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Editorial on the Research Topic 
Nanomaterials for affordable biomedical devices, environmental and energy applications


In modern science, nanomaterials have become one of the most revolutionary material classes, changing the direction of research and creating new opportunities for technologically driven solutions (Schiavo et al., 2024). Nanomaterials’ high surface-to-volume ratio, multifunctionality, and tailor-made physicochemical characteristics make them extremely promising for tackling some of the most important global issues in energy security, healthcare, and environmental sustainability (Thamarai et al., 2024; Kurul et al., 2025). In the biomedical field, nanomaterials have already transformed drug delivery, imaging, therapeutic monitoring, and diagnostics (Kurul et al., 2025). Nanomaterials with precise size, shape, and surface chemistry can be engineered to improve biosensor sensitivity, selectivity and provide more cost-effective point-of-care devices (Fu et al., 2024). Nanomaterial-based platforms have the potential to significantly democratise healthcare in low-resource environments where traditional diagnostic tools are still expensive and unavailable by providing portable, affordable, and user friendly devices for early identification of diseases and monitoring (Thwala et al., 2023).
Environmental applications of nanoparticles are equally important. Antibiotic resistance, air and water pollution, and climate change are complicated Research Topic that need creative solutions. For the removal of pollutants, real-time contamination monitoring, antimicrobial coatings, nanostructured materials like metal–organic frameworks, carbon-based nanomaterials, and quantum dots are being intensively investigated (Ha et al., 2025; Rezania et al., 2024). The integration of these advanced functional materials into low-cost sensors and treatment systems could make sustainable environmental remediation feasible on a broader scale.
Additionally, nanotechnology is redefining the energy sector. Sustainable and efficient energy systems are being made possible by nanomaterials, which are used in everything from high-performance electrodes in batteries and supercapacitors to effective photocatalysts for hydrogen production and carbon dioxide reduction (Al Mahmud, 2023; Rathinam et al., 2025). More attention is being paid to scalable, affordable synthesis methods that use non-toxic, earth-abundant precursors, promising that these technologies can transition from lab to practical uses without harming environmental safety.
Scalability, reproducibility, long-term stability, and safety evaluation are some of the issues that still need to be resolved as the area develops in order to convert laboratory progress into commercially viable goods (Khatoon et al., 2023). Moreover, affordability is the key to ensuring equitable access to nanomaterial-based devices across both developed and developing regions. This Research Topic brings together research and perspectives highlighting innovations in nanomaterials that are not only cutting-edge but also designed with affordability and sustainability in mind. Our goal is to demonstrate how nanomaterials may revolutionise energy technologies, environmental monitoring, and biomedical devices in ways that are significant, affordable, and applicable worldwide by connecting fundamental research with real-world applications. Our goal is to demonstrate how nanomaterials may revolutionize energy technologies, environmental monitoring, and biomedical devices in ways that are significant, affordable, and applicable worldwide by connecting fundamental research with real-world applications (Figure 1).
[image: Puzzle-shaped infographic illustrating nanomaterials' impact on key sectors. Center circle labeled "Nanomaterials" connects to sections: Energy Advancements with icons of a light bulb, battery, and solar panel; Biomedical Applications with a torso, DNA, and monitor; Environmental Solutions with a test tube, leaf, droplet, and factory. Text in each section describes relevant applications.]FIGURE 1 | Nanomaterial’s impact on key sectors.Kumar et al. isolated plant growth-promoting bacterium (AW5) that could produce iron and zinc nanoparticles which improved bacterial activity, root structure, and nutrient uptake. Bacterium AW5-mediated Fe and Zn nanoparticles significantly boosted wheat growth, yield, and nutrient uptake. The PGPR–NP synergy offers a long-term option for biofortification and agricultural production. Wadhwa et al. created binder-free NiCo2S4/Ni-Co MOF composite electrodes on Ni foam using a dual-step solvothermal technique. These electrodes had outstanding electrochemical performance, demonstrating a high specific capacitance (2,150.3 F g−1), energy density (199.6 Wh kg−1), and cycling stability (89% after 10,000 cycles). The low charge-transfer resistance confirms their potential as efficient supercapacitor electrode materials. A study by Almosa et al. showed that, in comparison to traditional adhesives, adding silver nanoparticles to orthodontic adhesives greatly decreased the depth of enamel demineralisation and increased shear bond strength. Additionally, AgNP-modified adhesives displayed a more favourable failure mode distribution, suggesting improved orthodontic application performance.
Suliman and Tahir provided a comprehensive review that emphasise date palm waste as an economical and sustainable carbon source for the manufacture of graphene, with high adsorption capabilities and exceptional features for environmental applications. A roadmap for the advancement of environmentally friendly graphene production and use is provided by comparing synthesis methods and properties.
In order to effectively remove ciprofloxacin from water, Sikri et al.’s work created a GO–ZnAlNi LDH composite using co-precipitation and hydrothermal ageing. The adsorbent was a viable platform for antibiotic remediation since it demonstrated a high adsorption capacity (106.97 mg/g), accomplished over 80% removal in just 1 hour, and remained stable and reusable over several cycles. Lamba et al. reported an electrochemical sensor based on an Ag-doped Co3O4 nanochip (Ag@CNC) for quick and accurate lithium detection. The sensor offered a reliable and economically viable monitoring method by demonstrating excellent sensitivity (78.66 μA mM−1 cm−2), a low detection limit (5 μM), and the ability to directly quantify lithium in field samples without any pre-treatment. An environmentally friendly electrochemical sensor for in-situ testosterone detection is presented by Tortolini et al. using a graphene electrode modified with AuNPs/MOF. With a low detection limit of 0.5 nM and a broad linear range of 1–50 nM, the sensor demonstrated exceptional sensitivity. Its effective integration with a smartphone-based potentiostat shows great promise for doping control and clinical diagnostics. Bhattacharyya et al. created a silver-modified ZIF-8 derived heterostructure (Ag/ZnO/C) that, when exposed to visible light, degraded ciprofloxacin by 98% in 60 min, thanks to the combined impacts of Ag nanoparticles and MOF-derived structure. Its outstanding photocatalytic activity is highlighted by its high-rate constant and the dominant roles of h+ and O2−. Defeo et al. provided a thorough analysis of the difficulties in nitrate monitoring, highlighting the shortcomings of the currently used techniques in terms of affordability, accuracy, and portability. The FOCUS (form factor, operational robustness, cost, user interface, and sensitivity) framework-guided user-centred lab-to-field transfer is emphasised, and nanomaterial-based sensors are highlighted as a possible option.
We extend our gratitude to the authors, reviewers, and editorial team for their contributions to this Research Topic. We hope this Research Topic of research articles inspires further exploration and commercialization of nanostructured materials for affordable healthcare and environmental applications.
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Water quality monitoring is essential for identifying risks to environmental and human health. Nitrate monitoring is of particular importance, as its anthropogenic point and nonpoint sources are common globally and have deleterious effects on water quality and usability as well as aquatic ecosystem health. Standard methods for assessing nitrate concentrations in water generally involve laboratory techniques, as methods available for field testing face significant tradeoffs between cost, precision, and portability. Given its relatively ubiquitous nature and the widespread regulation of nitrate pollution, it is a prime target for sensor development. The growing field of nanomaterials (e.g., nanoparticles, nanotubes, and 2-dimensional materials) offers the potential to eliminate these tradeoffs through a new generation of field-ready nitrate sensors. However, transitioning nano-sensors from the lab to the field remains challenging. In this perspective we examine the challenges of lab-to-field transition of nano-sensors for nitrate, highlighting the importance of a user-centered design approach under the framework of FOCUS (form factor, operational robustness, cost, user interface, and sensitivity).
Keywords: monitoring, nutrient, pollution, contamination, user, technology, device, field

1 INTRODUCTION
Nitrate (NO3−) pollution is a global concern because of its ubiquitous nature and negative effects on human health and ecosystem function. Elevated anthropogenic nitrate releases overwhelm crops, soil microbes, and aquatic ecosystems, leading to incomplete nitrogen assimilation (Zhang et al., 2015). Elevated concentrations can generally be traced to three sources: point discharges of treated and raw wastewater from municipal systems (Choudhary et al., 2022), releases from confined livestock operations (Lockhart et al., 2013), and land application of agricultural fertilizers resulting in diffuse or nonpoint source pollution (Singh and Craswell, 2021). While all these sources can be problematic, the nonpoint sources are the most challenging to delineate and control because of their connections with a variety of locations and activities (Drevno, 2016). The consumption of nitrate in drinking water is associated with deleterious health effects for pregnant people and infants, and there is growing evidence of negative health outcomes in other populations as well (Temkin et al., 2019; Ward et al., 2018). The United States Environmental Protection Agency established the maximum contaminant level (MCL) of 10 mg per liter (mg/L) nitrate-as-nitrogen or NO3−-N in public drinking water supplies in the United States at (US EPA, 2019), which is consistent with global limits set for the contaminant. Nitrate pollution does not affect all communities equally; agricultural areas, as well as rural and Hispanic communities, have been found to be at significantly higher risk for nitrate pollution exposure within the United States (Schaider et al., 2019). Given its diffuse distribution in surface water and groundwater, low cost and user-friendly nitrate sensing technologies would be highly desirable. For example, such sensors would enable rural water consumers to monitor their own tap water and empower citizen science groups to test their local rivers, lakes, and wetlands.
The current methodologies of measuring nitrate concentration involve huge trade-offs among prevailing methodologies with regard to precision, cost, and field usability. Although laboratory-based techniques can be highly accurate, they are unrealistic for many stakeholders due to the use of expensive equipment and personnel training. On the other side, simplistic field methods such as colorimetric test strips are imprecise, while the existing portable sensors face serious challenges on interference, calibration drift, and operational lifetime. The field of nanomaterials, currently under fast development, opens new perspectives in the overcoming of such limitations through tunable properties, high surface-to-volume ratio, and for selective detection potentially.
Successfully transitioning nanomaterial-based sensors from laboratory demonstrations to practical field applications requires careful consideration of multiple design factors. A systematic approach considering both technical performance and user needs is essential for developing sensors that will be adopted and used effectively in real-world settings. This work offers perspectives on leveraging the growing field of nanomaterials (e.g., nanoparticles, nanotubes, and 2-dimensional materials) to advance more quickly to a new generation of field-ready nitrate sensors. In this perspective we examine the challenges of lab-to-field transition of nano-sensors, highlighting the importance of a user-centered design approach under a framework we refer to as FOCUS (form factor, operational robustness, cost, user interface, and sensitivity).
2 NITRATE ANALYSIS BACKGROUND
Observing aqueous nitrate concentrations in situ and in near-real time is valuable to water quality managers and stakeholders. It enables the mapping and understanding and analysis of nitrate distributions and dynamics in natural and engineered water systems. The field detection methods outlined here (colorimetric test strips, electrochemical sensors, and spectroscopic sensors) are not intended to be exhaustive. Instead, the methods and devices discussed are intended to highlight the common challenges associated with currently available field techniques, including lack of precision, robustness, and relatively high unit costs. It is worth noting that nitrate measurements can be expressed in various ways (ppb (parts per billion), ppm (parts per million), ppm-NO3—N (parts per million nitrate-as-nitrogen), mg/L (milligrams per liter), molarity, etc.). In this paper, we use ppm and ppb as nitrate for consistency and a broader audience (42 ppm nitrate is the corresponding US EPA MCL).
Colorimetric nitrate test strips for predetermined ranges (0–500 ppm) can provide nitrate concentration assessments in less than 1 min (Brockhage et al., 2022). The test colorimetric strips work through the reduction of nitrate to nitrite which can be visually quantified (or standardized for phone cameras). While such test strips are relatively inexpensive and easy to use, they are designed to quantify wide ranges and their readings may deviate from comparative laboratory results (Brockhage et al., 2022; Loperfido et al., 2010). However, test strips may be sufficient for uses such as rapid sample screening (e.g., prior to more precise lab analyses) and for community science projects, also known as citizen science projects, exploring nitrate presence/absence or identifying trends.
Electrochemical or spectroscopic nitrate sensing devices are also commercially available. Ion selective electrodes (ISE) operate potentiometrically and exist for a variety of environmental analytes of interest (Crespo, 2017). For a nitrate ISE, the working electrode material is coated with a membrane doped with an ionic carrier (e.g., quaternary ammonium ions, as noted in Singh et al. (2022)), which renders it selective for nitrate ions. The affinity of the nitrate ion for the surface of the working electrode alters the chemical potential (voltage) in a log-linear relationship with nitrate concentration. While nitrate ISEs can work well in laboratory and under carefully controlled field conditions, they are thus far unsuitable for autonomous field deployment. Hindrances to deployment include their lack of adequate sensitivity for some applications (often precision ±10% with detection limit of 0.5 ppm in commercially available ISEs), need for frequent calibration, sensitivity to interfering ions, and need for frequent cleaning to prevent biofouling of the membrane surface (Crespo, 2017).
Spectroscopic devices for measuring nitrate concentrations operate in the ultraviolet (UV) range and can have limit of detections down to the sub ppb (Mahmud et al., 2020). Nitrate absorbs at specific wavelengths, generally within the range of 190–250 nm (nm), though multiple wavelengths may be necessary due to interfering absorbance of other compounds also occurring in this range (Singh et al., 2019). Robust UV probes that limit interferences and are field-ready can be expensive ($10,000+), bulky (on the order of a meter long), and complicated to operate, therefore presenting problems with implementation for a wide variety of aquatic research.
Laboratory techniques remain the standard for nitrate determination when high precision and accuracy are needed for scientific or regulatory purposes. Flow injection analysis is among the commonly used laboratory techniques for nitrate determination and generally utilizes a cadmium column to facilitate the reduction of nitrate to nitrite for analysis (Kazemzadeh and Ali, 2001). While this method provides results across a wide range of concentrations from the sub ppb to ppm level, there is debate regarding variation in results due to column preparation and influences of pH and dissolved oxygen (Gal et al., 2004).
Colorimetric methods for the detection of nitrate are predicated on the development of a visible color using reagents, in some cases through the development of color using Greiss reagents and the reduction of nitrate to nitrite (Michalski and Kurzyca, 2006). This method is relatively simple in application but requires the use of prefabricated reagent packets appropriate for a finite range of concentrations and therefore may require sample dilution for higher concentrations. In addition, these reagent packets are relatively expensive consumables and produce hazardous waste in the lab. Colorimetric methods are generally able to quantify nitrate concentrations between 0.05 ppm and 22 ppm, but high sensitivity versus broad sensitivity versions of the method require different procedures.
Ion chromatography is another common method for the determination of nitrate (Michalski and Kurzyca, 2006). Ions are separated by their interactions with a resin and progress through the system at differentiating rates. Chromatography provides highly accurate results (±5%) with low detection limits in the ppb level, but the high cost of the instrument, time and cost associated with sample collection and transport, need for skilled technicians, and maintenance limit its use outside of a university, industry, or research laboratory. Raman spectroscopy is an optical-signal-based laboratory method capable of determining nitrate in water samples. The method utilizes light to quantify energy shifts originating from the vibrational modes of the chemical bonds of the molecule and is comparable to other laboratory techniques in accuracy. While similar in accuracy, the method is hindered by a higher detection limit of 0.5 ppm (Gajaraj et al., 2013).
Laboratory techniques of a wide variety are available for the detection of nitrate and serve a valuable purpose in scientific discovery, however they provide only partially the needs of nitrate determination due to their restrictive nature. While both laboratory and field methods have contributed to the current understanding of nitrates, gaps remain between available technology and the practical needs of users. Laboratory techniques are limited by their need for a skilled technician, high investment cost and cost of continuing maintenance, sample preparation, and delay in data analysis. Current field methods are restricted by tradeoffs between precision, cost, robustness, ease of use, and portability. The next-generation of nitrate sensors will need to bridge the associated gaps between lab and field detection, potentially through new technologies.
3 RECENT NITRATE SENSORS BASED ON NANOMATERIALS
The past decade has featured rapid growth in nanomaterial-based detectors for nitrate dissolved in water. While these lab devices are not yet commercialized or produced at scale, they present excellent detection limits as low as 0.045 ppm and as high as 6,000 ppm (Hassan et al., 2019; Essousi et al., 2019). Likewise, the hardware needed to make use of emergent nanomaterials is often compact and conducive to use in field sensors. Finally, many nanoscale sensors have few interfering ions, though nitrite (NO2−) is the most common (Stortini et al., 2015; Liang et al., 2016; Tang et al., 2016). Supplementary Table S-1 summarizes the parameters of nanomaterials based sensors highlighted in this perspective. This section will focus on promising electrochemical, spectroscopic, biological, and electrical nanosensors and their function (Figure 1). The advantages and disadvantages of each will be discussed briefly, as will comparisons between devices to better understand their roles in future nitrate detection. Herein, electrochemical sensors will include voltametric and potentiometric devices, the latter using ion selective electrodes (ISEs). Similarly, electrical sensors will include chemiresistors, capacitors, and field effect transistors (FETs).
