle of catalyst use, the composition changed, resulting in elemental ratios of 

Mo/O ratio of 0.113 and Mo/Si ratio of 1.30. This confirmed the possible leaching of Mo after the use 

and regeneration of the catalyst, which may explain the observed loss of efficiency over the cycles of 

catalyst use and regeneration. The remaining chemical elements did not exhibit significant changes 

that could be associated with leaching processes. 

To elucidate the underlying mechanism, a comprehensive photoluminescence (PL) study was 

conducted on ZnONPs, ZnONPs-CNTs, and the catalysts 5%(MoS₂-SiNWs)@ZnONPs-CNTs and 

6.7%(MoS₂-SiNWs)@ZnONPs-CNTs (Figure S6). The photoluminescence spectrum of ZnONPs alone 

(Figure S6a) exhibits a strong emission, indicative of significant electron-hole recombination within 

the material, which could limit its photocatalytic efficiency. Upon incorporating CNTs into the 

ZnONPs (Figure S6b), there is a slight decrease in luminescence intensity. This reduction suggests 

that the CNTs facilitate charge separation by providing efficient pathways for electron transfer, 

thereby reducing the likelihood of recombination. The catalyst 5%(MoS₂-SiNWs)@ZnONPs-CNTs 

(Figure S6c) demonstrates a substantial reduction in fluorescence intensity, with the emission peak 

slightly red-shifted to approximately 547 nm. This red shift, coupled with the decreased PL intensity, 

aligns with the hypothesis that the introduction of MoS₂ and SiNWs into the heterostructure 

effectively suppresses electron-hole recombination. The red shift may also indicate enhanced electron 

transfer processes, as the formation of more effective catalytic sites within the heterostructure leads 

to improved photocatalytic activity. In the 6.7%(MoS₂-SiNWs)@ZnONPs-CNTs catalyst (Figure S6d), 

where the MoS₂ content is further increased, the fluorescence intensity decreases even further. The 

emission maximum remains nearly identical to that observed in Figure S6c, suggesting that the 

additional MoS₂ continues to enhance charge separation efficiency, but the system may have reached 

a saturation point where further increases in MoS₂ content do not significantly alter the emission 

properties. The findings from this photoluminescence study establish a clear correlation between the 

incorporation of various cocatalysts into the ZnONPs structure and the substantial reduction in 

electron-hole recombination processes. The enhanced charge separation efficiency, as evidenced by 

the decreased PL intensity and red shift, indicates that these catalysts are particularly effective at 

minimizing recombination losses. This, in turn, maximizes the availability of charge carriers for the 

hydrogen evolution reaction (HER), ultimately leading to superior catalytic performance. 

Based on these results and the established bandgaps (see Figure 6), a catalytic mechanism has 

been proposed (Figure 9). The Mulliken electronegativity concept [65,66] was applied to determine 

the band edge positions of the catalyst’s components, which allowed for the identification of the 

pathways followed by the photogenerated charge carriers within the composite material (see 

Equations 1 and 2). 

ECB=X−EC−0.5Eg    (1) 

EVB=ECB+Eg    (2) 

In these equations, ECB and EVB represent the conduction band (CB) and valence band (VB) edge 

potentials, respectively. X is the absolute electronegativity, and EC is the free electron energy on the 
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hydrogen scale (4.50 eV) [67]. The values of X for ZnONPs, MoS₂, and SiNWs are 5.75 eV [68], 5.32 

eV [69], and 4.3 eV [70], respectively. With a bandgap (Eg) of 3.26 eV for ZnONPs, the calculated 

conduction and valence band edge positions for ZnONPs are -0.38 eV and 2.88 eV, respectively. For 

MoS₂, the corresponding band positions are -0.43 eV for the CB and 2.07 eV for the VB. For SiNWs, 

the computed band edge positions are -0.98 eV and 0.58 eV, respectively. These calculations provide 

critical insights into the relative alignment of the energy bands, which is essential for understanding 

the flow of photogenerated electrons and holes within the composite. 

 

Figure 9. Schematic diagram of the proposed mechanism for hydrogen production under UV-visible 

light irradiation. 

Figure 9 presents a schematic representation of the proposed catalytic mechanism for the 

hydrogen evolution reaction (HER). In this mechanism, ZnONPs and MoS₂ serve as the primary light-

absorbing materials, with bandgaps of 3.26 eV for ZnONPs and approximately 2.5 eV for MoS₂. When 

exposed to radiation, ZnONPs absorb photons, resulting in the excitation of electrons from the 

valence band (VB) to the conduction band (CB). The conduction band edge of ZnO is positioned at -

0.38 eV, while its valence band edge is at 2.88 eV relative to the normal hydrogen electrode (NHE). 