[image: Illustration showing four types of nitrite sensing mechanisms: Electrochemical with gold nanoparticles, Biological with a green enzyme structure, Optical with a light beam on a mesh, and Electrical with a circuit. Each panel depicts the nitrite molecule and its interaction with the sensor.]FIGURE 1 | Schematic representation of typical nitrate sensing platforms. Both electrochemical and biological sensors rely on nitrate reduction to generate electrical responses, with the latter utilizing a biological molecule as the active medium. Optical techniques are non-invasive, leveraging changes in spectral absorption or emission properties of a substrate in response to nitrate adsorption. Electrical sensing devices use the same approach of molecular adsorption, but the detection method is a change of electrical conductivity of the sensor.
3.1 Electrochemical
Popular electrochemical nanosensors for nitrate detection include metal/metal oxide nanoparticles (NPs), graphene, carbon nanotubes (CNTs), electropolymerized films, and combinations of these. Most materials in this category act as electrode modifiers, as bulk copper (Cu) and other common conductors are poor nitrate detectors near neutral pH. These contacts also tend to degrade and experience interference with other molecules and ions, especially nitrite (NO2−) and chloride (Cl−), without proper modifiers (Li et al., 2019). Copper nanoparticles (CuNPs) and nanowires in combination with various substates have nitrate detection ranges in the sub ppb (Essousi et al., 2019; Stortini et al., 2015). CuNPs deposited on graphene catalyzed nitrate reduction to ammonia with analysis by differential pulse voltammetry have been shown to have a detection limit of 0.49 ppm (Wang et al., 2018). More recently, Cu nanowires were grown by galvanic deposition to detect nitrate by linear sweep voltammetry. This cost effective and stable growth technique enabled measurement of nitrate concentrations as low as 0.56 ppm and performed well in natural water samples (Patella et al., 2021). An undesirable characteristic of these sensors is that they require a pH between two and three for proper electrocatalytic reduction of nitrate. Silver (Ag) nanostructures have low limits of detection (as low as 24 ppb) near neutral pH and experience few interferents but are limited to concentrations under 62 ppm (Chen Legrand et al., 2017; Hu et al., 2013). Potentiometric sensors utilize ISEs including multiwalled carbon nanotubes (MWCNTs), graphene, and polypyrrole (Cuartero et al., 2018; Schwarz et al., 2018; Pięk et al., 2016; Gil et al., 2024). Work with organic nanotubes has also shown low detection limits of 0.02 ppm (Kundu, 2023). Most ISEs are based on three nitrate ionophores: quaternary ammonium, nitrate ionophore V and VI, and tridodecylmethylammonium nitrate (TDMAN). Very low nitrate concentrations between 10−7–10−2 ppm have been detected by measuring the potential difference between the ISE and a reference electrode (Singh et al., 2022; Liu et al., 2020). Electrochemical sensors can be complicated in their construction, but recent work has highlighted alternative constructions with linear ranges between 10 and 100 ppm with a detection limit of approximately 2 ppm (Concepcion et al., 2024) while other work has highlighted possibilities for environmental sustainability with linear ranges of 1–100 ppm (Sarwar Inam et al., 2023).
3.2 Spectroscopic
Spectroscopic nitrate detection is the most popular method in the lab due to the highly precise nature of spectrometers and other optical instruments. By performing a nitrate to nitrite reduction via a Griess assay, nitrate concentrations as low as 10−5 ppm can be measured with high resolution fluorescence spectroscopy (Yang et al., 2015). Vanadium (III) chloride (VCl3) in hydrochloric acid (HCl) has also been used with limits of detection as low as 0.006 ppm, though sensing times range from 3–60 min (Garcia-Robledo et al., 2014; Wang et al., 2016). CNTs and CuNPs and been utilized in tandem with optical fibers for both surface plasmon resonance and ultraviolet-visible (UV-Vis) absorption detection techniques (Zhang et al., 2019; Parveen et al., 2017; Moo et al., 2016). Surface-enhanced Raman spectroscopy also offers large linear detection ranges spanning multiple orders of magnitude and low limits of detection of ppm or sub ppm (Gajaraj et al., 2013; Li et al., 2024). While these measurements take only milliseconds, have very low detection limits, and are highly reproducible, they require expensive optical systems and calibration training.
3.3 Biological
Biosensors based on nitrate reductase (NR) enzymes can detect nitrate with high specificity and sensitivity at neutral pH through adsorption onto electrodes. The primary drawbacks of NR sensors are their high cost and the low temperature required for storage (Singh et al., 2022). Some methods for improving the sensitivity and stability of NR sensors through biological enhancements include incorporating NR from plants and fungi (Kalimuthu et al., 2015; Kalimuthu et al., 2021), combining biosensing elements with nanomaterials such as carbon nanotubes and zinc oxide (ZnO) nanostructures (Can et al., 2012; Ahmad et al., 2017), and utilizing whole-cell organisms (Machado et al., 2022). While nanomaterials can improve the capabilities of biological nanosensors, enzymatic sensors are still susceptible to degradation under environmental conditions (Singh et al., 2022). To overcome the limitations of enzymatic sensors, there is a need for more research focused on developing novel designs and synthesis methods that can minimize degradation under environmental conditions.
3.4 Electrical
While potentiometric and optical sensors have very low detection limits, they require sample preparation including pH balance and control calibration. New chemiresistors, capacitors, and FETs avoid these problems, showing great aptitude as nitrate detectors largely due to their ‘lab-on-a-chip’ design. In one recent study, graphene nanowire was created by melting high density polyethylene (HDPE) between two bulk Cu contacts. By measuring current-voltage response, nitrate concentrations between 50–5,000 ppm were successfully determined (Ahmadi et al., 2021). FETs in particular can provide extremely low detection limits (45 ppb) with no interfering species (Minami et al., 2016). By replacing the gate metal on a standard FET with a nitrate sensing material, researchers created chemically sensitive FETs (CHEMFETs) in the early 1970s (Janata, 2022). The amount of nitrate present modulates the electric field in the gate, changing current flow across the device. As in all transistors, various forms of CHEMFETs allow minute field changes in the gate to produce large currents through the device. This sensitivity allowed for ppb detection in some ion selective FETs (ISFETs) and organic FETs (OFETs) over the past decade (Minami et al., 2016; Kim et al., 2020a). Other ISFETs have used nitrate selective membranes on chemical vapor deposited graphene and nitrone coated polyvinyl chloride for detection with impressive results (Kim et al., 2020b; Chaisriratanakul et al., 2020). These electrical sensors can easily be integrated into ‘internet of things’ devices and are likely to see largescale field deployment with wireless data communication (Agir et al., 2021; Alahi et al., 2018).
4 CONSIDERATIONS FOR THE TRANSITION FROM LAB TO FIELD
Contemporary laboratory sensors address some of the challenges with existing field methods, but there are additional considerations with their transition from the lab to field. Most novel sensors in the scientific literature remain at the proof-of-concept stage, with emphasis on unique materials or interesting transduction mechanisms. Integrating the transduction, signal acquisition/processing/conditioning, and power supply is a secondary step that takes time, money, and effort that is not typically rewarded in the academic world. Packaging the integrated sensor system to make it useable and resilient in the environment is a tertiary step which can sometimes involve innovation (e.g., creative geometry, filters, or other features for specific environmental sampling challenges). An additional hurdle to field implementation is that the end user of the device is important to consider ensuring the need and relevancy of a device. This translates to more time and effort for researchers to consult with users early in the development period. While each category of sensor has specific strengths and weaknesses, researchers need to consider form factor, operational robustness, cost, user interface, and sensitivity (FOCUS) during development if the gap between the lab and field is to be bridged.
4.1 Form factor
Different user groups will have different requirements relating to form factor (i.e., size, shape, and other physical considerations). Limnologists or oceanographers will likely find a device that falls into the probe or sonde category, as something 2-liter bottle sized, amenable to their needs, while a community member or farmer interested in well water testing will likely be interested in something less bulky. The nanomaterial-based sensors described previously in this paper all contain small components. However, the sensors integrated system can exist across a wide range of device sizes. The addition of extra components and detectors can hamper portability, and the devices best suited for small form factors would be those that have integrated readout electronics (and display) on the sensor, and do not rely on bulky external components to read results. The intended audience and uses of device, along with the necessary system components, will play a large part in shaping the appropriate form factor of the device.
4.2 Operational robustness
Device robustness is important to consider during the development as this will affect the appropriate uses and audience. The robustness of a sensor is important for technical applications like wastewater testing and extended field sampling events by scientists and water managers. Factors such as the length of time until failure, number of measurements until required calibration or maintenance, structural suitability for long term deployment, and accuracy, precision, and sensitivity with time all compose the idea of robustness. These factors will need to be investigated in different capacities depending on the intended application. Sensors based on nanomaterials, such as nanotubes and nanoparticles deposited on electrodes, show promise with respect to resistance to structural damage and chemical degradation, as such devices could still function if a certain portion of the nanomaterial is damaged or degraded. Other users of nitrate sensing devices may not require the same level of robustness, and sensors that excel in alternative categories may be more appropriate. Electrical FET sensors based on a single sheet of nanomaterials are among the least robust with respect to structural damage and chemical degradation, as damage of the nanomaterial can easily render the device unusable. In general, the anticipated device users need to be consulted regarding electrical FET design and packaging, as these devices are among the most sensitive.
4.3 Cost
Cost is an important consideration in the development of any device, although there is a market for nitrate sensing devices that span a broad price spectrum. Scientists and wastewater managers may need relatively expensive sensors, driven by requirements for low detection limits and high precision. In contrast, community-based science projects or water monitoring will likely require more affordable sensor options with detection limits and precision being less of an integral issue. Spatiotemporal coverage issues will also play a role in dictating the appropriate price point. If a scientific or regulatory question required occasional sampling or sampling in only one place, then devices that are expensive but reliable and rugged would be appropriate. Other applications may be willing to sacrifice accuracy and precision for smallness and inexpensiveness because of the need to deploy many sensors at one time. While it can be difficult to discern the exact cost of a device still in a proof-of-concept stage, the overall cost can be estimated with the given components. Sensors containing integrated electronic readout circuitry, which can be mass-produced, would end up being more cost effective than those requiring additional equipment for every single measurement. Additionally, sensors requiring materials that are easy to procure in scalable quantities or are commercially available would lend themselves to a lower final cost. A variety of devices across a price continuum are needed to meet the unique needs of users related to nitrate sensing.
4.4 User interface
Much of the literature surrounding the development of nitrate sensors neglects the user interface, but the usability and interfacing of a device is important for its transition to the field. Although some work does consider the user interface (Agir et al., 2021; Alahi et al., 2018), the majority of current devices fail to mention the user experience or the collection of data by a new user in the field. The difficulty and complexity of interface should reflect the intended audience a. The interface for scientists could include more data options and even statistics, while an interface for the general public should be simple, possibly even including easy to interpret colors and icons to be usable across literacy and languages. A major expense associated with sensors installed in the environment is associated with operation and maintenance (e.g., checking, resetting, and recalibrating) in the field because of the travel time and human hours expended. Thus, technicians, interns, and students often fulfill these duties, and the user interface needs to consider the appropriate complexity for people at these career and educational stages. In order to complete a transition from a laboratory tested device to a field utilized product, data and results must be available to the users of the sensors and therefore user interface must be considered.
4.5 Sensitivity
The necessary sensitivity of a device is directly related to the purpose of the sensing effort. Falling within the category of sensitivity are also important considerations of accuracy, precision, and reproducibility. Sensitivity is important for ecological applications in less impacted areas, especially in cases like alpine lake ecology monitoring, or in the low nitrate concentrations of the open ocean. Accuracy and reproducibility are critical in regulatory situations, which are typically associated with human-impacted areas and therefore less likely to need low detection limits. Instead, they need reliable measurements which can meet regulatory standards and legally binding agreements. Less precise sensors can also still be relevant to community science projects or personal home monitoring, such as a sensor that simply indicates the presence or absence of nitrate to the user. Electrical devices that are 2-dimensional material-based FET sensors may be among the sensors that can provide the best sensitivity in the low ppb range, however the consumer and intended use are important to consider when developing highly sensitive devices. Future work will need to consider the tradeoffs between sensitivity, accuracy, and robustness and would benefit from a comprehensive evaluation of the device and user.
4.6 The FOCUS parameter space
To link prospective nitrate sensors to users, we identified four broad user groups: wastewater managers, farmers, scientists, and community members. For each user, we assigned numerical scores to each FOCUS parameter on the scale of 1–5, where one is least important to the user and five the most, and plotted these in Figure 2A. Wastewater managers prioritize operational robustness (O = 5) the most because monitoring systems must function reliably in harsh environments with varying conditions. Sensitivity (S = 4) follows next as accurate measurements are needed to ensure regulatory compliance and early detection of relevant issues. Cost (C = 3) takes middle priority as while budgets matter, reliable equipment justifies higher expenses. User interface (U = 2) is less critical since staff are trained in complex systems, and form factor (F = 1) ranks lowest as treatment plants have adequate installation space. Scientists place S highest because research demands precise, reliable data for experimental validity. U is also crucial for detailed control over measurements and comprehensive data access. O ranks third as scientists work in a mix of controlled and uncontrolled environments, while F is less important as lab setups are adaptable to research needs and end goals. C ranks lowest because most scientists value data quality data over quantity, justifying higher equipment expenses. This contrasts with farmers, whose priorities center on practical and economic factors, with C ranking highest. O follows next as their equipment must withstand outdoor conditions and physical impacts. F and U share lower priority. While portability and ease of use matter, they are secondary to cost and robustness. S ranks lowest since basic accuracy typically meets agricultural monitoring needs. Community members prioritize C as the main barrier to adoption in voluntary monitoring situations. U ranks second as systems must be accessible without technical training, while F takes middle priority to as portability and power needs are often important for community engaged sampling. O ranks lower as short-term durability often suffices for citizen groups, and S is least important since community monitoring typically emphasizes large numbers of less precise data.
[image: Diagram (A) is a radar chart displaying perceptions of four groups—Wastewater Managers, Farmers, Scientists, and Community Members—on five criteria: User Interface, Sensitivity, Form Factor, Cost, and Operational Robustness. Diagram (B) is a scatter plot showing three groups—Community Members, Farmers, and Scientists—plotted on two principal components, PC1 and PC2, indicating variations in their insights.]FIGURE 2 | The concept of FOCUS. (A) The five FOCUS metrics with allocated numerical values for four likely groups of users highlight their varied needs. (B) Principal Component Analysis of the relevant citations as a bubble plot showing three distinct clusters (1–3). The data are mapped onto two principal components (PC1 and PC2), with bubble sizes proportional to cluster membership. The specific works that aligned with each end user group are indicated in the vicinity of their clusters by the citation numbers.
We applied the FOCUS analysis to all relevant sensors cited in this perspective (Supplementary Figure S-2). The analysis of the entire dataset of 37 entries indicates that U and S show a clear and consistent negative correlation (Supplementary Figure S-3). This reflects a fundamental design challenge: Highly sensitive sensors require more complex controls, calibration options, and detailed readouts, which lead to less user-friendly interfaces. The relationship demonstrates the inherent challenge of balancing sophisticated measurement capabilities with user friendliness. We performed a cluster analysis on the FOCUS ratings and, as shown in Figure 2B, it reveals three clusters. We plot the results as functions of two principal components (PC1 and PC2), which is a dimensionality reduction technique to reduce the number of variables while preserving as much variance as possible in the data. PC1 is measuring a trade-off between sensitivity/operational robustness versus user interface/form factor, while PC2 compares cost/form factor versus operational robustness. Cluster 1, with positive PC1 and PC2 values, is a collection of sensors with high sensitivity, good operational robustness, strong form factors, but more complicated user interface and higher cost. Cluster two includes sensors that have moderate scores across the FOCUS board, while cluster three comprises sensors with strong operational robustness at lower cost.
Next, we performed a similarity analysis to find which of the 37 entries align best with preferences of each of the end users, based on the profiles for them in Figure 2A. Our results implementing a recommendation system based on cosine similarity reveals the best matches for each user type and are indicated in Figure 2B relative to the three main clusters. Gajaraj et al. (2013) describes a SERS-based nitrate detection system using commercially available gold nano substrates. This scores highest for both wastewater management and scientific research, offering precision equivalent to ion chromatography, suitable detection range (1–100 mg/L), and reliability when faced with interfering compounds. Its quick analysis time, minimal preparation needs, and non-destructive approach support high-throughput monitoring and research requirements. Despite initial equipment costs, the lower per-test expenses and reduced preprocessing make it cost-effective for both routine wastewater testing and scientific studies.