The photogenerated electrons in the conduction band of ZnONPs are then transferred, possibly 

through a Z-scheme mechanism, to MoS₂. This alignment facilitates the efficient transfer of electrons 

from ZnO to MoS₂, enabling electron promotion across a broad range of wavelengths. 

Simultaneously, silicon nanowires (SiNWs), which may act as electron sinks as described in other 

studies, facilitate reduction processes leading to H₂ production. MoS₂ also serves as an active site 

where the reduction of protons (H⁺) occurs, ultimately producing hydrogen gas (H₂). This mechanism 

explains the effect of MoS₂ and SiNWs incorporation on the reduction of electron-hole recombination, 

as evidenced by photoluminescence studies. Additionally, carbon nanotubes (CNTs) play a critical 

role in this system by providing a conductive network that enhances electron transport from ZnONPs 

to MoS₂ and SiNWs. This network reduces electron-hole recombination, thereby improving the 

efficiency of charge separation. The integration of CNTs within the catalyst not only maintains 

structural integrity but also ensures that electrons are efficiently delivered to the active sites. As the 

photogenerated electrons are transferred through the composite, they participate in proton reduction 

to generate hydrogen. Meanwhile, the holes left in the valence band of ZnONPs may also engage in 

oxidation reactions, although the primary focus here is on the reduction processes that lead to 

hydrogen evolution. 

As summary, the catalytic efficiency of the MoS₂-SiNWs-SWNTs@ZnONPs composites in 

hydrogen production, observed under 500 nm wavelength irradiation and yielding ca. 3909 µmol h⁻¹ 

g⁻¹, is notably high when compared with published results. This efficiency significantly surpasses 

that of simpler catalytic systems, such as MoS₂-TiO₂ nanocomposites, which achieved a maximum of 

150.7 µmol h⁻¹ g⁻¹ for a composition containing 4.0 wt% MoS₂-TiO₂ [71]. Furthermore, even advanced 

MoS₂/g-C₃N₄ composites with an optimized flower-like MoS₂ structure reached only up to 867.6 µmol 
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h⁻¹ g⁻¹ [72]. These results underscore the superior hydrogen production capability of the MoS₂-

SiNWs-SWNTs@ZnONPs composites, attributed to the synergistic interaction among silicon 

nanowires (SiNWs), single-walled carbon nanotubes (SWNTs), and MoS₂ within a zinc oxide 

nanoparticle (ZnONP) matrix. The strategic integration of these components enhances electron 

transport and improves light absorption, resulting in significantly elevated photocatalytic activity 

under visible light. Nevertheless, despite the excellent performance of the MoS₂-SiNWs-

SWNTs@ZnONPs composites, more complex ternary MoS₂-based systems can exhibit even higher 

catalytic efficiencies. For instance, MoS₂/ZnCdS/ZnS nanocomposites have demonstrated hydrogen 

production rates reaching up to 79.3 mmol g⁻¹ h⁻¹ [73], highlighting the potential for further 

enhancements in MoS₂-based photocatalytic systems through the inclusion of additional 

semiconductors and co-catalysts. These systems often benefit from multiple mechanisms of synergy 

between their components, such as improved charge carrier separation, a broadened light absorption 

spectrum, and efficient spatial separation of oxidation and reduction sites, all of which collectively 

contribute to their high performance. Our results suggest potential pathways for further optimizing 

the MoS₂-SiNWs-SWNTs@ZnONPs composite. Future work, which is already underway, aims to 

explore the integration of additional semiconductor materials that could introduce new charge 

separation mechanisms or further extend the light absorption range. Additionally, fine-tuning the 

proportions and distribution of MoS₂, SiNWs, and SWNTs within the composite could optimize the 

interface interactions and electronic properties, potentially leading to even higher rates of hydrogen 

production. 

3.2. Li-ion Batteries 

3.2.1. Morphology of Electrodes 

The morphology of the synthesized electrodes, including pure MoS₂, MoS₂@CNTs (80:20 wt.%), 

and MoS₂@SiNW@CNTs (56:24:20 wt.%) composites, was investigated by FESEM. The pure MoS₂ 

electrode consists of irregularly shaped flakes, predominantly measuring between 1 to 1.5 

micrometers. FESEM images distinctly reveal the layered structure of these sheets, while 

Transmission Electron Microscopy (TEM) images confirm their nanoscale thickness, indicating the 

presence of nanometric steps. Upon the introduction of CNTs to the MoS₂ nanosheets (see Figure 

10a), a thin network of nanotubes is observed to permeate through the MoS₂ layers, facilitating 

interconnection. The incorporation of SiNWs alongside CNTs does not markedly alter the overall 

morphology (Figure 10b); instead, it forms a denser network comprising SiNWs and CNTs, which 

envelops the MoS₂ layers, leading to the formation of a more uniform composite structure, as 

confirmed by Energy Dispersive X-ray Spectroscopy (EDX) analysis (Figure 11). 

 

Figure 10. FESEM images of MoS2@CNTs (a), and MoS2@SiNWs@CNTs (b) composites. 
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Figure 11. FESEM image of the MoS2@SiNWs@CNTs composite (a), and elemental EDS mapping (b). 

The integration of CNTs and SiNWs into MoS₂ is anticipated to significantly enhance the 

electrochemical performance of the resultant electrodes. Pure MoS₂ exhibits a tendency to aggregate, 

which compromises its performance during cycling. The inclusion of CNTs enhances the electrical 

conductivity, thereby improving electron transport within the electrode and enabling faster 

charge/discharge rates. This improved conductivity is expected to result in superior electrochemical 

performance, including increased specific capacities and enhanced rate capabilities. Moreover, the 

incorporation of SiNWs within the MoS₂ matrix aids in mitigating aggregation during charge and 

discharge cycles, particularly under high current densities. This is achieved by providing structural 

stability, which prevents issues such as layer exfoliation and material degradation. Consequently, the 

combined presence of CNTs and SiNWs not only reduces volume expansion and aggregation but 

also enhances the capacity and stability of the electrode material. These findings suggest that the 

incorporation of CNTs and SiNWs contributes to improved stability and longevity of the composite 

under high energy density conditions. Additionally, these composites offer the advantage of 

tunability, allowing for optimization of conductivity, capacity, and mechanical strength to meet 

specific application requirements. Overall, MoS₂-based composites reinforced with CNTs and SiNWs 

are promising candidates for high-performance applications in energy storage and conversion 

technologies [74–76]. 

3.2.2. Electrochemical Study 

The electrochemical performance of MoS₂-based electrodes as an anode material for Li-ion 

batteries was investigated through galvanostatic charge/discharge (GCD) cycling. Initially, exfoliated 

pure MoS₂ was tested by cycling coin cells in a half-cell configuration. In the first discharge curve 

(Figure 12), recorded at a current density of 100 mA/g, two distinct plateaus were observed at 1.09 V 

and 0.56 V, corresponding to the initial insertion of lithium ions with the formation of LixMoS₂ and 

the subsequent formation of lithium sulfide (Li₂S) along with the Solid Electrolyte Interphase (SEI) 

layer, respectively [77–79]. A specific capacity of 856 mAh/g was achieved; however, no further 

transitions were detected during the charge cycle, indicating the absence of a reversible process. 

These results show the irreversible behavior of pure MoS₂, likely due to the agglomeration of MoS₂ 

sheets, the formation of a non-conductive SEI, and insufficient electrical conductivity. Additionally, 

the SEI may have exhibited high electrical resistance and instability, further contributing to the rapid 

capacity fade observed. To address the issues observed with pure MoS₂, a composite of MoS₂ and 

carbon nanotubes (MoS₂@CNT, 80:20 wt.%) was tested in new cells. The introduction of CNTs with 

the MoS2 active material enabled the reversibility of the electrodes, as shown in Figure 12. The first 

discharge curve exhibited longer plateaus at 1.14 V and 0.56 V, with charging transitions around 2.2 

V, indicating clear redox processes and high reversibility. 
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Figure 12. GCD curves for MoS2 based electrodes, showing no reversibility for pure MoS2 and higher 

capacity retention for MoS₂@SiNW@CNTs compared to MoS₂@CNTs. 

Figure 13a illustrates the enhanced electrochemical performance obtained in MoS₂@CNT 

composite electrode, which demonstrated superior stability over 25 cycles at a current density of 100 

mA/g. The composite electrode achieved a high specific capacity of 1278 mAh/g during the first 

discharge, with a corresponding charge capacity of 1112 mAh/g, resulting in a coulombic efficiency 

of 93.83%. Moreover, the electrode showed excellent cycling performance, maintaining a stable 

specific capacity around 1100 mAh/g, with a coulombic efficiency of 99.67%, after 25 cycles. Following 

this, the rate performance of the MoS₂@CNT composite electrode was evaluated at various current 

densities (Figure 13b), including 0.2, 0.5, 1.0, and 2.0 A/g, before returning to 0.1 mA/g. At these 

higher current densities, the electrode exhibited reversible capacities of 1000, 700, 500, and 350 

mAh/g, respectively. Notably, upon reverting to the lower current density of 0.1 mA/g, the electrode 

demonstrated a remarkable recovery of its capacity to 1080 mAh/g, which is close to its initial value. 

This result highlights the excellent rate capability and cycling stability of the MoS₂@CNT composite, 

indicating its robust performance and ability to maintain high capacity even under varying charge 

and discharge conditions. All these significant performance enhancements can be attributed to the 

increased electrical conductivity and structural stability provided by the CNTs [80], which support 

and stabilize the MoS₂ sheets and facilitate the reversibility of redox processes in the battery. 