However, while technically sophisticated, the SERS-based approach is less suitable for farmers and community members primarily due to its complexity and operational requirements. It demands complex sample preparation and advanced Raman spectroscopy instrumentation. While highly sensitive, its technical requirements added to high equipment costs make it impractical for non-technical users. Instead, we find the sensor described in Ahmad, et al. (2017) to be ideal for farmers, featuring durable zinc oxide nanorods for field conditions, rapid response time, and minimal sample preparation. The reported detection range suits agricultural needs, covering trace to excess nitrate levels. With proven reliability in real samples, interference resistance, and month-long stability, it enables quick on-site testing for timely fertilizer and irrigation decisions. And finally, Machado et al. (2022) describes the best sensor for community users, with affordable materials and simple construction, while also maintaining good sensitivity. Its cartridge-based design, minimal sample preparation, and Arduino-based system make it user-friendly for citizen scientists. With reliable reproducibility and real-time measurements, it enables effective community water monitoring without requiring technical expertise.
5 LOOKING AHEAD
Nanomaterials are part of an exciting new era in sensor technology research and development, and there is a great opportunity for new field devices for sensing nitrate. A variety of sensors exist at the proof-of-concept stage, and different types of sensors excel and struggle under various categories within the FOCUS (form factor, operational robustness, cost, user interface, and sensitivity) framework. With the many possible applications of nitrate sensors, there is no single ideal sensor, instead the ideal is found in successfully meeting the needs of the intended application and user. Electrochemical sensors that are easy to use, low power, and inexpensive could be adequate for monitoring agricultural watersheds, where the limited range of detection overlaps typical field observations (e.g., Patella et al. (2021)). However, to our knowledge, the electrochemical nitrate sensing literature has yet to deeply explore critical FOCUS aspects like operational longevity. Similarly, the impressive detection ranges offered by spectroscopic approaches (e.g., Li et al. (2024)) begs for effort dedicated to lowering the cost of high precision optical components. Integrated lab-on-a-chip sensors can likely overcome these (and other) challenges by enabling self-calibration to extend the lifecycle and autonomy of electrochemical sensors or component miniaturization to reduce material costs. Such approaches are ripe for further developments in nano-enabled materials. As mentioned above, moving beyond the proof-of-concept stage requires attention to all FOCUS aspects, including system integration, power supply optimization, followed by environmental packaging and user interface design. These are steps that are often not rewarded or supported in the academic realm. It would prove beneficial to the field of sensing if funding bodies began investing in the connection of academia and industry to embrace the secondary and tertiary steps of full development, hardening, and environmental packaging. This cross-boundary collaboration, coupled with a new starting lens in research considering the target user first, could prove to be the push the field needs to revolutionize nitrate (and other) sensing technology.
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An effective silver (Ag) -modified zeolitic imidazolate frameworks- ZIF-8 derived heterostructure (Ag/ZnO/C) was prepared using the facile room temperature wet chemical method for the reduction of Ciprofloxacin under visible light irradiation. The synthesized Ag/ZnO/C microstructure was characterized by field emission scanning electron microscopy (FESEM) and transmission electron microscopy (TEM) analysis. X-ray diffraction (XRD), X-ray photoelectron spectroscopy (XPS), and TEM morphological analysis confirmed the existence of metallic Ag in the resultant photocatalyst. The synergistic effect of the Metal–organic frameworks (MOF) - derived structure and metallic Ag nanoparticles depicts excellent degradation of Ciprofloxacin with high efficiency. Under optimum condition the efficiency was reached to 98% in 60 min under visible light irradiation. The apparent rate constant k is estimated as 58.04 × 10−3 min−1 depicting high photocatalytic performance. The scavenger experiment revealed the dominance of generated h+ and ⋅O2− in the photocatalysis mechanism. The large surface area and successful silver nanoparticle encapsulation on the material surface facilitates to the excellent efficiency of the material. Our findings open new robust possibilities to design a ZIF-8 based efficient photocatalyst for effective application in the field of photo-degradation.
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1 INTRODUCTION
The release of pollutants from various industries into the water sources creates a significant environmental concern. Effective treatment of these pollutants in water is necessary for achieving safe drinking water. Recent approaches like ion exchange, flocculation, photocatalytic degradation, coagulation, biodegradation, electrolysis, chemical oxidation, precipitation, and adsorption, have been conventionally adopted (Oh et al., 2024). But, among them, photocatalytic degradation is considered as an eco-friendly solution for efficient water purification (Chen et al., 2024). Antibiotics are a special class of medications employed for human health, animal care, and agricultural applications, and a dramatic increase in their use and discharge has been reported globally (Gangar and Patra, 2023). The problem of environmental contamination has sparked widespread terror in many nations. One of the main sources of water pollution that harms people’s health incalculably is wastewater containing antibiotics (Bhattacharyya et al., 2021; Mishra et al., 2023). A popular class of synthetic antibiotics known as fluoroquinolones is frequently used to treat infectious infections in both people and animals (Assar et al., 2021). Ciprofloxacin (CIP) is the fluoroquinolone that is most frequently prescribed worldwide for urinary tract infections, sexually transmitted infections, skin, bone, joint infections, prostatitis, typhoid fever, gastrointestinal infections, lower respiratory tract infections, anthrax, plague, and salmonellosis (Shariati et al., 2022). The excretion of unmodified CIP and their metabolites in household wastewater results from both regular medications and the illicit use of these antibiotics (Bhatt and Chatterjee, 2022). Due to this its concentration in water bodies has grown over time. It needs to be eliminated from wastewater as it negatively impacts both human health and the health of other creatures in the aquatic ecosystem (Hayri-Senel et al., 2024; Ahmad et al., 2024). One of the environmentally friendly processes that can successfully decompose organic molecules using unrestricted solar energy is visible-light-driven photocatalysis (Hussain et al., 2021; Fatima et al., 2019). Efforts have been made to optimize semiconductor photocatalysts with increased activity and stability to increase the photocatalytic efficiency when exposed to visible light. A novel class of porous material consisting of metal ions and organic compounds is called a metal-organic framework (MOF), and has been widely used in gas storage, separation, photocatalysis, and drug administration due to its permanent nano-scale porosity, consistent structural cavity, extraordinarily high surface area, superior thermal stability, and mechanical stability (Pettinari et al., 2017; Basak et al., 2024). In addition, moderate pyrolysis of MOF yields carbon-based metal oxides with excellent porous structures possessing surprising adsorption or catalytic capabilities (Wang C. et al., 2020). The regular and accessible porous structure of pristine MOF and its pyrolysis derivative were suitable matrices for incorporating functional nanoparticles (Xiao et al., 2023).
Zeolitic imidazolate frameworks (ZIFs) are porous hybrid materials that have zeolite-like structures and are constructed from four connected nets of tetrahedral units. Metal ions, such as Zn2+ or Co2+, are linked through N atoms in diatopic imidazolate anions (Liu et al., 2021). Moreover, ZIF structures are associated with the advantages of zeolites and MOFs including properties like high porosity, crystallinity, and excellent thermal and chemical stability. One of the most extensively researched ZIF materials at the moment for a variety of applications is ZIF-8 (Dai et al., 2021; Li et al., 2024) ZIF-8 or Zn (mIm)2 (where mIm is the 2-methyl imidazolate) possess a solid topology featuring an I-43 space group with a pore width and accessible diameter of 11.6 Å and 3.4 Å, respectively. The structure of ZIF-8 and its derivatives is quite stable which allows for long-term application, Numerous experts have carried out more research on it because of its robustness and versatile application (Bergaoui et al., 2021).
The photocatalytic degradation of environmental contaminants using semiconductor photocatalysts has gained increased attention in recent years. Recent research findings show that porous MOFs are a possible new class of photocatalysts for their ability to degrade organic pollutants through catalysis. The photoactive MOFs offer several benefits over traditional semiconductor photocatalysts when it comes to decomposing organic contaminants (Hussain et al., 2021). The well-defined crystalline structures of MOFs have tailorable electronic structures with tunable active sites leading to more efficiency of solar harnessing. MOFs are distinguished from traditional inorganic semiconductors by having molecules organized in a crystalline lattice rather than a delocalized conduction band (CB) and valence band (VB). Because MOFs can select from a wide range of metal ions/clusters and organic linkers, they are highly adjustable photocatalysts that can efficiently use solar light (Wang Q. et al., 2020). Moreover, the incorporation of Ag nanoparticles into the nanostructures can further promote the separation efficiency of photo-induced carriers thus elevating the overall photocatalytic activity (Elhalil et al., 2019; Tran et al., 2019).
In this study, we used the well-known MOF structure ZIF-8 as a template to create ZnO nanostructure through high-temperature pyrolysis (Wang et al., 2019), which was then used as the porous host for silver (Ag0) nanoparticles. A promising heterostructure was designed by incorporating Ag nanoparticles into porous ZnO which derived from the pyrolysis of ZIF-8 for visible light-driven photocatalysis. A room-temperature wet chemical method was used for the synthesis of the Ag/ZnO heterostructure. The synthesized heterojunction displayed outstanding catalytic activity and a high catalytic efficiency against the popular antibiotic ciprofloxacin under the influence of visible light.
2 EXPERIMENTAL MATERIALS AND METHOD
2.1 Materials
Zinc nitrate (Zn(NO3)2, ≥98%), ZnO (>97%), 2-methylimidazole (≥99%), silver nitrate (AgNO3, ≥99.99%), sodium borohydride (NaBH4, ≥ 99%) and CIP (≥98%) were purchased from Sigma Aldrich, United States. The solvent methanol (≥99.9%), was purchased from Qualigens, United States. All chemicals and reagents were of analytical grade and used without further purification.
2.2 Synthesis of ZIF-8 and porous ZnO nanostructures
ZIF-8, a metal-organic framework, was synthesized by room temperature precipitation method. Typically, Zn(NO3)2⋅6H2O (10 mmol) and 2-methylimidazole (80 mmol) were separately dissolved in 50 mL of methanol, and then both were quickly mixed. The mixture was stirred at 200 rpm for 24 h at room temperature. The obtained, white-colored slurry was collected by centrifugation at 10,000 rpm and washed with methanol three times, followed by drying in an oven at 60 C for overnight. For the synthesis of ZIF-8 derived heterostructure, the dried ZIP-8 was calcined in a controlled nitrogen environment at 700 C for 4 h.
2.3 Synthesis of pure Ag nanoparticles
Initially, 20 mL of distilled water was used to dissolve 2.2 mmol of AgNO3. The solution was then continuously stirred at 200 rpm while 2.5 mmol of NaBH4 was added. The NaBH4 was used as a reducing agent. To prevent any uncontrolled reduction of metal precursors, the solution was left in the dark for 1 hour. The solution turned grey after an hour, then the solution was centrifuged, and Ag nanoparticles were collected and dried.
2.4 Synthesis of photocatalyst
2.2 mmol of AgNO3 was dissolved in 20 mL of distilled water containing 1 gm of synthesized ZnO sample. Subsequently, 2.5 mmol of NaBH4 was mixed in the solution under continuous stirring. The NaBH4 solution was used to reduce the Ag+ precursor into its Ag0 form. The solution was kept in the dark for 1 h. After 1 h, the solution turned grey (light or dark grey depending on the amount of silver content). Later, the solution was centrifuged, washed, and the samples were collected. Finally, the sample was dried at 60°C. The different variation of the photocatalysts was synthesized following the same procedure except varying the amount of silver content as 0.1%, 0.5%, 1%, and 1.5%. The resultant products were named Ag0.1/ZnO/C, Ag0.5/ZnO/C, Ag/ZnO/C, and Ag1.5/ZnO/C; respectively.
2.5 Characterization of the synthesized sample
The synthesized samples were analyzed by different characterization techniques. A SmartLab, Rigaku (Japan) diffractometer was used to obtain XRD spectra from 5° to 90° using Cu K radiation. Field emission scanning electron microscopy (FESEM) and energy dispersive spectrometer (EDS) (Jeol JSM-7800F, Japan) used to study the morphology of the nanostructures. Jeol JEM-2100F (Japan) high-resolution transmission electron microscopy (TEM) was used to analyze the morphology and lattice structures. Moreover, the Renishaw Raman spectrometric analyzer (United Kingdom) using an Ar+ ion laser with a 2.5 mW laser intensity was utilized to record the room temperature Raman spectra (excitation source with 514.5 nm line). The Raman spectra have a resolution of 0.5 cm−1. Additionally, X-ray Photoelectron Spectroscopy (XPS) measurements were taken using the PHI 5000 Versa Probe III (Japan). At room temperature, a UV-Vis spectrometer (Shimadzu UV-2600, Japan) was used to calculate the photocatalytic removal of antibiotics in the region of 200–700 nm.
2.6 Assessment of photocatalytic activity
The photocatalytic degradation of Ciprofloxacin (CIP) under visible light irradiation was used to assess the photocatalytic activity of the samples as they were produced. A 200 W Xenon lamp was used as the light source and a 15 cm distance was kept between the light and the reactor. In a typical experiment, a 40 mg photocatalyst was added to 50 mL CIP solution (70 mg L−1). The suspension was then magnetically stirred for 30 min in the dark to reach the adsorption-desorption equilibrium and then exposed to visible light. The aliquots were collected at scheduled time intervals, and the supernatant was separated by centrifugation. A further analysis was done for an aliquot solution by UV–Vis spectrophotometer. However, for the scavenger study, 1 mM of external agents such as IPA, AO, BQ, and silver nitrate was added to the original solution before photocatalysis.
3 RESULTS AND DISCUSSION
3.1 Synthesis and characterization of photocatalyst
The photocatalyst was developed by a simple precipitation method followed by annealing. Precursors were stirred at room temperature overnight to initiate the crystallization of ZIF-8. Zn+2 ions interact with the organic linker 2-methylimidazole as it diffuses into the system. Hence, the color of the solution turned turbid white, which makes it possible for the nucleation of ZIF-8 crystals. However, during pyrolysis, the polyhedral framework collapses, which yields homogeneous porous structures. The synthesis procedure was described in Scheme 1.
[image: Schematic diagram illustrating the synthesis of porous nanostructures. Zinc nitrate and 2-methylimidazole are mixed, undergoing room temperature stirring to form crystalline structures. These are heat treated in a nitrogen environment to create Ag/ZnO/C heterostructures, resulting in porous nanostructures.]SCHEME 1 | Synthesis scheme of the Ag/ZnO/C heterostructured photocatalyst.
XRD analysis (Figure 1) was done to determine the crystallinity, phase, and composition of the synthesized samples. The detailed XRD spectra of pristine ZnO (Supplementary Figure S1), Ag nanoparticles (Supplementary Figure S2) ZIF-8 crystal (Supplementary Figure S3) were provided in the supporting information. There were eight diffraction peaks eight diffraction peaks demonstrating the formation of wurtzite ZnO by calcining ZIF-8 (JCPDS, File No. 036–1,451). The incorporation of Ag nanoparticles imposes no shift in the ZnO characteristics peaks suggesting no alteration in the crystal structure of ZnO. The peaks at 38.24°, 44.19°, and 77.20° correspond to the (111), (200) and (311) planes of fcc silver nanoparticles (JCPDS, file No. 04–0,783). There were no peaks observed belonging to silver oxide (Meng, 2015; Wang S. et al., 2020).
[image: X-ray diffraction pattern showing intensity (a.u.) versus 2θ (degree). Peaks are labeled, with zinc oxide (ZnO) peaks marked in blue using "#" and silver (Ag) peaks in red using "*". Peaks for ZnO include (100), (002), (101), among others, while Ag peaks include (210) and (311).]FIGURE 1 | Detailed XRD spectra of Ag/ZnO/C sample.
The morphology of the heterostructure and the pristine ZIF-8 MOFs were evaluated using FESEM and HRTEM images (Figure 2). An excellent polyhedron structure with sharp edges was revealed by the FESEM images of pristine ZIF-8 (Supplementary Figure S4). The approximate size of the sides of a polyhedron was about 750 nm- 1.5 µm. After carbonization, the ZIF-8 crystal transforms into a porous carbon network and ZnO. However, for the synthesis, no external carbon source was added in the synthesis method. The ex-situ attachment process of silver nanoparticles on the structures results in a uniform distribution of Ag nanoparticles throughout the structures (Supplementary Figure S5). The uniform distribution of metal nanoparticles was further confirmed by the Energy-dispersive X-ray spectroscopy (EDS) elemental mapping (Figure 2c).
[image: Electron microscopy images showing a particle at different magnifications and elemental mapping. (a) and (b) display the particle at 1 micron and 200 nanometer scales respectively. (c) presents a broader view of the particle. Elemental maps highlight the distribution of carbon (C), nitrogen (N), oxygen (O), zinc (Zn), and silver (Ag) expressed in varying colors across the particle, each labeled with a 5-micron scale for reference.]FIGURE 2 | (a, b) FESEM images of Ag/ZnO/C photocatalyst (c) elemental mapping of individual atoms in Ag/ZnO/C.
TEM analysis was performed to further explore the morphology of Ag/ZnO/C heterostructure samples (Figure 3). The samples possess sheet-like morphology with well-distributed silver nanoparticles adhering to the surface. A lattice spacing of 0.24 nm corresponds to the (101) plane of hexagonal ZnO (Pramanik et al., 2023), while the 0.31 nm d spacing is attributed to the (111) plane of metallic Ag (Guo et al., 2024). This indicated that the Ag ions in the pores of the ZIF-8-derived structure were further reduced to the Ag0 metallic state after the addition of the NaBH4 reductant. Additionally, the d spacing of 0.34 nm is ascribed to graphitic carbon present in the sample (Zhao and Zhang, 2021).