Following the favorable electrochemical performance observed in the MoS₂@CNTs composite, 

extended cycling tests were conducted at a higher current density of 1 A/g. Figure 13c illustrates the 

GCD curves of these composites in red symbols. The first two cycles were performed at a low current 

density of 0.1 A/g to ensure the formation of a stable SEI layer on the electrodes. The remaining cycles, 

up to 100, were measured at the higher current density of 1 A/g. The GCD curves of the MoS₂@CNTs 

composite reveal the strong reduction of the specific capacity (from 970 to 520 mAh/g) from 0.1 A/g 

to 1 A/g, and a significant decline over cycling, with the capacity decreasing from 500 to 400 mAh/g 

during the first 25 cycles and reaching around 350 mAh/g after 100 cycles. To develop electrodes with 

enhanced capacity and shorter cycling times, alternative composites were proposed. New composites 

incorporating silicon nanowires (SiNWs) were investigated, with composition MoS₂@SiNW@CNT 

(56:24:20 wt.%). These new composites showed significant improvements in both stability and 

capacity compared to the previous materials. Figure 13c also illustrates the electrochemical 

performance of the MoS₂@SiNW@CNT composite (blue symbols) under the same cycling conditions 

as the MoS₂@CNT electrode. A significant increase in specific discharge capacity is observed, reaching 

2330 mAh/g in the first cycle and 1915 mAh/g in the second cycle at 0.1 A/g, despite an irreversible 

loss of capacity. The composite demonstrates good performance at high current density, with a 

gradual decrease in capacity from 1400 to 1000 mAh/g during the first 30 cycles at 1 A/g, followed by 
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excellent cyclic stability over extended cycling periods, maintaining a capacity of 990 mAh/g up to 

the 100th cycle. 

 

Figure 13. Galvanostatic charge-discharge (GCD) curves of the MoS₂@CNTs composite electrode at a 

current density of 0.1 A/g for 25 cycles, showing high specific capacity and good cycling stability (a); 

Rate performance of the MoS₂@CNTs composite electrode at varying current densities from 0.2 to 2.0 

A/g, demonstrating excellent capacity retention when returned to 0.1 A/g (b); Extended cycling 

performance of the MoS₂@CNT and MoS₂@SiNW@CNT composite electrodes at 1 A/g over 100 cycles, 

with the MoS₂@SiNW@CNT composite achieving higher specific capacity and enhanced stability, 

maintaining a capacity of ~1000 mAh/g after 100 cycles (c); Cyclic voltammograms (CV) after 100 

cycles, showing distinct redox peaks for MoS₂ and SiNWs in the MoS₂@SiNW@CNT composite 

electrode (d); Differential capacity (dQ/dV) curves, indicating consistent lithium intercalation/de-

intercalation behavior in the MoS₂@SiNW@CNT electrode(e); and Electrochemical impedance 

spectroscopy (EIS) plots of MoS₂@CNT and MoS₂@SiNW@CNT electrodes, showing lower charge 

transfer resistance in the SiNW-containing composite, contributing to its superior electrochemical 

performance (f). 

When dealing with two active materials like Si and MoS₂ in a composite electrode, it is crucial to 

accurately calculate the overall specific capacity. This is influenced by the individual capacities of Si 

and MoS₂ and their respective weight fractions in the composite. Si offers a much higher theoretical 

specific capacity (4200 mAh/g) compared to MoS₂ (669 mAh/g) [81,82]. Therefore, determining the 

ratio of Si to MoS₂ is essential for predicting and optimizing the composite’s electrochemical 

performance. Additionally, it is important to consider how the distribution and interaction of these 

materials within the electrode impact the actual specific capacity during cycling. Taking into account 

the proportion of each active material, the MoS₂@SiNW@CNT (56:24:20 wt.%) composite cycled at 1 

A/g corresponds to 0.578 C. This C-rate is equivalent to 1.5 C for the MoS₂@CNT (80:20 wt.%) 

composite, which cycles at a current density of 386.5 mA/g (~0.4 A/g). A realistic comparison in 
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specific capacities, under the same C-rate and cycling conditions, shows that introducing SiNWs into 

MoS₂@CNT, changing the active material composition from 100% MoS₂ to 70% MoS₂ and 30% SiNWs, 

leads to a capacity increase from 800 mAh/g for MoS₂@CNT (see Figure 13b for rates between 0.2 A/g 

and 0.5 A/g) to 1000 mAh/g for MoS₂@SiNW@CNT (see Figure 13c at 1 A/g). The incorporation of 

SiNWs and MoS₂ into the composite, combined with CNTs, significantly enhances the 

electrochemical performance by creating a more robust electrode structure. This synergy between 

MoS₂, SiNWs, and CNTs results in a 20% increase in specific capacity (at equivalent C-rates) and, 

most importantly, enables long cycling at high current densities, effectively overcoming the 

limitations observed in MoS₂@CNT composites. The electrochemical performances of both 

MoS₂@CNT and MoS₂@SiNW@CNT composites were investigated by cyclic voltammetry (CV). 

Representative CV of composites after long cycling at high current density, in the voltage range of 

0.01–3.0 V at a scan rate of 0.2 mV/s are shown in Figure 13d. Distinct peaks are observed, 

corresponding to the reactions of the active materials: layered MoS₂ (indicated by red voltage values) 

and Si nanowires (indicated by blue voltage values), as explained below. For the MoS₂@SiNW@CNT 

electrode, voltammetry of the first and second cycles was also recorded, as shown in Figure 13e. 

During the initial discharge (pink curve, Figure 13e), the reduction process (cathodic sweep) in the 

MoS₂@SiNW@CNT composite primarily exhibits behavior characteristic of reactions of MoS₂ with Li, 

as indicated by the presence of two distinct reduction peaks. Specifically, a minor reduction peak at 

0.93 V and a more pronounced reduction peak at 0.43 V, suggesting a complex multi-step reduction 

process. The 0.93 V peak is likely due to the transition of MoS₂ from a trigonal prismatic to an 

octahedral structure as lithium ions intercalate, consistent with previous reports [83], it is a two-phase 

transition and, consequently, the peak is narrow. The 0.43 V reduction peak is attributed to the 

conversion of MoSₓ into Mo nanoparticles within a Li₂S matrix process [84] and the formation of the 

Solid Electrolyte Interphase (SEI) layer. The peak at 0.43 V does not appear at subsequent cycles (see 

Figure 13d). This absence indicates these reactions are predominantly irreversible. After the first 

cycle, the electrode’s structure, including MoS₂ and SiNWs, undergoes significant changes, leading 

to the formation of a stable SEI layer and altering the electrochemical response in later cycles. Also, it 

should be noted that this specific CV curve (pink curve, Figure 13e), starts at 1.4 V, so any additional 

step-down peaks occurring at higher voltages may be present but are not captured in the plot. On the 

oxidation curve (anodic sweep) of the first cycle, two small peaks at low voltages, 0.29 V and 0.48 V, 

indicate the oxidation processes of Li and Si. The peak at 0.29 V is likely related to the oxidation of 

lithium (Li), where lithium ions (Li⁺) are released into the electrolyte, possibly forming lithium 

compounds such as Li₂O or Li₂CO₃ on the electrode surface. The peak at 0.48 V corresponds to the 

oxidation of silicon (Si), where silicon reacts with lithium ions (Li⁺) to form lithium silicides (Li₄Si or 

similar compounds) or other lithium-silicon intermetallic [85]. Additionally, a prominent peak at 2.31 

V is observed, associated with the re-oxidation of molybdenum and lithium sulfide back to MoS₂, 

indicating the regeneration of the MoS₂ structure from Mo and Li₂S. 

In the second discharge/charge cycle (blue curve, Figure 13e) of MoS₂@SiNW@CNT, a new 

reduction peak appears at 1.96 V that was not recorded in the first cycle, as indicated above. This 

peak may correspond to the formation of new lithium intercalation compounds or phases that 

develop as the electrode material evolves during cycling. The narrow peaks observed in the first cycle 

at 0.93 V and 0.43 V become rounded, decrease in intensity, and shift slightly to 1.14 V and 0.40 V, 

respectively. Such changes are commonly attributed to the alteration of the electrode’s microstructure 

and the formation of SEI layers that affect peak characteristics over multiple cycles. For the oxidation 

curve, only a small decrease in the intensity of the peak at 2.3 V is observed, reflecting the reversible 

behavior of the electrode and indicating that the re-oxidation process of MoS₂ is largely preserved 

despite cycling. 

Each representative peak observed in the CV curves of the MoS₂@SiNW@CNT composite 

corresponds to the distinct intercalation and conversion reactions of MoS₂ and Si during discharge 

and charge, as detailed below (refer to Figure 13d for a visual representation). 