[image: Three electron microscope images show detailed views of nanoparticle surfaces. Image (a) features particles on a 50 nm scale. Image (b) includes close-ups at a 20 nm scale, highlighting a section in a yellow box. Image (c) shows particles and gaps measured at 5 nm, 9.4 nm, and 9 nm on a 20 nm scale.]FIGURE 3 | (a–c): TEM image of the Ag/ZnO/C with lattice image in the inset, and size distribution of nanoparticles.
The elemental valence states of photocatalysts were studied using XPS survey spectra depicting the presence of intense peaks corresponding to Zn 2p, Ag 3d, C1s, and O 1s XPS, respectively (Figure 4). Two distinct peaks at around 284.8 and 287.6 eV that were attributed to the C-C and C=O bonds, respectively, may be seen in the high-resolution C 1s spectra (Wang et al., 2014). Two doublet peaks could be fitted in the Ag 3d spectra. The two peaks at 367.4 eV and 373.3 eV ascribe to Ag 3d5/2 and Ag 3d3/2 (Gu et al., 2020). The spin energy of the two above-mentioned peaks varied by ∼6.0 eV, suggesting that Ag NPs within the photocatalyst structure existed in a zero-valence state (Gu et al., 2020). The XPS analysis of the oxygen reveals the presence of abundant oxygen defects in the heterostructure (Jain et al., 2019). There were two distinctive XPS peaks in Zn 2p spectra corresponding to Zn2p1/2 and Zn 2p3/2, respectively (Song et al., 2014).
[image: Grouped images displaying six graphs of spectroscopic data. (a) Wide survey spectrum showing elemental peaks over binding energy. (b) Detailed spectrum of carbon with peaks for C-C, C-O, and other bonds. (c) Zinc spectrum showing Zn 2p1/2 and Zn 2p3/2 peaks. (d) Oxygen spectrum indicating O2- and defects. (e) Silver spectrum with Ag 3d5/2 and Ag 3d3/2 peaks. (f) Raman spectrum displaying D and G bands.]FIGURE 4 | X-ray photoelectron spectroscopy (XPS) spectra of Ag/ZnO/C (a) survey spectra, (b) C1s spectra, (c) Zn2p spectra, (d) O1s spectra, and (e) Ag3d spectra (f) micro-Raman spectra of Ag/ZnO/C.
The two signature peaks at 1,322 and 1,572 cm−1 in Raman spectra correspond to the characteristics D and G bands of graphitic-like carbon. The formation of a graphitic layer of carbon is indicated by the G band, resulting from the first-order scattering effect of E2g phonon sp2 carbon atom. Moreover, the breathing mode of point phonons with A1g symmetry was described by the D band in Raman spectra. The well-developed layered-like graphitic structures were further supported by HRTEM images and band intensity ratio value (IG/ID = 0.90) (Figure 4). Similar results have also been reported in some recent studies (Young et al., 2016; Calderon et al., 2018; Masibi et al., 2022).
Brunauer-Emmett-Teller (BET) surface area analysis is done to give an isotherm model that involves the adsorption of gas over a certain range of pressure (Ahmad et al., 2024; Althabaiti et al., 2023). The surface area of the synthetic photocatalyst in this study was investigated using the nitrogen adsorption and desorption isotherms shown in Figures 5a-c. The sample possessed a surface area of 243.05 m2g−1. Furthermore, a mean pore diameter of 2.67 nm was shown by BET analysis. This analysis showed similarity to a type-III isotherm as per the IUPAC classification (Alghamdi et al., 2022).
[image: Three graphs depict different measurements related to pore characteristics. (a) A curve showing quantity adsorbed versus relative pressure, with adsorption and desorption data. (b) A plot of pore volume against pore width, displaying a sharp decrease. (c) A graph of differential pore volume versus pore width, illustrating a declining trend.]FIGURE 5 | Brunauer-Emmett-Teller (BET) surface area analysis of Ag/ZnO/C heterostructure (a) N2 adsorption/desorption isotherms, (b) pore volume vs. pore width (c) pore size distribution.
3.2 Photocatalysis experiment against ciprofloxacin
The visible light photodegradation of CIP by synthesized photocatalysts was studied in laboratory conditions. A negligible amount of degradation was observed without any photocatalysts due to the inherent ability of the organic molecules to absorb light. The photoactivity of bare ZnO and silver nanoparticles was also low compared to the heterostructure photocatalyst Ag/ZnO/C (Supplementary Figure S6). We have also conducted the adsorption test for the sample in the dark. However, there is no signified removal by adsorption. After being exposed to visible light for 60 min, CIP degradation for the Ag/ZnO/C material was almost 98.11%. The improvement in photocatalytic activity for the heterostructure correlated to the enhanced light harvesting and high surface area derived from metal-organic frameworks. Additionally, the carbon and Ag act as electron sinks thus reducing the recombination rate of photo-induced carriers (Tran et al., 2019). However, pseudo-first-order kinetics were used to analyze the kinetic reaction rate of the photocatalytic reaction. As displayed in Supplementary Figure S8, the graph displayed a good linear correlation. In the graph, C0 and Ct represent the concentration of antibiotics initially and after a certain time, respectively. The apparent pseudo-first-order rate constant (k) was estimated by the slope of ln (Ct/C0) and time. Supplementary Figure S8 shows the apparent pseudo-first-order rate constants k = 58.04 × 10−3 min−1 for linear correlation in CIP removal by Ag/ZnO/C.
The heat-treated ZIF-8 samples were incorporated with different amounts of silver content. Among different loading samples, Ag/ZnO/C exhibits the fastest degradation which indicates the pivotal role of Ag nanoparticles in promoting effective electron transfer and reduction of recombination rate eventually leading to more effective degradation (Ng et al., 2016). On the contrary for the Ag 1.5/ZnO/C sample, a high amount of Ag loading depicts slower degradation probably caused by the agglomeration of Ag nanoparticles thus hindering the heterostructure surface from light radiation (Tran et al., 2019). The optimal amount of Ag was found to be 1 wt% based on the above results.
The effect of the amount of photocatalyst on the photocatalytic removal efficiency of CIP in aqueous solution was explored. We have considered different amounts of photocatalyst i.e., 10, 20, 30, 40, and 80 mg, respectively in 50 mL of antibiotic solution. It can be deduced that 40 mg of photocatalyst was needed to achieve optimum degradation of contaminants. The increase in dosage of photocatalyst from 40 mg to 80 mg results in a certain decrease in decomposition efficiency (Figure 6). Increased photocatalyst loading enhanced the accessible surface of the catalyst, which in turn led to an escalation in the reactive sites for the production of active radicals like hydroxyl and superoxide. However, the application of catalyst dosage above optimized concentration results reduction in removal efficiency, owing to the increase in light scattering effect and solution turbidity in the aqueous solution inhibiting the transition of visible light irradiation through the solution (Nosrati et al., 2012).
[image: Four line graphs depict photocatalytic degradation.   (a) Shows degradation over time for different photocatalysts, with Cupric ferrite, Ag-ZnO, Nanoparticle, Ag-ZnO-Cu, Ag-ZnO-Cu-AP, and ZnO-Cu, comparing rates from 0 to 50 minutes.  (b) Compares Ag-ZnO and its copper-doped variants over 50 minutes.  (c) Relates photocatalyst dosage to degradation efficiency.  (d) Illustrates changes in degradation with varying initial antibiotic concentrations (70, 80, 100 mg/L). Each graph helps analyze performance variables.]FIGURE 6 | (a) Effect of contact time on degradation efficiency for initial concentration of CIP (70 ppm) (b) Effect of Ag loading on the photocatalytic degradation efficiency (c) Effect of photocatalyst dosage (d) Effect of initial concentration.
An essential component of the research was the investigation of the effect of initial antibiotic concentration on photocatalytic degradation. The initial antibiotic concentration was varied after keeping all the other reaction parameters constant. The photocatalytic degradation behavior (Figure 5) can be explained by the fact that, as the initial antibiotic loading increases, the active sites for producing reactive radicals remain constant while the catalyst concentration and light irradiation intensity both stable (Dimitrakopoulou et al., 2012).
Reusability was a very important aspect of a photocatalyst hence recycling reactions were performed for the photodegradation of CIP under visible light irradiation. The photocatalyst was collected by centrifugation followed by washing and reused the same for photodegradation keeping other reaction parameters constant. The time course of antibiotic degradation during four consecutive cycles under visible light was demonstrated in Figure 7. No subsequent changes in the photocatalytic activity have been observed after the fourth cycle indicating excellent stability for the photocatalyst material. Additionally, the XRD analysis (Supplementary Figure S7) of the sample before and after the photocatalysis indicated maintained structural integrity and no structural transformation after the photocatalysis process.
[image: Chart (a) is a line graph showing C/C₀ versus time in minutes for four different scenarios, each with distinct curves and color-coded lines. Chart (b) is a bar graph comparing the degradation ratios of six treatments, labeled with different colors: quencher, ammonium oxalate, benzoquinone, isopropanol, and silver nitrate, with varying heights representing their effectiveness.]FIGURE 7 | (a) Reusability studies of the photocatalyst (b) Trapping experiment of reactive active species during the photocatalysis of antibiotics under visible light irradiation.
3.3 Photocatalytic mechanism
A plausible photocatalytic mechanism was explored based on the scavenger experiment to estimate the reactive active species generation. Figure 6b shows that the modification in the photocatalytic degradation of antibiotics by Ag/ZnO/C with the addition of ammonium oxalate (AO) (a quencher of h+), benzoquinone (BQ) (a quencher of O2·−) and isopropanol (IPA) (a quencher of ·OH), silver nitrate (a quencher of e−), respectively. 1 mM of external agents such as IPA, AO, BQ, and silver nitrate was added to the original solution before photocatalysis. It was explored that the degradation efficiency was greatly decreased by the addition of AO and BQ, respectively. On the contrary, other quenchers do not affect the degradation efficiency of the photocatalysis process. The above result inferred that the photocatalytic mechanism was mainly dominated by generated h+ and ⋅O2−(Liu et al., 2017). The Ag nanoparticles decorated on the ZIF-8-derived C/ZnO nanostructure act as an efficient visible light absorber due to the LSPR effect. The visible light harnessing could be supported by the bandgap (E.g., ∼1.8 eV) calculated by Tauc’s plot from UV-Vis data (Supplementary Figure S9) for the heterostructure. There was a noticeable shift in bandgap with the pristine MOF (E.g., ∼2.8 eV) after the incorporation of silver nanoparticles due to electron transfer between them (Scheme 2). The reaction pathway was described by the given equation:
[image: A chemical equation showing the reaction where silver (Ag) absorbs light energy (hv), leading to silver releasing an electron (Ag with an electron) and forming a positive hole (Ag with a hole).]
[image: Chemical equation showing the reaction of a hydrogen ion (h+) with water (H2O) to form a proton (H+) and a hydroxide ion (OH-), labeled as equation 2.]
[image: Chemical equation showing the reaction of argon in an excited state with oxygen to form argon dioxide, represented as "Ag* + O₂ → AgO₂⁻".]
[image: Chemical equation illustrating the reaction of silver oxide (\(Ag_2O\)) with antibiotics to form a degradation product. The process is labeled as equation (4).]
[image: Chemical equation showing the reaction of hydroxyl radicals (OH) with antibiotics, resulting in a degradation product. The equation is labeled with a number 5 on the right.]
[image: Diagram illustrating the photocatalytic degradation process of antibiotics using Ag and ZnO under visible light. Visible light activates electrons in Ag, transferring them to ZnO, generating electron-hole pairs. Oxygen interactions lead to antibiotic degradation into simpler products.]SCHEME 2 | Schematic of the proposed energy-band structure of electron transfer for the Ag/ZnO/C heterostructure interface.
The high reactivity of O2·− influences the diffusion in the bulk solution was quite difficult thus only the adsorbed antibiotics on the photocatalyst surface can be degraded. Subsequently, the strong adsorption capacity of ZIF-8 derived heterostructure eases the transportation of antibiotic molecules efficiently and promotes the utilization of h+ and ⋅O2−. for photodegradation. Lastly, the unique topology of MOF-derived structures provides a large surface area for the silver nanoparticles restricting them from agglomeration. As silver nanoparticles were encapsulated in the pore opening of the MOF-derived structures, the surface of Ag/ZnO/C promotes the eradication of ciprofloxacin to a great extent. Similar reports were also found in the photocatalytic degradation of Congo red (CR) with zinc oxide coupled cadmium tungstate (ZnO-CT) (Fatima et al., 2023). Overall, this research will contribute to developing an efficient photocatalyst for practical water treatment.
4 CONCLUSION
In this study, as prospective visible light responsive photocatalysts, we synthesized the Ag decorated MOF derived heterostructure (Ag/ZnO/C) utilizing an easy wet chemical approach. The successful formation of a graphitic layer of carbon after the carbonization of ZIF-8 was indicated by the presence of D and G bands in the Raman spectra. The XRD and XPS spectra indicated the presence of only Ag0 in the system. Furthermore, XPS studies highlighted the presence of abundant oxygen defects in the structure. At optimum conditions, the photocatalyst achieved 98% degradation efficiency in only 60 min of visible light irradiation with a rate constant of 58.04 × 10−3 min−1. It has been demonstrated that the synergistic effect of metal nanoparticles and ZIF-8-derived structure increased the degradation of ciprofloxacin when exposed to visible light. The heterostructure demonstrated improved removal efficiency for antibiotics as compared to the pure ZIF-8. The excellent efficiency can be correlated to the good surface area of 243.05 m2g−1. The generation and dominating effect of h+ and ⋅O2− was indicated by the scavenger experiment in the photocatalytic process. As silver nanoparticles were encapsulated in the pore opening of the ZIF-8-derived structures, the surface of Ag/ZnO/C promotes the eradication of ciprofloxacin to a great extent. The resultant material has shown good reusability, for around 4 cycles without any discernible changes in the efficiency due to the encapsulation of Ag NPs. These results when compared with earlier studies (Table 1), indicated that the MOF-mediated heterostructure can be a viable and efficient photocatalyst in terms of water treatment in the future. So we believe that there is a need for further investigation of the catalytic activity of this photocatalyst for removing other antibiotics in real samples.
TABLE 1 | Table of comparison of photocatalytic activities against ciprofloxacin by MOF-related heterostructure.
[image: A table comparing the performance of various photocatalysts. Columns include "Photocatalyst", "Removal efficiency (%)", "Equilibrium time (h)", "Light medium", "Generated ROS", and "References". The MOF-mediated Ag/ZnO/C entry shows the highest removal efficiency at 98.11% under visible light and generates h⁺ and ·O₂⁻. Bold values highlight current study findings. References list works by Behera et al., Das et al., Kumar et al., Ma and Li, and Tamaddon et al.]DATA AVAILABILITY STATEMENT
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A novel ecofriendly electrochemical sensor for in-situ detection of testosterone based on gold nanoparticles (AuNPs) and a semi-amorphous metal organic framework (MOF) has been developed for clinical diagnosis and doping control. For this purpose, MIL-100(Fe) has been synthetized according to a green path with crystallization times tuned in the range 2–24 h. The sensor platform was constructed via drop-casting MOF and AuNPs onto a graphene (GPH) screen-printed electrode (SPE) surface. The surface structure and morphology and the electrochemical properties of unmodified and modified electrodes were investigated by (SEM), energy-dispersive X-ray spectroscopy analysis (EDX), X-ray photoelectron spectroscopy (XPS), Raman spectroscopy, cyclic voltammetry (CV) and electrochemical impedance spectroscopy (EIS), demonstrating the enhanced electrochemical response of the platform modified with MOF obtained with the shorter crystallization time of 2 h (MOF2h) and AuNPs, compared to unmodified electrode. The AuNPs/MOF2h/GPH/SPE based sensor was responsive to nanomolar concentrations of testosterone, showing a wide linear range from 1 to 50 nM and a detection limit (LOD) of 0.5 nM, which correlates to the serum concentration values of healthy males. The combination of these results with the excellent performance maintained by the proposed sensor when interfaced with a miniaturized potentiostat (Sensit-Smart) directly connected to a smartphone, highlights the potential of this device towards in-situ electrochemical testosterone sensing, in particular for medical diagnosis and for doping control.
Keywords: metal-organic frameworks, gold nanoparticles, electrochemical sensor, testosterone, clinical diagnosis, doping control

1 INTRODUCTION
Testosterone (17β-hydroxyandrost-4-en-3-one) is the primary male sex hormone and an anabolic steroid. It is vital for athletic performance and plays a significant role in the development of masculine traits (Berglund et al., 2011, Luetjens and Weinbauer, 2012). In humans, it is mostly produced by the male testes and the female ovaries, with minor amounts also coming from the adrenal glands in both sexes. This substance is essential for spermatogenesis, the growth and upkeep of male internal and external genitalia and secondary sex traits, and the regulation of libido in both sexes (Kumar et al., 2010, Yadav et al., 2014).