During discharge (intercalation at the working electrode) [86,87]: 

(1) xLi+ + xe- + MoS2 → Li xMoS2 
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(1b) Li xMoS2 + (4 - x) Li++ (4 - x)e- → Mo + 2Li2S 

(2) xLi+ + xe- + Si (crystalline) → LixSi (amorphous) 

(3) LixSi (amorphous) + (3.75-x)Li+ +(3.75 - x)e- → Li15Si4 (crystalline) 

During charge (conversion reaction at the working electrode) [87–89]: 

(4) Li15Si4 (crystalline) → 4Si (amorphous) + 15Li+ + 15e- 

(5) Li2MoS2 → MoS2 + 2Li+ + 2e- 

(6) Mo + 2Li2S → MoS2 + 4Li+ + 4e- 

Reduction (Cathodic sweep) 

(1) Reduction Peak at 1.9 V: This peak corresponds to the initial insertion of lithium ions into the 

MoS₂ structure. During this stage, MoS₂ undergoes a phase transformation, where Li ions 

intercalate into the MoS₂ layers, leading to the formation of LixMoS₂. This process is reversible and 

is characteristic of the layered structure of MoS₂. 

(1b) Reduction Peak at 1.3 V: This peak is associated with the further reduction of MoS₂ to form 

lithium sulfide (Li₂S) and metallic molybdenum (Mo). 

(2,3) Small reduction peak at 0.14 V: The reactions of Si and Li occur at low voltages [90] and may 

not be clearly detected in CV reduction curves recorded at 0.2 mV/s. The lithiation of silicon 

nanowires follows reaction (2) and is observed only in the first cycle. Subsequently, more Li is 

incorporated into the amorphous alloy LixSi, following reaction (3). These transformations are 

evident in the oxidation curves, where corresponding peaks are observed, and are clearly seen in 

the dQ/dV derivative curves from GCD (see Figure S7). These dQ/dV curves are essential for 

detecting redox transitions in electrochemical systems, revealing subtle voltage changes linked to 

oxidation and reduction processes and providing insights into the material’s redox behavior and 

stability during cycling. Therefore, the small peak at 0.14 V is attributed to reaction (3), representing 

the lithiation of silicon nanowires. 

Oxidation (Anodic sweep) 

(4) Oxidation peaks at low voltages (0.34 and 0.52 V): These peaks indicate the initial delithiation of 

lithium silicide (LixSi) and are observed exclusively in the MoS₂@SiNW@CNT composite (blue curve 

in Figure 13d). The peak at 0.34 V is likely associated with the delithiation of LiSi, where lithium is 

extracted from the silicon component, leading to the formation of silicon (Si) and the corresponding 

release of lithium ions (reaction 4). Similarly, the peak at 0.52 V may reflect the delithiation of 

intermediate phases or lithium silicide compounds, suggesting that multiple stages of lithiation and 

delithiation occur. These processes are characteristic of the interactions between lithium and silicon 

nanowires within the composite, highlighting the active role of Si in the electrochemical behavior of 

the MoS₂@SiNW@CNT composite. The observation of these peaks only in the composite indicates 

that the presence of SiNWs significantly impacts the electrochemical response, distinguishing it 

from other materials like MoS₂ alone. 

(5, 6) Oxidation peaks at higher voltages (1.45 and 2.45 V): The peak at 1.45 V corresponds to the 

initial delithiation of the LixMoS2 phase, where lithium ions are extracted (reaction 5), reversing the 

intercalation process. This process may not completely revert to the original MoS₂ structure, leading 

to partial reformation of the MoS2 phase. The peak at 2.45 V is associated with the re-oxidation of 

molybdenum and lithium sulfide back to MoS₂ (reaction 6), indicating the regeneration of the MoS₂ 

structure from Mo and Li₂S. This peak represents the final oxidation step, completing the 

delithiation process and restoring the electrode to its original state. 

As previously mentioned, the reactions of Si and Li are well-defined in the differential capacity 

(dQ/dV) curves derived from GCD profiles. Figure S7b shows the dQ/dV curves for 

MoS₂@SiNW@CNT at a current density of 0.1 A/g. Reduction/oxidation transitions are observed 

around 0.3/0.4 V and 0.2/0.3 V, respectively, which are attributed to the electrochemical redox 

reactions of Si. These observations are consistent with the results obtained using pure SiNW 

electrodes (without MoS₂ and CNT) [91]. Accordingly, the peaks at low voltages are absent in 

MoS₂@CNT (Figure S7a, 0.1 A/g MoS₂@CNT). The transitions of MoS₂ occurs at higher voltages and 

are present in both composites’ electrodes, with redox transitions around 1.9/2.3 V and 1.1/1.7 V. It is 

worth noting that as cycling progresses, the main peaks for redox (1.9/2.3 V) undergo more significant 

changes in decreasing/increasing intensities and shift to lower/higher voltages in the MoS₂@CNT 

electrodes compared to the MoS₂@SiNW@CNT electrodes, indicating that the SiNW structure helps 
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stabilize the redox behavior, potentially leading to enhanced cycling stability and performance of the 

composite material. 

Finally, it is important to note that the transitions are also observed when cycling at a high 

current density (1 A/g) (Figure S7c). However, the double peaks at low voltages merge into a single, 

more rounded peak. The good recyclability and stability of the MoS₂@SiNW@CNT composite are still 

evident, as indicated by the minimal variation in voltages and slight changes in the intensities of the 

peaks corresponding to the redox transitions of MoS₂ up to the 50th cycle. 

The electrochemical impedance spectroscopy (EIS) plots of pure MoS₂ and the 

MoS₂@SiNW@CNT composite before cycling are shown in Figure 13f. It is evident that the 

conductivity of MoS₂ is much lower than that of MoS₂@SiNW@CNT, as indicated by the two different 

X scales of the figure, which reveal a charge transfer resistance more than seven times higher for MoS₂ 

compared to MoS₂@SiNW@CNT. During the electrochemical reaction, the SiNWs and CNTs enhance 

the conductivity of MoS₂ and reduce the charge transfer resistance, potentially leading to faster Li-

ion diffusion and improved electrochemical performance, as discussed earlier. After the first CV 

cycle, EIS measurements were also recorded for the MoS₂@SiNW@CNT electrode, showing an 

impressive reduction in resistance by almost five times. This significant decrease in resistance 

underscores the effectiveness of the SiNW and CNT components in enhancing the overall 

conductivity and performance of the composite material. This innovative composite integrates MoS₂ 

and CNTs with SiNWs. The synergy between these materials leverages their individual advantages: 

MoS₂ serves as the main active material, providing significant electrochemical activity and capacity; 

CNTs enhance structural stability and conductivity, as previously corroborated; and SiNWs 

contribute additional capacity, electrochemical activity, and stability at high current densities. The 

performance of these new composites demonstrated significant improvements over the previous 

materials. Specifically, they exhibited enhanced stability during extended cycling and a notable 

increase in capacity. The improved performance attributes make MoS₂@SiNW@CNTs a promising 

candidate for advanced electrode materials in high-capacity and high-performance energy storage 

applications. 

3.3. Postmortem Study 

A postmortem study of the electrodes was conducted using SEM imaging and Ion Beam 

Analysis techniques as Nuclear Reaction Analysis (NRA measurements) [92]. Figure S8 presents 

cross-sectional SEM images of pristine MoS₂@CNT (80:20 wt.%) (a) and MoS₂@SiNW@CNT (56:24:20 

wt.%) (c) composites. After subjecting the cells to 100 charge/discharge cycles at a high current 

density of 1 A/g, the batteries were disassembled as outlined in the experimental section, and the 

cycled electrodes were analyzed (Figure S8b and S8d, respectively). SEM analysis of the cycled 

electrodes reveals a marked increase in electrode thickness compared to the pristine samples, 

indicating significant volumetric expansion. This substantial thickening is likely due to the formation 

of a thick solid-electrolyte interphase (SEI) layer. Figure 14 shows the spectra of the postmortem 

electrodes, obtained using 3-MeV H⁺. The total spectrum has been divided into two graphs: one 

highlighting the Li signal obtained through Nuclear Reactions (i.e., the NRA spectrum at higher 

energies) and another showing the region below 3 MeV, which represents the RBS processes where 

the other elements are observed. This setup allows for the determination of the concentration depth 

profile of Li atoms. A quantitative analysis of the Li depth profiles was performed using SIMNRA 

simulations, with both experimental and simulated data plotted in the corresponding graphs. For the 

MoS₂@CNTs (80:20 wt.%) composite (Figure 14a), the SIMNRA simulations yielded the following 

atomic concentrations: 22.5% Li, 24.3% C, 21.1% O, 25.3% F, 4.5% S, and 2.23% Mo. These changes 

correspond to mass increases of 35.08% from Li, 45.18% from excess C, 75.13% from O, and 107.17% 

from F. For the MoS₂@SiNW@CNTs (56:24:20 wt.%) composite (Figure 14b), the NRA spectra results 

indicate a slightly higher concentration of Li after cycling. The presence of Si is less clear, potentially 

due to dilution effects, and no signals for F or Fe are detected. However, there is a noticeable increase 

in carbon concentration beyond the expected value, as well as a significant amount of oxygen. The 

atomic concentrations obtained are 28.9% Li, 21.7% C, 35.0% O, 0% F, 5.8% Si, 5.8% S, and 2.9% Mo. 
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The corresponding mass increases relative to the original composition are 27.5% due to Li, 8.4% due 

to increased C, and 76.7% due to O (Table S2). For both electrodes, it is observed that Li has penetrated 

significantly into the bulk volume, according with the good performance exhibited for the 

corresponding batteries. The introduction of SiNWs into the composite seems to further enhance this 

penetration, suggesting an improvement in the electrochemical behavior. The concentrations of Mo 

and S align well with those expected for MoS₂, confirming the integrity of the MoS₂ structure post-

cycling. However, the excess carbon detected could be due to carbonaceous byproducts formed 

during cycling, such as those from the solid electrolyte interphase (SEI) or electrolyte decomposition. 