Normal testosterone plasma levels range between 10 and 35 nM and from 0.6 to 2.5 nM in adult males and females, respectively (Scovell et al., 2015; Mohamad et al., 2016; Yuki et al., 2013). Although testosterone is also used exogenously in treatments (typically in its esterified form), prolonged use of this hormone can have a number of negative effects (Alvarado, 2010). However, it is frequently used in illegal activities to enhance the performances of athletes (McBride et al., 2018; Bhasin et al., 2001).
Due to the potential health concerns and to its capacity to enhance performance, the World Anti-Doping Agency (WADA) prohibits the use of this substance (Barroso et al., 2008; Wang et al., 2022).
Therefore, a fast, accurate, low-cost and in-situ detection of testosterone is of extreme importance not only for clinical diagnosis but also for anti-doping agencies (Lu et al., 2023).
Traditionally, methods such gas-liquid chromatography/mass spectrometry, HPLC, enzyme-linked immunosorbent assay, and, more recently, mass spectrometry, have been widely used to measure the testosterone level in biological matrices with excellent sensitivity and selectivity (Fourou et al., 2018; Kozak et al., 2022; Laczka et al., 2011). However, these techniques require highly skilled laboratory personnel, costly and sophisticated equipment, laborious sample pretreatments, which result in considerable delays between sample collection and outcomes. Among voltammetric techniques, adsorptive stripping voltammetry (AdSV) was successfully used for the reduction of testosterone either at a hanging mercury drop electrode (HMDE) (Hu et al., 1993) or by using a lead film electrode (Tyszczuk, 2008), a bismuth film electrode (Levent et al., 2015) or a pencil graphite electrode with copper nanoparticle (Bozdoğan, 2023). However, AdSV shows some drawbacks, such as mercury tossicity, the need of preconcentration step of the sample, and possibility of adsorption of matrix components on the electrode surface. On the other hand, electrochemical sensors and biosensors, thanks to their ease of use, speed, accuracy, sensitivity, cost-effectiveness, portability, and possibility of miniaturization, have become popular point-of-care diagnostic devices (Liu et al., 2023; Ma et al., 2023; Xu et al., 2022). The goal of recent research in literature is to improve the electrochemical sensor’s sensitivity by the arrangement and modification of the electrode surface (Yadav et al., 2013).
Several nanostructures have been employed for testosterone sensing, such as carbon nanotubes (Alam et al., 2021), nanosheets, metallic nanoparticles (Kozak et al., 2022; Bozdoğan, 2023), graphene oxide (Heidarimoghadam et al., 2016; Huang and Feng, 2024), molecularly-imprinted polymers (Sanchez-Almirola et al., 2023) and a number of strategies have been investigated to better modify the electrode surface in order to obtain larger surface area, enhanced conductivity, good biocompatibility and improved catalytic properties (Bahrami et al., 2021).
Metal-organic frameworks (MOFs) are a new class of multifunctional porous organic-inorganic compounds characterized by a cage-like structure consisting of metal ions and organic ligands (Delpiano et al., 2021). In recent years, thousands of MOFs have been described for potential applications in catalysis, (Jiao et al., 2018), (bio)sensing (Mehmandoust et al., 2022; Dolgopolova et al., 2018), adsorption (Ayati et al., 2016; Jiang et al., 2019), gas storage (Ghanbari et al., 2020), enzyme carrier (Naseri et al., 2018; Wang and Liao, 2021) and drug delivery (Li et al., 2017; Roth Stefaniak et al., 2018; Mallakpour et al., 2022). The use of octahedral trivalent metals like iron, which have low toxicity and high biocompatibility, and the simplest aromatic carboxylates, such as trimesate, has been reported to create MOFs with excellent stability and hierarchical mesopores. One of the most popular Fe-based MOF is MIL-100(Fe), prepared by a combination of trimesic acid, as organic linker, and a Fe(II) salt.
It is one of the highest porous MOFs available, with two mesoporous cages with different diameters (2.5 nm and 2.9 nm), accessible through microporous windows (0.86 nm and 0.47–0.55 nm). In order to enhance its conductivity, in this work a film of AuNPs has been drop-casted onto the MOF structure resulting in improved sensitivity, thanks to a larger surface area. At present, the biggest challenge in the MIL-100(Fe) synthesis is to yield highly crystalline MOF under mild conditions, avoiding the use of toxic reagents, such as HF, HNO3, high temperature and pressure, which are normally used in the synthesis methods reported in literature.
In our work, we present a novel electrochemical sensor based on a disposable graphene SPE modified by a ecofriendly Fe-MOF and AuNPs for sensitive testosterone monitoring. The MOF synthesis time has been tuned from 2 to 24 h in order to investigate the correlation between longer synthesis times and enhanced electrochemical performances. ii) The electrode modification was carried out by two drop-casting steps: i) MOF; ii) The novelty of the work is based on two main issues: i) a total “green” synthesis process without the use of any harsh regents; ii) a very short synthesis time (2 h) which allows the formation of a semi-amorphous MOF with improved electrochemical performances. AuNPs. Step-wise modification of the SPE surface and the changes in electron transfer characteristics were monitored by cyclic voltammetry (CV), and electrochemical impedance spectroscopy (EIS). Also, structural and morphological characterizations were carried out by scanning electron microscopy (SEM), energy-dispersive X-ray spectroscopy analysis (EDX), X-ray photoelectron spectroscopy (XPS) and Raman spectroscopy.
The performance of the developed sensor was finally tested on real human serum samples spiked with synthetic testosterone and the results compared to those obtained with a portable potentiostat, used to perform POC sensing, needed for the development of personalized medicine and for doping controls.
2 MATERIALS AND METHODS
2.1 Reagents and instrumentations
Testosterone (≥99%, TST), sodium monobasic phosphate (Na2HPO4), sodium dibasic phosphate (NaH2PO4), potassium chloride (KCl), potassium ferricyanide (III) (K3[Fe(CN)6]), potassium ferrocyanide (II) (K4[Fe(CN)6], trimesic acid (95%, H3BTC), iron (II) chloride tetrahydrate (99%, FeCl2 ·4H2O), acetonitrile, tetraethylammonium tetrafluoro-borate (≥99%) and ethanol absolute (EtOH) were obtained from Sigma-Aldrich (Buchs, Switzerland). The gold nanoparticles (AuNPs, diameter 18–20 nm, 0.418 mg mL-1) were synthesized according to a procedure reported in our previous work (Tortolini et al., 2024a).
The morphology and the chemical composition of bare and modified electrodes were investigated by Scanning Electron Microscopy (SEM) and by Energy-Dispersive X-ray spectroscopy (EDX), respectively. The SEM/EDX measurements were performed with High-Resolution Field Emission Scanning Electron Microscopy (HR FESEM, Zeiss Auriga Microscopy, Jena, Germany).
XPS measurements were carried out using an Omicron NanoTechnology Multiprobe XPS system equipped with a Mg Kα (hν = 1253.6 eV) X-ray source. Ethanolic solutions of the MIL-100 (Fe) samples synthesized for 2 h and 24 h were drop casted onto hydrogenated Si wafers and let dry at room temperature. The samples were then mounted on the XPS sample holder with double-sided conductive scotch tape. The C 1s and Fe 2p photoionization regions were acquired using an analyzer pass energy of 20 eV and take-off angle of 21° with respect to the sample surface normal. The experimental spectra were theoretically reconstructed, fitting the secondary electrons’ background to a Shirley function and the elastic peaks to pseudo–Voigt functions.
Raman spectra were run at room temperature in backscattering geometry with an inVia Renishaw micro-Raman spectrometer equipped with an air-cooled CCD detector and super-Notch filters. An Ar+ ion laser (λlaser = 514 nm) was used, coupled to a Leica DLML microscope with a ×20 objective. The resolution was 2 cm−1 and spectra were calibrated using the 520.5 cm−1 line of a silicon wafer. Raman spectra were acquired in several different spots on the surface of the samples at 1% of laser power.
For Raman measurements, MOF samples, dispersed in ethanol, were drop-cast (about 100 μL) on silicon wafers and dried before performing the analyses.
All electrochemical characterizations involving cyclic voltammetry (CV) and electrochemical impedance spectroscopy (EIS) were performed using an Autolab Potentiostat/Galvanostat (Autolab PGSTAT204, Metrohm, Herisau, Switzerland) with the software Nova 1.1 v2.1.7. All measurements were carried out in a glass cell (model 6.1415.150, Metrohm, Herisau, Switzerland) with a conventional three-electrode configuration with an Ag/AgCl/KClsat (198 mV vs. NHE) as a reference electrode (cat. 6.0726.100, Metrohm, Herisau, Switzerland), a glassy carbon rod as a counter electrode (cat. 6.1248.040, Metrohm, Herisau, Switzerland), a graphene screen-printed electrode (GPH/SPE, diameter 4 mm, 110 Metrohm, Herisau, Switzerland) and a classical glassy carbon electrode (GCE, diameter 2 mm, cat. 6.1204.600 GC Metrohm, Herisau, Switzerland) as working electrodes, respectively. All electrochemical measurements were carried out using three independent electrodes (n = 3). The data were treated and analyzed using Sigma Plot software. The data were presented as mean ± the standard deviation (SD).
For the smartphone-based sensing device experiments, a Sensit/SMART portable potentiostat (PalmSens, Houten, Netherlands) was used and directly connected to a smartphone for POC signal reading. All experiments were performed at room temperature (RT). pH measurements were made with a Metrohm pH meter model 780 (Switzerland).
2.2 Preparation of MIL-100(Fe)
The MIL-100(Fe) was synthesized according to a totally sustainable method already reported in literature (Sánchez-Sánchez et al., 2015; Guesh et al., 2017) and three samples were taken out form the reaction mixture after 2 h, 12 h, and 24 h of vigorous stirring, named MOF2h and MOF24h, respectively (Scheme 1).
[image: Diagram showing the synthesis of materials through a process involving two solutions, H<sub>3</sub>BTC in NaOH and FeCl<sub>3</sub> in H<sub>2</sub>O. After mixing, the resulting precipitate undergoes vigorous stirring. After 2 hours, a semi-amorphous product is formed, while after 24 hours, a crystalline material is achieved, labeled as MIL-100(Fe).]SCHEME 1 | Schematic representation of the MIL-100(Fe) synthesis with crystallization times of 2 h and 24 h.
2.3 Fabrication of MOF/GPH/SPE and AuNPs/MOF/GPH/SPE
The MOF sensors were prepared using a bare graphene screen-printed electrode (GPH/SPE) modified b drop-casting 10 μL of MOF solution of the three samples (MOF2 h, MOF12 h and MOF24 h), respectively.
Then the electrodes were dried under vacuum for 1 h at room temperature (RT). The AuNPs/MOF/GPH/SPEs were fabricated according to the previous procedure with a second drop-casting step of 10 μL of AuNPs solution on the modified surfaces and letting dry at RT. All modified sensors were stored at RT until use.
2.4 Electrochemical procedures
The electrochemical measurements were performed by CV and EIS techniques. CV conditions were the followings: potential range: −0.2 – 0.7 V and scan rate ν = 0.025 V s−1. For EIS analysis, the following parameters were employed: frequency range: 1–500 kHz, ac signal: 10 mV amplitude (0.2 V vs. Ag/AgCl). The solution used as redox probe was a mixture of 5 mM Fe(CN)63−/4− in 0.1 M KCl.
High-purity deionized water (resistance: 18.2 MΩ cm at 25°C; TOC <10 μg L−1) obtained from Millipore (Molsheim, France) was used throughout experiments. All solutions were prepared in 0.1 M phosphate buffer, 0.1 M KCl, pH 7.0 (PBS).
Determination of the highest occupied and lowest unoccupied molecular orbital (HOMO and LUMO) energy states of AuNPs-MOF was carried out using acetonitrile (4 mL) containing 0.1 M tetraethylammonium tetrafluoroborate by scanning the potential in the range −1.45 - 1.55 V, for 10 scans at 50 mV/s.
2.5 Preparation of real samples
Five serum samples were collected from healthy volunteers which had signed an informed consent before the study. The samples were stored at 4°C and were diluted 1:10 in 0.1 M PBS before electrochemical measurements. The standard addition method was applied to determine the added concentration of testosterone.
3 RESULTS AND DISCUSSION
3.1 Morphological and structural characterizations of modified electrodes
SEM images were carried out to investigate the surface morphology of modified electrodes. Figure 1 illustrates the MOF 2 h and 24 h, before and after the immobilization of AuNPs. It is clearly observed that, in the first case, most particles show an amorphous nature, attesting a low crystallinity of the material (Figure 1A), due to the reduced time of synthesis, whereas in the second case (Figure 1B) well-defined crystals with octahedral shape, distinct facets and an average diameter of about 120 nm are clearly obtained. In order to certify the successful deposition of AuNPs on the MOF structures, SEM images were carried out after the drop-casting step of AuNPs on both electrodes. It is possible to see the presence of tiny scattered AuNPs, not uniformly distributed across the surface of the GPH/SPE in both cases (Figures 1C, D), suggesting a relatively favorable interaction between support and AuNPs. Figures 1E, F depicts the EDX elemental mapping images performed on the surfaces shown in Figure 1 (panels C and D), which confirm the presence of all fundamentals of MOF and AuNPs in the EDX spectra at both synthesis time, in particular the elemental peaks of carbon (C), oxygen (O), nitrogen (N), iron (Fe) and gold (Au), confirming the AuNPs/MOF nanostructure. SEM images of bare GPH/SPE and AuNPs/GPH/SPE have been reported in Supplementary Figures S1A, B, for comparison.
[image: Scanning electron microscope images and corresponding EDS spectra. Images A, B, C, and D show microscopic views of material surfaces with varying textures. Graphs E and F display elemental analysis with peaks indicating the presence and quantity of different elements.]FIGURE 1 | SEM spectra of: MOF2h (A), MOF24 h (B), AuNPs/MOF2h (C), AuNPs/MOF24 h (D); EDX analysis of AuNPs/MOF2h (E), AuNPs/MOF24 h (F).
PXRD experiments were performed in order to check the crystal structure of both MOFs (Figure not shown, as reported in our work under review). The MOF 24 h pattern perfectly matches with the simulated spectrum reported in literature for MIL-100(Fe). The agreement between both patterns is excellent, as every single peak of the simulated XRD pattern is present in the experimental XRD pattern with similar relative intensities without any other single detected XRD peak, leaving no doubts in the phase identification (Guesh et al., 2017; Han et al., 2017). Conversely, the MOF 2 h presents broad and less defined PXRD peaks, typical of the lack of long-range order features of amorphous materials. The dominant phase is still present, although it is also present a XRD peak found at 9°–10° 2θ, which does not belong to the phase MIL-100(Fe), which totally disappears at a prolonged synthesis time (24 h). XPS was used to ascertain the chemical composition of the MIL-100(Fe) samples taking advantage of the high sensitivity of photoelectron kinetic energies from the oxidation state and chemical environment. The Fe 2p ionization region (Figure 2A, a and c) is composed by a spin-orbit split doublet with components j = 3/2 and ½ separated by a ΔEso∼13.5 eV. The two components are rather broad and the former displays a peak maximum at 711.3 eV. In order to evaluate in detail the oxidation state of Fe, the Fe 2p spectra were curve-fitted using the Gupta and Sen (GS) multiplets (Gupta and Sen, 1974; Gupta and Sen, 1975) theoretically predicted for high-spin Fe3+ ions and applied by Grosvenor et al. (2004); Biesinger et al. (2011) to Fe3+ compounds. In particular, a four-fold GS multiplet was used in the curve-fitting (green curves in Figure 2, panel A (a) and (c)), with the first component falling at 710.5 eV. A further component was also needed to account for a broad signal between the two main spin-orbit components, associated to a shake-up satellite (orange curves in Figure 2, panel A (a) and (c)) (Grosvenor et al., 2004). Both spectra of samples 2h and 24 h are well reconstructed by the adopted Fe3+ multiplet, supporting the presence of this oxidation state for iron.
[image: Panel A shows XPS spectra with three lines labeled Fe 2p and C 1s displaying intensity variations at different binding energies. Panel B displays a Raman shift graph comparing two data sets in red and black, indicating intensity changes across wavelengths from 200 to 2000 cm⁻¹.]FIGURE 2 | (A) XPS Fe 2p and C 1s spectra of MIL-100 (Fe) samples synthesized for 2 h (a, b), and 24 h (c, d); (B) Raman spectra of 24 h (red curve) and 2 h (black curve) MIL-100(Fe).
Nevertheless, one difference between the two spectra is apparent regarding the intensity recorded around 715 eV. Here, as pointed out by Grosvenor et al. (2004) an extra-peak (blue curves in Figure 2, panel A (a) and c), additional to the GS multiplet, is sometimes needed to describe Fe compounds. This contribution has been reported to be due to Fe3+ ions confined at the surface of a nanostructured material, here denoted as “surface peak”.
In the analyzed samples this peak appears to slightly shift its position and increases in the 24 h sample, suggesting a probable increase in the surface area of the MOF 24 h. The C 1s regions of MIL-100 (Fe) samples are reported in Figure 2, panel A, curves (b) and (d). In both cases the presence of both an aromatic (peaked at 285.0 eV) and a carboxylate carbon component (peaked at 288.8 eV) can be detected (Pérez et al., 2022). These features are fully compatible with the expected presence of BTC ligands in the MIL-100(Fe) samples. Overall, XPS showed that both MOF samples are constituted by Fe3+ metal centers coordinated by BTC ligands, with the only small, yet significant, difference in the surface component, associated to a probable more nanostructured morphology in the MOF 24 h sample.
Raman spectroscopy was utilized to confirm the synthesis of MIL (100)-Fe at the two synthesis times. Both Raman spectra perfectly matches with the spectrum reported in literature for MIL (100)-Fe, showing the following principal peaks (Li et al., 2016): ≈810 (γC-H), ≈1004 and ≈1610 (νC = C), ≈1460 (νa COO-) & ≈1550 (νs COO-), ≈1370 (νCOOH), and ≈1216 (C-O-Fe stretching of trimesate) (Figure 2, panel B). It is interesting to note that the two spectra are very similar two each other, with only a slight difference in the spectral region 200–600 cm−1for MOF 2 h, where are visible two peaks, one sharp at ≈250 cm−1 and a more widened peak between 400–500 cm−1, which are not present in the spectrum of MOF 24 h, probably due to the presence of still unreacted starting materials in the sample.
3.2 Electrochemical characterization of modified electrodes
The electrochemical characterization of the modified electrode platforms was performed by CV and EIS in 0.1 M KCl solution containing 5 mM Fe(CN)63−/4−. Figure 3 shows the CVs and Nyquist plots of bare (black), AuNPs (green), MOF2h (blue) and AuNPs/MOF2h (red) GPH/SPE, respectively.
[image: Panel A shows a cyclic voltammogram with multiple colored curves indicating current versus potential (E), measured against Ag/AgCl. Panel B displays a Nyquist plot with impedance (Z'') versus resistance (Z'), alongside an equivalent circuit diagram including elements like resistors and a constant phase element (CPE).]FIGURE 3 | (A) CV and (B) Nyquist plots of: bare (black), AuNPs (green), MOF2h (blue) and AuNPs/MOF2h GPH/SPE (red), respectively. All measurements were carried out in in 0.1 M KCl, containing 5 mM [Fe(CN)6]3–/4–, at ν = 25 mV s–1 Inset: Randles circuit used for fitting the experimental data and RCT values for each sensor.
As shown in Figure 3, panel A, all CV curves show two well-defined redox peaks, indicating a fast electron transfer of the redox probe. The peak current increase after the modification of the electrode with AuNPs or MOF is quite small and of similar intensity, whereas a larger increase in the peak current is observed when the two nanomaterials are combined (red curve). A marked decrease in ΔEp was also observed in this case, with the lowest ΔEp value closer to the theoretical value of 59 mV for a one− electron reversible mediator. Table 1 shows all the electrochemical parameters. The electroactive areas of bare and modified GPH/SPEs were calculated by recording CVs in the range 5–500 mV s-1, according to the Randles-Sevcik Equation 1 (Savan, 2020):
[image: Equation depicting \( L_p = 2.69 \times 10^5 n^{0.2} \times AeD^{1/2} \times Cv^{1/2} \).]
TABLE 1 | Electrochemical parameters of unmodified and modified GPH/SPEs: peak-to-peak potential separation (ΔEp), ratio anodic/cathodic peak current (Iap/Icp), electroactive area (Aea), roughness factor (ρ) and heterogeneous electron transfer rate constant k0. Geometric area (Ag) = 0.11 cm2..
[image: Table comparing various electrodes with different parameters. The electrodes include bare, AuNPs, MOF2h, and AuNPs/MOF2h. Data columns feature ΔE*p (mV), I*ap/Icp (μA), E1/2 (mV), Aea (cm²), ρ, and k⁰ (cm s⁻¹). Notably, the AuNPs/MOF2h electrode shows the lowest ΔE*p (86 mV) and the highest Aea (0.327 cm²) and ρ (2.97), with a k⁰ of 4.30 ± 0.16 × 10⁻³ cm s⁻¹. A note indicates a scan rate of 25 mV s⁻¹.]In equation, Ip represents the anodic/cathodic peak current (A), Ae the electroactive area (cm2), D the diffusion coefficient (7.6 × 10−6 cm2 s−1) and C the concentration (2.5 × 10−3 mol cm–3) of [Fe(CN)6]3–/[Fe(CN)6]4– redox probe in KCl solution, n is the number of the electrons transferred during the redox reaction (n = 1), and v is the scan rate (V s–1). On the basis of this equation, the Ae values of MOF2h and AuNPs/MOF2h modified GPH/SPEs resulted to be 0.179 cm2 and 0.327 cm2 (about 1.3 and 2.5 times higher than bare electrode, respectively (Table 1). These results indicate that the modification of the bare electrode with MOF2h slightly increases the Aea, which results marked increased after the adding of AuNPs, attesting that the dispersion of AuNPs on a MOF surface greatly affects the catalytic activity of the material.
The heterogeneous electron transfer rate constant k0 has also been calculated before and after each modification step, using the Lavagnini et al. method, which merges the Klingler-Kochi and Nicholson and Shain methods for irreversible and reversible systems, respectively (Lavagnini et al., 2004). It is interesting to note that the k0 value obtained for the AuNPs/MOF2h/GPH/SPE resulted more than 2 times higher than that calculated for the bare one (Table 1). This value confirms the synergistic contributions of MOF and AuNPs, which enhance each other properties: MOF can enhance the porosity and catalytic activity of AuNPs, whereas AuNPs are able to enhance the electrical conductivity of the nanoporous MOF.
The superior electrochemical performances shown by MOF2h both in absence and presence of AuNPs compared to MOF12 h and MOF24 h were demonstrated by CV experiments. The results are reported in Supplementary Figures S2, S3, in absence and in presence of AuNPs, respectively. These results can be ascribed to the most abundant catalytic sites and the large number of defects present in the amorphous/semi-crystalline MOF structure, typical of MOF2h, compared to crystalline MOF12 h and 24 h, which can fasten the electron transfer and lead to a significant enhancement of the catalytic performance (Dissegna et al., 2018; Bechis et al., 2022; Dong et al., 2022; Zhao et al., 2024). On the basis on the results obtained, the MOF2h was used for further experiments, and referred as MOF.
The kinetic mechanism of the electrochemical reaction at AuNPs/MOF/GPH/SPE modified electrode was also investigated by monitoring the relationship between scan rate and peak current (Supplementary Figure S4A). It can be observed a shift of the anodic and cathodic peaks towards more positive and negative potentials, respectively, when the scan rate is increased from 5 to 200 mV s–1, due to the effect of the resistance of the electrode. A linear relationship was also found between the peak magnitude of the anodic and cathodic current of the modified sensor and the square root of the scan rate (Supplementary Figure S4B), indicating that the electrochemical process is diffusion-controlled.
EIS measurements were also performed for a further electrochemical characterization of the proposed platforms. The EIS spectra were recorded in the frequency range 1–500 kHz. The semicircle diameter in the high frequency region corresponds to the charge transfer resistance (RCT). The corresponding Nyquist plots are shown in Figure 3, panel B. The bare electrode (black curve) exhibited the highest RCT value. The AuNPs modified electrode (green curve) showed a slightly lower RCT value, suggesting improved conductivity. Similar behavior was obtained with MOF modified electrode (blue curve). It can be observed that the RCT value of the MOF electrode is a little larger than that of the AuNPs electrode. These results confirm the better conductivity of both nanomaterials, with small superior performances exhibited by the semi-amorphous MOF2h. Finally, a more significant decrease in RCT value is observed with the AuNPs/MOF/GPH/SPE (red curve), attesting the increased electrical conductivity when both nanomaterials are combined in a hybrid nanocomposite, in perfect agreement with the results obtained with CV.
All data obtained were fitted by applying the Randles circuit (Figure 3, panel B, inset) and the results are reported in Table 2. Based on the RCT values obtained for bare and modified GPH/SPEs, the k0 of the redox probe between the bulk solution and the sensor surface for each electrode was calculated by Equation 2:
[image: Equation representing a formula where K⁰ equals RT divided by R_CT multiplied by F squared, n squared, and AC. The equation is labeled as equation two.]
where R is the universal gas constant (8.314 J K−1 mol–1), T the temperature (298.15 K), F F’s constant (96,485 C mol–1), n the number of transferred electrons, A the electrode geometric area (0.11 cm2), and C the redox probe concentration (2.5 × 10−6 mol cm–3).
TABLE 2 | EIS fitting parameters obtained from the equivalent circuit and k0 values of unmodified and modified GPH/SPEs.
[image: Table showing electrochemical properties of different materials: "bare," "AuNPs," "MOF2h," and "AuNPs/MOF2h." Columns list values for \( R_S \) (Ω), \( R_{CT} \) (Ω), CPE (nMho s\(^N\)), N, W (mMho s\(^{1/2}\)), and \( k^0 \) (cm s\(^{-1}\)). Values vary significantly across materials, indicating different electrochemical behaviors.]The calculated k0 values agree with the RCT ones (Table 2), attesting a strong synergistic effect of the two nanomaterials that create a hybrid nanocomposite with superior electrochemical performances. As for the other Randles parameters, the constant phase element (CPE) is a parameter usually related to surface reactivity, electrode porosity, roughness, and surface inhomogeneity, and therefore it was expected that this value would rise from 5.43 for bare electrode to 18 n MhO sN for AuNPs/MOF/GPH/SPE electrode, due to its greater structural complexity (Jorcin et al., 2006).
3.3 Voltammetric response of testosterone at AuNPs/MOF/GPH/SPE electrode
Figure 4 shows an irreversible cathodic peak for testosterone reduction at a potential of about −0.4 V vs. Ag/AgCl at a fixed testosterone concentration (0.1 μM).
[image: Cyclic voltammetry graph showing current (I) versus potential (E) with curves in different colors representing varying conditions. An inset graph displays a linear fit of peak current (Ipc) versus square root of scan rate, with an equation and R-squared value of 0.993.]FIGURE 4 | CVs of 0.1 μM testosterone, with AuNPs/MOF2h/GPH/SPE at the scan rate: 2 (black), 5 (red), 10 (green) and 25 (blue) mV s–1 in PBS. In the inset, the plot of the cathodic peak current vs. scan rate (n = 3).
The scan rate effect on the cathodic peak current response of the AuNPs/MOF/GPH/SPE sensor has been investigated at the same fixed testosterone concentration in the range 2–25 mV s–1 and a linear relationship between the peak current values and the scan rate has been obtained, attesting a typical adsorption process at the solution/sensor interface for TST reduction (Figure 4 inset) (Tortolini et al., 2022; Kozak et al., 2022). The logarithm of the peak current of testosterone vs. log v is also reported in Supplementary Figure S5. The slope value resulted to be 0.945, typical value of a total absorption process (value close to 1.0) (Tortolini et al., 2024b).
The surface coverage (Γ) of testosterone onto the AuNPs/MOF/GPH/SPE was calculated from the plot of Ip versus scan rate ν, according to Equation 3 (Laviron, 1979):
[image: Equation showing \( I_p = n^2 F^2 Av / 4RT \) followed by the number three in parentheses.]
where n is the number of electrons, F, R, and T are the Faraday constant, the molar gas constant, and the absolute temperature, ν is the scan rate, and Γ the surface coverage. Assuming n = 2 for testosterone (Levent et al., 2015), its Γ value was found to be 0.011 × 10−8 mol cm−2, with a similar order of magnitude of Γ values calculated for TST with different electrodes reported in literature (Kozak et al., 2022).
3.3.1 Effect of pH
The influence of the pH on the electrochemical response of testosterone on the electrode surface was performed in the pH range 2–9, using acetate, Britton-Robinson, PBS and borate buffer (all 0.1 M) in presence of 0.1 μM testosterone. The cathodic peak currents and the potential of peak currents are plotted versus pH (Figure 5). An increase in cathodic peak current (Ipc) value was observed between pH 2 and 7, with a decrease at higher values (red curve). Basing on the obtained data, the best current signal was obtained at pH 7 in PBS, and therefore this pH value was selected as optimum pH value and used for further investigation. These results are in good agreement with data reported in literature (Huang and Feng, 2024) and are of particular interest for possible biosensing applications as they mimic the physiological conditions. The potential showed also a linear dependance on pH, with a progressive cathodic peak potential (Epc) shift towards negative values by decreasing pH, as shown in Figure 5 (blue curve). The plot of Epc vs. pH gave a straight line with the following corresponding equation: Epc (V) = – 0.029 pH–0.215, R2 = 0.993. The slope value of the linear fit (0.029 V) confirms a mechanism with 2 electrons involved in the electrocatalytic reduction of testosterone on the modified sensor, in agreement with the overall reaction pathway, shown in Figure 6, involving two electrons and two protons, already reported in literature (Levent et al., 2015), which suggested a 3 step process: 1) one-electron reduction of the C-3 keto group to produce unprotonated radical; 2) protonation; 3) reaction with another molecule to produce a dimeric structure.
[image: A graph shows two datasets plotted against pH. The red dataset, with y-axis labeled \(I_{pa}/\mu A\), shows scattered points. The blue dataset, with y-axis labeled \(E_p/V\), has points connected by a trend line with equation \(y = -0.029x - 0.215\) and \(R^2 = 0.993\), indicating a strong negative correlation.]FIGURE 5 | Influence of pH and potential on the cathodic peak current for 0.1 μM testosterone at the AuNPs/MOF/GPH/SPE sensor (n = 25 mV s–1, n = 3).
[image: Chemical reaction diagram showing the conversion of two steroid molecules. The reactants on the left, each with a ketone group, are transformed into the products on the right, each with a hydroxyl group, through the addition of two protons and two electrons.]FIGURE 6 | Mechanism of the reduction process of testosterone.
3.4 Determination of energy levels and sensing mechanism
For a further in-depth analysis about the sensing of testosterone, the energy levels (HOMO–LUMO) of testosterone and AuNPs/MOF were evaluated, respectively, using CV technique, by applying potentials above the LUMO or below the HOMO (vs. Ag/AgCl), leading to cathodic and anodic currents, respectively, that can be used for the determination of LUMO and HOMO.
The CV measurements were carried out first for a bare glassy carbon electrode (GCE) before and after the drop-casting of 10 μL of MOF and 10 μL of AuNPs and represented in Figure 7, panel A. The oxidation and reduction peak potentials were used for determination of the EHOMO and ELUMO using the Equations 4–6.
[image: The image shows a mathematical equation: \( E_{\text{HOMO}} = -e \left( E_{\text{OWN,NHF}} + 4.75 \right) \, (\text{eV}) \), labeled as equation (4).]
[image: Equation for the lowest unoccupied molecular orbital energy is shown as \(E_{\text{LUMO}} = -e(E_{\text{red vs NHE}} + 4.75)\) in electron volts.]
[image: Equation showing the relationship between potential energies. \(E_{\text{NHE}} = E_{\text{Ag/AgCl}} + 0.197 \, \text{eV}\), labeled as equation (6).]
[image: Panel A shows a cyclic voltammogram comparing bare glassy carbon electrode (GCE) and AuNPs-MOF/RGOE, depicted in black and green, respectively, plotted as current (µA) versus potential (V) against Ag/AgCl. Panel B illustrates an energy diagram with arrows indicating potential energy pathways, highlighting HOMO and LUMO levels of AuNPs-MOF and labeled energy values.]FIGURE 7 | (A) CVs of bare (black curve) and AuNPs/MOF (green curve) GCE, respectively; (B) Potential energy level diagram showing the electron transfer from AuNPs/MOF to GCE (step 1) and from TST to AuNPs/MOF (step 2), respectively.
The working electrode indicates a reduction peak at −1.2 V and an oxidation peak at 0.6 V vs. Ag/AgCl.
The ELUMO and EHOMO resulted to be −3.75 eV and –5.55 eV, respectively. The band gap energy between ELUMO and EHOMO was calculated to be 1.8 eV. The ELUMO and EHOMO values for testosterone are reported in literature (Kumari et al., 2021). As shown in Figure 7, panel B, after applying a positive voltage to the system, the electrode potential energy dropped. Then, the electrons were transferred from AuNPs/MOF to the GCE surface (step 1). The HOMO levels of AuNPs/MOF and testosterone are well-matched to efficiently promote the electron transfer from testosterone to the electron-deficient AuNPs/MOF (step 2), thus leading to the testosterone reduction. These results confirm that the AuNPs/MOF may represent a favorable nanomaterial to provide fast electron transfer processes.
On the basis of the HOMO level of MIL-100(Fe) reported in literature (−1.38 eV) (Rojas-Guerrero et al., 2023), it is interesting to note that that energy gap between testosterone and AuNPs/MO nanomaterial is much higher compared to MOF without the modification with AuNPs, thus attesting a favoured electron transfer.