Additionally, the cleaning process with DMT may have increased surface reactivity, leading to 

further carbon adsorption, especially when exposed to the atmosphere. This combination of intrinsic 

material reactivity and post-cleaning atmospheric contamination likely contributes to the observed 

excess carbon, though it is less likely to explain the uniform distribution across the entire electrode 

volume. This increase in carbon, while unexpected, does not appear to adversely affect the battery 

performance, which remains strong. These results highlight the effectiveness of the prepared 

electrodes, particularly the MoS₂@SiNW@CNTs composite, in maintaining structural integrity and 

facilitating efficient Li diffusion, making them promising candidates for high-performance lithium-

ion batteries. 

 

Figure 14. Postmortem analysis of the cycled MoS₂@CNT (80:20 wt.%) and MoS₂@SiNW@CNT 

(56:24:20 wt.%) electrodes using Nuclear Reaction Analysis (NRA) after 100 cycles at 1 A/g. The NRA 

spectra show the concentration depth profiles of Li and other elements (C, O, S, Mo) in the electrodes, 

revealing significant Li penetration in the MoS₂@SiNW@CNT electrode, indicating improved Li 

diffusion and retention(a); and Corresponding RBS spectrum highlighting the distribution of Li and 

other elements in the post-cycled electrodes, confirming the presence of a stable solid electrolyte 

interphase (SEI) layer and the structural integrity of the MoS₂@SiNW@CNT composite, which 

contributes to the long-term electrochemical stability observed during cycling (b). 

4. Conclusions 

The study successfully demonstrated the synthesis and performance evaluation of MoS₂-SiNWs-

SWNTs@ZnONPs nanocomposites for HER and MoS₂-SiNWs-SWNTs composites for Li-ion battery 
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applications. For HER, the integration of MoS₂, SiNWs, and CNTs into a ZnO nanoparticle (ZnONP) 

matrix resulted in a significant enhancement in catalytic efficiency under visible light irradiation. The 

optimized composite, containing 6.7% MoS₂-SiNWs, achieved an impressive hydrogen production 

rate of approximately 3909 µmol h⁻¹ g⁻¹ under 500 nm light, more than 40 times higher than pristine 

ZnONPs. This improvement is due to the synergistic effects of the materials, which enhance charge 

separation, extend the absorption spectrum into the visible range, and provide more active sites for 

the HER. MoS₂ played a key role in enhancing the photocatalytic efficiency, while the combination 

with SWNTs and SiNWs further improved electron transport and stability, making the composite 

highly effective for practical hydrogen production. In contrast, for lithium-ion batteries, the study 

focused on the MoS₂-SiNWs-SWNTs composites without ZnONPs as electrode materials. These 

composites exhibited excellent electrochemical performance, particularly in terms of specific capacity 

and cycling stability. The MoS₂@SiNWs@SWNTs composite (56:24:20 wt.%) demonstrated a high 

specific capacity of up to 1000 mAh g⁻¹ after 100 cycles at a current density of 1 A g⁻¹. The integration 

of SiNWs provided mechanical stability, mitigating issues such as volume expansion and aggregation 

that typically affect the cycling performance of silicon-based electrodes. Meanwhile, the inclusion of 

SWNTs enhanced electrical conductivity, improving electron transport during charge/discharge 

cycles and contributing to higher capacity retention. 

Despite these promising results, challenges remain, particularly in the durability of the HER 

catalysts, where a decline in hydrogen production was observed after several cycles. This degradation 

is likely due to the leaching of MoS₂ during operation and regeneration. Future work should focus 

on improving the stability of the composites, possibly through the addition of stabilizing agents or 

surface modifications to prevent material loss. Additionally, exploring alternative co-catalysts or 

semiconductor materials may further enhance both the photocatalytic and electrochemical 

performance of the composites. In conclusion, the MoS₂-SiNWs-SWNTs@ZnONPs nanocomposites 

for HER and the MoS₂-SiNWs-SWNTs composites for lithium-ion batteries offer significant potential 

as dual-function materials for sustainable energy applications. Their demonstrated efficiency in 

hydrogen production and energy storage underscores their versatility and value in the development 

of renewable energy technologies. Future efforts should aim to optimize these composites further, 

focusing on improving their long-term stability and scalability for practical, large-scale applications 

Supplementary Materials: The following supporting information can be downloaded at the website of this 

paper posted on Preprints.org, Table S1. BET surface area of different composites; Table S2. Elemental 

composition of MoS₂@SiNWs@CNT and MoS₂@CNT electrodes after 100 charge/discharge cycles, measured by 

Nuclear Reaction Analysis (NRA); Figure S1. Effect of pH on the photocatalytic activity of the 6.7%(MoS2-
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