3.5 Testosterone detection at AuNPs/MOF/GPH/SPE
The analytical performances of the AuNPs/MOF/GPH/SPE towards different testosterone concentration (from 5 to 50 nM) were investigated by CV technique (Figure 8), and the peak values were used for the construction of the sensor calibration curve (Figure 8, inset). The proposed electrochemical sensor shows a linear response over the range of 5–50 nM with the following two linear regression equations (black curves): ΔIp (μA) = 0.160 CTST (nΜ) + 5.90 (R2 = 0.992) and ΔIp (μA) = 0.063 CTST (nΜ) + 7.48 (R2 = 0.991) and a detection limit (LOD) of 2 nM, calculated on Formula 3 σ/S, where σ represents the blank standard deviation and S the calibration slope. All measurements were made in triplicate and the results reported as mean values. Figure 8 inset shows also the calibration plot (red curves) obtained with a portable potentiostat, directly connected to a smartphone for POC signal reading, named Sensit−Smart. Once again, two linear regression equations are obtained: ΔIp (μA) = 0.149 CTST (nΜ) + 5.67 (R2 = 0.990) and ΔIp (μA) = 0.046 CTST (nΜ) + 7.16 (R2 = 0.998) and a slightly higher LOD of 3 nM. Differential pulse voltammetry (DPV) has also used to test the results obtained with CV. The DPV curves and the relative calibration plots are reported in Supplementary Figures S6A, B. The sensor shows a slightly larger linear range between 1–50 nM with the following two linear regression equations (dotted curves): ΔIp (μA) = 0.74 CTST (nM) + 3.17 (R2 = 0.992) and ΔIp (μA) = 0.44 CTST (nM) + 13.90 (R2 = 0.991), and a detection limit (LOD) of 0.5 nM, calculated with the same Formula 3 σ/S, reported above. The sensibility and LODs were definitely improved, as expected by employing a more sensitive technique.
[image: Cyclic voltammogram depicting current (I) versus potential (E) for a redox process using an Ag/AgCl reference electrode. Inset graph shows a plot of current (I) against testosterone (TST) concentration in nanomolar, illustrating an increase in current with higher TST levels. Measurements indicate a linear response with error bars reflecting data variability.]FIGURE 8 | CV responses at different TST concentrations (5, 7, 9, 11, 15, 20, 30, 40, 50 nM at the AuNPs/MOF/GPH/SPE sensor; Inset: calibration plot of peak current vs. TST concentration in the range 5–50 nM with Autolab PGSTAT potentiostat (black curve) and Sensit-Smart portable potentiostat (red curve). Abbreviations: TST = testosterone.
In addition, a comparison with other electrochemical (bio)sensors reported in literature for testosterone detection has been reported, and the results are summarized in Supplementary Table S1. Most of them are electrochemical sensors (Goyal et al., 2010; Levent et al., 2014; Moura et al., 2014; Gugoasa et al., 2015; Liu et al., 2017; Kellens et al., 2018; Lee et al., 2019; Sanli et al., 2020) and only three of them (last three rows in Supplementary Table S1) are immunosensors (Eguílaz et al., 2010; Serafin et al., 2011; Bulut et al., 2020). The developed sensor shows analytical performances not better than but comparable to most other recently developed sensors and immunosensors. In particular, among the electrochemical sensor, a recent study (Huang and Feng, 2024) describes another MOF-based sensor with Cu2+ instead of Fe3+ as metal ion. The Cu-MOF was coupled with rGO to form a hybrid rGO/Cu-MOF nanomaterial, which shows slightly superior performances compared to the MIL-100(Fe)-based sensor used in this study, but it must be remarked that MIL-100(Fe) has been synthetized according to a total ecofriendly synthetic method (room temperature compared to 150°C of Cu-MOF synthesis), with a much shorter synthesis time (2 h compared to 36 h) and without the use of any organic solvent, unlike Cu-MOF synthesis in which dimethyl formamide was employed.
3.6 Reproducibility and stability of AuNPs/MOF/GPH/SPE sensor
The reproducibility of the final platform has been tested by using five electrodes (n = 3) and recording the current signal obtained with each of them by CV technique in presence of 50 μM testosterone solution. The relative standard deviation (RSD) value obtained is 1.2%, suggesting a good fabrication reproducibility of the AuNPs/MOF GPH/SPE platform (Supplementary Figure S7).
Finally, the stability of the developed sensor has also been investigated. Five different electrodes, stored at 4°C, were tested every 5 days for 1 month, by measuring the CV signal obtained for a 0.1 μM testosterone solution (n = 3). The results show that sensors used on day 5, 10, 15, 20, 25, and 30 show a current signal decrease lower than 15%, compared to the response of the electrodes used on day 0 (Supplementary Figure S8).
3.7 Selectivity
The selectivity was assessed by investigating the effect of possible interfering compounds commonly found in biological fluids, such as glucose, uric acid, ascorbic acid, β-estradiol and progesterone.
Figure 9 shows the current response towards these other compounds at a 10-times higher concentration and no significant signal change was registered (signal change less than 4.0%), confirming the excellent selectivity of the proposed sensor.
[image: Bar chart showing percentage change in current response for various molecules. Testosterone (TST) shows the highest increase, followed by significantly lower changes for PG, β-estradiol (β-ESTR), ascorbic acid (AA), uric acid (UA), and glucose (GLU). Each bar includes a structural diagram of the corresponding molecule.]FIGURE 9 | Histogram of the selectivity of AuNPs/MOF/GPH/SPE sensor for TST detection. TST = testosterone; PG = progesterone; b-ESTR = b-estradiol; AA = ascorbic acid; UA = uric acid; GLU = glucose.
3.8 Testosterone detection in real human serum samples
The matrix effect of five real samples of human serum was tested with the proposed sensor by using a standard addition method and the smartphone-Sensit/Smart potentiostat based sensing device. The schematic representation of the smartphone based sensing device is represented in Scheme 2.
[image: Illustration showing a process where a serum sample is extracted using a pipette and then applied to a sensing device connected to a smartphone. The smartphone screen displays data received from the sensing device.]SCHEME 2 | Schematic representation of the Sensit-Smart connected to a smartphone for POC device.
All measurements were performed with 150 µL of serum samples, prepared as described in the experimental part, and placed directly on the modified SPE surface. The measurements were performed in triplicate by CV technique. The results showed a good recovery with recovery rates in the range 98.5%–103.7% for all spiked real samples, with RSD values lower than 4% after three replicate measurements for each sample (Table 3).
TABLE 3 | Results of CV analyses using AuNPs/MOF/GPH/SPE of real human serum samples diluted in 0.1 M PBS, utilizing the Sensit/Smart potentiostat.
[image: Table displaying the spiked and detected concentrations of TST in nanomolar units for five serum samples. The recovery percentages and relative standard deviations (RSD) are also provided. Recovery is calculated as ([Found]/[Added]) × 100. The values vary across samples, with recovery percentages ranging from 98.5% to 103.7%, and RSD values between 2.2% and 3.8%.]These results demonstrate the absence of matrix effect and therefore the potential for thew proposed platform for numerous biomedical applications, both in clinical diagnosis and doping control analysis.
4 CONCLUSION
In summary, the suitability of a novel ecofriendly electrochemical platform based on AuNPs and MIL- 100(Fe) drop-casted onto a graphene SPE for the development of a testosterone sensor has been demonstrated. MIL-100(Fe) showed several advantages when used as an electrode modifier: 1) Fe is a biocompatible and a safe metal for human applications; 2) it can be synthetized by a “short time” green method. In particular, we have demonstrated that the MOF with a synthesis time of 2 h, showed a semi-amorphous nature and enhanced electroconductive properties compared to MOF 24 h, with a higher degree of crystallinity, in absence and in presence of AuNPs. These results can be ascribed to the superior electron transfer capabilities of semi-amorphous MOFs, probably thanks to a plethora of defects and more accessible active sites.
As a proof of concepts, this work demonstrates the use of a AuNPs/MOF2h/GPH/SPE sensor for the detection of testosterone in the range 1–50 nM, which is within the physiological range of serum testosterone for a healthy male. These results are due to the synergistic effect of high conductive AuNPs and highly porous MOF. The resulting hybrid nanomaterial, AuNPs/MOF, shows improved electrochemical properties thanks to the advantages of both materials: possibility for better analyte adsorption thanks to the highly porous nature of MOF, and high electrical conductivity, which allows fast and effective electron transfer, thanks to AuNPs.
The proposed nanocomposite-based sensor showed also a good selectivity towards some structurally similar compounds and other endogenous compounds and a long-term stability.
Finally, the applicability of the proposed sensor interfaced with a miniaturized potentiostat (Sensit-Smart) for POC detection was tested in spiked samples of human serum of five healthy male volunteers showing good recovery values, and very good results, with great potential for application in clinical diagnostics and in doping control.
Moreover, to the best of our knowledge, this is the first sensor for testosterone detection based on a semi-amorphous MOF. Therefore, the excellent results obtained position semi-amorphous MOFs as novel valuable assets for developing advanced (bio)sensors for the detection of other endogenous substances, thus broadening the scope of their catalytic applications.
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Introduction: Lithium plays an important role in the modern technology-driven world, as it is an essential component of numerous renewable energy devices such as solar panels, wind turbines, and electric vehicles. The usage of lithium has increased in portable electronics, as a catalyst in the medical field, and various other applications that have increased its demand gradually in recent years. The harmful effects of the extraction and disposal of lithium need to be considered simultaneously along with exploring its applications in numerous frontier areas. The methods employed for lithium extraction can lead to air and water pollution, land degradation, and pose a risk of groundwater contamination. Therefore, the quantification of lithium ions through easy, quick, reliable, and affordable methods is highly desired.
Methods: Herein, a reliable and fast response electrochemical sensing strategy has been employed using Ag-doped Co3O4 nanochips (Ag@CNCs) for lithium detection in field samples. Hexahydrate cobalt nitrate [Co(NO3)2·6H2O] has been used as a precursor for the synthesis of Ag@CNCs through the co-precipitation method followed by calcination.
Results and discussion: The synthesised Ag@CNCs have a face-centred cubic structure, with an average crystallite size of 14.7 nm as evidenced through x-ray diffraction analysis. Further, Ag@CNCs exhibit two distinct band gap energies (Eg) of 1.55 eV and 2.08 eV corresponding to two absorption peaks in the UV-visible spectrum. The developed electrochemical sensor by utilising Ag@CNCs exhibited remarkable electrocatalytic performance for lithium detection, attaining a high sensitivity of 78.66 μAmM−1cm−2 and a notable limit of detection of 5 μM, enabling direct quantification without requiring pretreatment.
Keywords: lithium, Co3O4 nanochips (CNCs), doping, electrochemical sensing, nanomaterial

INTRODUCTION
Lithium and its related compounds have attained centre stage in technological applications due to their diverse industrial applications, notably in lithium and lithium-ion batteries (Blomgren, 2017). In recent years, lithium consumption and production have risen at an annual pace of approximately 3% (Vikström et al., 2013). It is foreseen that the demand for electric vehicles is expected to increase significantly. Not only for electric vehicles but also for consumer electronics, the need for batteries is expected to rise swiftly, reaching a maximum of 2.5 TWh by the year 2030 (Xu et al., 2023). Powering electric vehicles is the most well-known application of lithium-ion batteries, which are expected to account for up to sixty percent of all new automobile sales by the year 2030 (Berckmans et al., 2017). In the case of new electric vehicles like the Tesla Model S, for instance, the battery consumes approximately 12 kg of lithium (Deng and Aifantis, 2023). Therefore, in recent decades, there is significant increase in mining activities of lithium extraction, these mining activities negatively impacted the environment and the health of wildlife and local communities (Kaunda, 2020). Mostly, the extraction of lithium is accomplished by a method known as brine mining that involves the pumping of saltwater to the surface, where it is evaporated, and lithium and other minerals are extracted (Sterba et al., 2019). As a result, the level of lithium is raised in the soil, and it may potentially enter the food chain because it is mobile in both surface and groundwater and is easily absorbed by plants. Also, if we do not dispose of these lithium batteries appropriately, it can cause lithium pollution and affect different species significantly. Lithium has the potential to penetrate the environment and contaminate both the soil and the water. Knowing that the reserves of lithium will not be adequate to meet future demand, it is essential to utilise available material in an economic and sustainable manner (Robinson et al., 2018).
Also, in humans, the absence of lithium does not demonstrate any discernible symptoms, and it is not considered a necessary nutrient for essential functions. On the other hand, a low intake of lithium has been linked to the modulation of neurotransmission, as it suppresses excitatory neurotransmitters like dopamine and glutamate while enhancing GABA-mediated neurotransmission, which suggests that low amounts of lithium have positive impacts on living organisms. Low levels of lithium in humans correlated with a decrease in the rate of cell proliferation, as well as an impairment in reproductive function and a reduction in life expectancy (Shakoor et al., 2023). Besides this, lithium carbonate serves a therapeutic function; it has been successfully utilised for over 50 years in the treatment of bipolar disorders and has also been given to patients with dementia-related diseases (Lozano et al., 2013). Thus, careful monitoring of the appropriate lithium dosage for each patient is of utmost importance, as lithium levels can be affected by a range of factors and metabolic processes. Additionally, unregulated high levels of lithium may lead to permanent damage of the nervous system and adversely affect kidney function. However, when lithium is administered at high concentrations to humans (for instance, 15 mg L−1–20 mg L−1 blood concentrations), it can be harmful, leading to symptoms like nausea, visual impairment, kidney problems, and even serious health issues such as coma and cardiac arrest (Oruch et al., 2014). The accurate and precise measurement of lithium levels in biofluids, including urine and blood, needs to be performed regularly to manage problems that may arise due to elevated levels of lithium. Electrochemical detection has been preferred for quantitative analysis due to its reliability, capability, and rapid response for on-site detection of several contaminants (He et al., 2023). The fascinating properties of metal oxides, like fast electron transport, catalytic properties, morphology tweaking, and a greater number of active sites by virtue of their high surface area, make them the most sought-after material in electrochemical detection (Fazio et al., 2021; Elugoke et al., 2024). In addition to being a magnetic p-type semiconductor, Co3O4 possesses two oxidation states, namely Co2+ and Co3+, and has attracted significant interest due to its exceptional electrocatalytic activity (Abdallah and Awad, 2020). Co3O4 having (111) planes demonstrates higher surface energy and a greater number of active sites in comparison to Co3O4 having (001) planes, which results in better adsorption and interaction with analytes, thus enhancing the electrochemical response. Furthermore, density functional theory (DFT) reveals that the electronic structure of Co3O4 having (111) plane orientation is more advantageous compared to the (001) orientation (Yu et al., 2013). Additionally, silver doping increases the surface area of Co3O4 nanoparticles, which results in an increase in the number of active sites for catalytic reactions. There is a synergistic effect that occurs when Ag and Co3O4 are combined, which results in an improvement in the catalytic performance of Co3O4. Also, the incorporation of silver enhances the charge transfer efficiency, which is an essential component of catalytic processes. Further, the band gap of Co3O4 is decreased due to the Ag doping, which results in improved light absorption and a more effective utilisation of energy in photocatalytic applications (Abdallah and Awad, 2020; Alem et al., 2023). Overall, silver doping enhances the catalytic activity of Co3O4 nanoparticles. This study presents a simple, quick, and sensitive approach for detection of lithium via electrochemical sensing. The cyclic voltammetry technique in a three-electrode system having gold wire as a working electrode modified with Ag@CNCs is utilised for the detection of lithium. Furthermore, the fabricated sensor demonstrated significant applicability for the analysis of lithium in real samples.
Experimental details
All reagents were purchased form Sigma Aldrich with 99.99% purity while lithium chloride was purchased from Qualigens Fine Chemicals with 99% purity and used as such without any further purification.
Synthesis of the Ag@CNCs
Ag@Co3O4 nanoparticles were synthesised using the coprecipitation method. This method involves preparing a 0.1M solution of CoCl2.6H2O in a total volume of 100 mL using distilled water. 2 mL silver nitrate (0.1M) was mixed into the earlier solution while employing magnetic stirring (400 rpm) at ambient temperature for a period of 15 min. Afterwards, a 1M solution of sodium hydroxide (NaOH), the base solution, was gradually added dropwise until the pH of the solution attained 12. Afterwards, the mixture underwent heating for 6 h at 333 K while being subjected to continuous magnetic stirring. The resulting precipitates were filtered and washed multiple times with distilled water and ethanol to achieve a neutral pH. Thereafter, the obtained, black-coloured precipitates underwent a drying process for 4 h at 363 K in a hot air oven, after which they were manually crushed to obtain fine black powder. Finally, the material underwent annealing for a duration of 4 h at a temperature of 873 K in a muffle furnace.
Analysis of Ag@CNCs
The synthesised Ag@CNCs were evaluated for their morphological, structural, and optical properties. The model/make-7610F Plus/JEOL (FE-SEM) with EDS was utilised for examining morphological and elemental composition characteristics, while the Benchtop Miniflex X-ray diffractometer (Rigaku) was employed to analyse structural and crystal phases. The instrument (Malvern Panalytical, Netherland) utilized to examine the characteristics of Ag@CNCs in a liquid medium, such as hydrodynamic size and zeta potential. X-ray photoelectron spectroscopy (XPS) utilising the Model PHI 5000 Versaprobe III was employed to analyse oxidation state. The chemical composition was evaluated using Fourier transform infrared (FTIR) spectroscopy employing a Perkin Elmer spectrum model. The optical characteristics were assessed through UV-visible spectroscopy (Varian Cary-5000). An electrochemical study was conducted utilising Autolab potentiostat and galvanostat.
Preparation of the modified electrode
Before modifying the gold electrode with the synthesised Ag@CNCs, the bare gold electrode underwent polishing with a slurry of 0.05 μm alumina powder on a cloth pad for approximately 5 min. Then the gold electrode was rinsed with distilled water and sonicated in pure ethanol for 10 min to remove any residual alumina particles. Following this, the electrode was cleaned using double-distilled water and was then allowed to dry at room temperature. One milligram of the Ag@CNCs was dissolved in 5 mL of ethanol and then homogenised through ultrasonication for a duration of 15 min. A single drop of the Ag@CNCs mixture was applied to the electrode and allowed to dry for 2 h at 40°C, facilitating solvent evaporation and leading to the formation of a layer of nanoparticles. Subsequently, a single drop of Nafion binder was applied to the distribution layer and allowed to dry at room temperature. Finally, the electrode was utilised as a working electrode for the detection of lithium and all experiments were performed in triplicates with their mean and standard deviation values plotted in their respective plots.
Cyclic voltammetric detection of lithium
The electrochemical detection of lithium was conducted utilising a cyclic voltammetric technique within a three-electrode system, potentiostat, and galvanostat of Autolab. In the three-electrode system, the working electrode consisted of gold wire of diameter 2 mm modified with Ag@CNCs, while the counter electrode was made of platinum, and the reference electrode was Ag/AgCl (saturated KCl). Lithium chloride (99% pure), purchased from Qualigens Fine Chemicals, served as a lithium source. A notable reduction peak was detected around −0.4 V during the CV scan ranging from −1 V to +1 V in a 0.04 mM lithium chloride solution, suggesting the electrochemical reduction of lithium. The graphical abstract (Figure 1) illustrates the proposed reduction mechanism below.
[image: Diagram illustrating a process involving a burette on a stirrer heating platform, a black circular sample, a vertical cylindrical cell, lithium ion transfer, and a graph with voltage cycles.]FIGURE 1 | Proposed electrochemical reduction of lithium on working electrode.
RESULTS
X-ray diffraction
Figure 2 shows the X-ray diffraction pattern of Ag@CNCs. The spectrum was recorded from 20° to 80° to confirm the phase and crystal structure of the materials that were synthesised.
[image: X-ray diffraction (XRD) pattern showing intensity on the vertical axis measured in arbitrary units, with two theta (2θ) on the horizontal axis. Peaks at specific angles correspond to crystallographic planes labeled with indices such as (111), (200), and others, indicating the sample's phase composition and crystallinity.]FIGURE 2 | XRD spectrum of Ag@CNCs.
FTIR spectroscopy
The Fourier Transform Infrared spectroscopy of the Ag@CNCs has been recorded within the spectral range of 500 cm−1 to 4,200 cm−1, as represented in Figure 3.
[image: Graph showing a transmittance spectrum with peaks labeled CO₂, B–O–B, C=O, and B–OH across different wavenumbers from 400 to 4000 cm⁻¹. Transmittance ranges from 42% to 98%.]FIGURE 3 | FTIR spectrum of Ag@CNCs.
UV-visible spectroscopy
Figure 4a illustrates the UV–Vis absorption spectrum of the Ag@CNCs and Co3O4 nanoparticles. The two significant peaks are observed in absorption spectrum. Corresponding to these two absorption peaks two different band gap energies are founded via using the Tauc equation as represented in Figure 4b.
[image: Two graphs compare optical properties of Ag@CNCs and Co₃O₄. Graph (a) shows absorbance versus wavelength, highlighting peaks at 272 nm for Ag@CNCs and 246 nm, 620 nm for Co₃O₄. Graph (b) presents energy versus squared absorbance, indicating band gap energies of 2.75 eV for Ag@CNCs and 2.07 eV for Co₃O₄.]FIGURE 4 | (a) UV-vis spectrum (b) Tauc plot of Ag@CNCs and Co3O4 nanoparticles.
Field emission scanning electron microscope (FESEM) analysis
FE-SEM with EDX mapping has been utilised to examine surface morphology and elemental composition of prepared samples. Figure 5a represents FESEM images of the CNCs, illustrating that the nanoparticles exhibit a chip-like morphology. Figure 5b represents an EDX mapping of the different elements present in CNCs.
[image: Microscopic images show Co\(_3\)O\(_4\) and Ag\(_2\)O nano particles at 1,000x and 2,000x magnification. A graph and table below display element composition, with Oxygen at 43.6%, Cobalt at 56.1%, and Silver at 0.3%.]FIGURE 5 | (a) FESEM images (b) EDX spectrum of Ag@CNCs.
Hydrodynamic size measurements of Ag@CNCs
The hydrodynamic size of Ag@CNCs was shown in Figure 6.
[image: Bar graph showing intensity percentage versus size in nanometers (nm). Peaks at 222 nm, with intensity decreasing as size increases. Red line indicates trend. Size ranges from 0 to 1200 nm.]FIGURE 6 | Particle size analysis of Ag@CNCs.
X-ray photoelectron spectroscopy
Figure 7 presents the results of our analysis of the surface composition and chemical state of materials using X-ray photoelectron spectroscopy (XPS).
[image: Spectra of X-ray photoelectron spectroscopy (XPS) data in four panels. Panel (a) shows overall survey spectrum with peaks for C 1s and Co 2p. Panel (b) details Co 2p with labeled peaks. Panel (c) focuses on O 1s with a prominent peak. Panel (d) shows N 1s with smaller peaks. Each graph has axes for intensity and binding energy.]FIGURE 7 | (a) XPS spectrum of Ag@CNCs, (b) Co 2p, (c) O 1s, and (d) C 1s.
BET surface area and pore size analysis
Figure 8 illustrates the nitrogen adsorption and desorption isotherms of Ag@CNCs and Co3O4 nanoparticles.
[image: Graph depicting adsorption isotherms of Ag@CNC and C₆₀O₂, marked with black and red lines, respectively, plotted against relative pressure. The inset contains a pore-size distribution curve.]FIGURE 8 | Surface area and pore size analysis.
Cyclic voltammetry of modified Ag@CNCs and gold electrodes
Figure 9a represents the electrochemical impedance spectroscopy (EIS) result of both the unmodified gold electrode and the gold electrodes modified with Ag@CNCs and Co3O4 nanoparticles in a 4 mM KCl electrolyte solution, and Figure 9b represents the CV response of both the unmodified gold electrode and the gold electrodes modified with Ag@CNCs in a 0.04 mM LiCl solution.
[image: Panel a displays a Nyquist plot comparing impedance of the modified Ag/Co₂/C electrode, bare electrode, and modified Co₂/C electrode. Panel b shows cyclic voltammetry curves for the same electrodes, illustrating current versus potential. Both graphs highlight the performance differences among the electrodes.]FIGURE 9 | (a) Nyquist plot (b) C-V response of bare electrode and modified electrodes.
Effect of pH on electrochemical detection
Different pH levels were tested to determine the optimal pH level for lithium detection using cyclic voltammetry. Figure 10 illustrates the CV scan at various pH levels.
[image: Four cyclic voltammograms labeled a, b, c, and d, show current versus potential for varying pH levels. Graph a (pH 5) has a steep rise, b (pH 7) in red shows a distinct loop, c (pH 9) has multiple peaks, and d (pH 11) displays pronounced oscillations.]FIGURE 10 | The influence of varying pH levels in the cyclic voltammetry study (a) pH = 5, (b) pH = 7, (c) pH = 9, (d) pH = 11.
Experimental controls and blanks sample study
The CV scan for lithium detection is presented in Figure 11 with negative control, distilled water blank, and known lithium-spiked sample.
[image: Cyclic voltammogram graph showing current (µA) versus potential (V) for three samples: distilled water blank (gray), negative control (blue), and lithium spiked sample (red). The red curve indicates a significant difference in behavior compared to the other two.]FIGURE 11 | C-V response of modified electrode in blank, negative control and in spiked sample.
Scan rate effect on C-V response
Figure 12a illustrates the effect of scan rates on the peak current value examined through cyclic voltammetry (CV) in a 0.05 mM lithium concentration solution using the modified sensor. Additionally, the peak current response demonstrates a strong linear relationship with the square root of the scan rate (Figure 12b).
[image: Panel (a) shows cyclic voltammograms with current (µA) versus potential (V) at various scan rates, depicted in different colors. Panel (b) is a linear plot of peak current (µA) versus square root of the scan rate, with data points and a fitted line. Equation and R-squared value are shown, indicating a strong correlation.]FIGURE 12 | (a): CV response of the modified electrode at different scan rates (b): Peak current vs. square root of scan rate.
Effect of concentration on electrochemical detection
Figure 13a illustrates the response of the CV curve with different lithium concentrations (0.01–0.05 mM) at a scan rate of 0.08 Vs−1, in the potential range of −1 V to +1 V. The peak current response demonstrates a strong linear correlation with concentration (Figure 13b).
[image: Graphical representation consisting of two images. (a) A cyclic voltammogram chart showing current versus potential with multiple curves for different concentrations in millimolar. (b) A linear graph depicting the magnitude of peak current versus concentration, showing a negative correlation with a linear regression line, an equation, and an R-squared value of 0.99.]FIGURE 13 | (a): CV response of the modified electrode at different lithium concentrations (b): peak current vs. concentration of lithium.
Real water sample analysis
Figure 14 shows that the developed sensor was effective in obtaining identifiable signals from real samples intentionally contaminated with lithium.
[image: Four graphs labeled a to d display current (microamperes) versus potential (volts). Each graph shows cyclic voltammetry curves with distinct shapes, indicating different electrochemical behaviors. Graphs a and b have more pronounced peaks, while c and d exhibit smoother curves.]FIGURE 14 | C-V response of developed sensor in real samples (a) urine sample (b) groundwater (c) municipal supply water (d) RO water.
Interference studies
Possible interference via substances analogous to lithium, such as sodium, potassium, calcium and ammonia was evaluated and presented in Figure 15.
[image: Bar chart showing selectivity index for the inhibition of human neutrophil elastase by various ions. Inflam shows nearly 100% response, while Zn²⁺, K⁺, Cu²⁺, Mg²⁺, and NH₄⁺ have minimal response under 10%.]FIGURE 15 | Interference results for various possible interfering species (concentration of interfering species 1 µM).
DISCUSSION
XRD analysis
The phase and crystal structure of Ag@CNCs were confirmed through X-ray diffraction analysis, with the spectrum recorded in the range from 20° to 80°, as illustrated in Figure 2. The XRD peaks observed at 2θ values of 19.01°, 31.26°, 36.84°, 44.78°, 55.66°, 59.38°, 65.19°, 77.41°, and 78.52° belong to the crystal planes (111), (220), (311), (400), (422), (333), (440), (533), and (622) of cubic Co3O4, respectively. Another observation at 38.60° could be related to the (222) plane of the Co3O4 lattice, as well as the metallic FCC phase of Ag. The identified planes correspond to the face-centred cubic structure of Co3O4 nanoparticles, characterised by the space group Fd-3m (227), with Co2+ ions situated in the tetrahedral sites and Co3+ ions in the octahedral sites. The distinct peaks demonstrate the higher crystallinity of the synthesised sample, with no indications of additional phases or impurities observed. The crystallinity index of the Ag@CNCs is approximately 66%, calculated by dividing the area of all crystalline peaks by the area of all peaks. The lattice constant, as determined by Bragg’s law, is found to be a = 8.088 Å, which is slightly greater than the theoretical value of a = 8.084 Å. The larger size of the silver ion in comparison to the cobalt ion results in an increased lattice constant (Moro et al., 2013; Abdallah and Awad, 2020). The average crystalline size of Ag@CNCs was determined using the Scherrer Equation: D = kλ/(β cosθ) (Kaushik et al., 2024). D denotes crystal size, β denotes full width at half maximum (FWHM), λ indicates the wavelength of the X-ray source (0.15 nm), θ indicates the angle corresponding to the peaks, and k is the Scherrer constant (0.9). The calculations for the different peaks are described in Table 1. We find the average crystalline size of Ag@CNCs to be 14.7 nm.
TABLE 1 | Calculation of crystalline size using the Scherrer equation.
[image: A table displays measurements with columns labeled as follows: "2 theta" with values 19.01, 31.2678, 36.8441, 44.7882, 59.3831, 65.2604; "FWHM" with values 0.62102, 0.56204, 0.57513, 0.53218, 0.62025, 0.61818; "Size" with values 12.9704, 14.6778, 14.5591, 16.1454, 14.744, 15.2595. An additional column indicates "Average size" as 14.72604.]FTIR analysis
Two separate spikes were observed at 674 cm−1 and 580 cm−1, which correspond to the stretching vibration modes of Co2+-O and Co3+-O respectively, as represented in Figure 3. The observed peaks came from the tetrahedral and octahedral sites related to the cubic structure of the Co3O4 nanoparticles. The vibrational frequency is influenced by the bond length, as well as the atomic weight of the metallic ions involved. The variation in bond length of octahedral and tetrahedral sites results in distinct vibrational frequencies within the cubic spinel structure. The other two peaks observed at 3,435 cm−1 and 1,631 cm−1, indicate the stretching, and bending vibrations of the adsorption of water molecules from the environment. Furthermore, a minor peak was observed at 2,340 cm−1, suggesting the presence of carbon dioxide, which is likely absorbed from the surrounding medium due to high surface are of Ag@CNCs (Ranjith Kumar et al., 2018; Pandey et al., 2022).
UV-visible spectroscopy analysis
Figure 4a illustrates the UV–Vis absorption spectrum of the Ag@CNCs and Co3O4 nanoparticles. The two significant peaks are observed in absorption spectrum. Corresponding to these two absorption peaks two different band gap energies are founded via using the Tauc equation as represented in Figure 4b. The two significant absorption peaks of Ag@CNCs were observed at 272 nm and 520 nm which are red shifted compared to the absorption peaks of Co3O4 nanoparticles. These observed peaks are linked to the charge transfer processes involving O2− ➔ Co2+ and O2− ➔ Co3+ respectively, which validate the formation of Co3O4 nanoparticles (Ravi Dhas et al., 2015). Consequently, two band gap energies (Eg) are derived using the Tauc equations: [image: The image shows the formula \((\alpha hv)^2 = A(hv - E_g)\), where \(\alpha\) is the absorption coefficient, \(hv\) is the photon energy, \(A\) is a constant, and \(E_g\) is the bandgap energy.], where α is the absorption coefficient and hν is photon energy. These relations are traced in Figure 4b (Al Boukhari et al., 2019). Two extrapolated lines represent the band gap energies at 2.08 eV and 1.55 eV. The two band gap energies derived from the Tauc Plot represent the degeneracy of the valence band. The observed band gap energies are comparatively lower than those Co3O4 nanoparticles, attributed to the doping of silver, which results in a decrease in band gap energy. The higher band gap energy (2.08 eV) associated with the O2− ➔ Co2+ charge transition represents the primary excitation from the valence band to the conduction band. A sub-band resulting from the O2− ➔ Co3+ charge transfer is situated within the principal band gap energy at a value of 1.55 eV (Pal and Chauhan, 2010).
Hydrodynamic size and zeta potential measurements of Ag@CNCs
Hydrodynamic size of Ag@CNCs was showed in Figure 6. The Ag@CNCs exhibit a hydrodynamic average particle size of 222 nm with standard deviation of 58.8 nm and a zeta potential of 36.4 mV with standard deviation of 4.9 mV. The values presented represent the mean of 30 individual measurements obtained through the use of instrument. The 36.4 mV zeta potential value of Ag@CNCs indicates sufficient repulsive forces to maintain the stability of Ag@CNCs particles in solution.
XPS study of Ag@CNCs
The chemical composition and valence of the Ag@CNCs were characterized through XPS analysis. Figure 7b represents the XPS spectra corresponding to the Cobalt 2p orbitals. Two principal peaks are observable at 779.5 eV and 795 eV, which correspond to the Co 2p3/2 and Co 2p1/2 spin-orbit states, respectively. The fitted peaks observed at 778.8 eV and 794.4 eV correspond to the Co3+ oxidation state, while the peaks at 780.6 eV and 796.3 eV are indicative of the Co2+ oxidation state (Zhang et al., 2022). Figure 7c illustrates the deconvoluted spectra of the oxygen 1s orbital, revealing three prominent peaks within the spectra: 527.7 eV corresponds to O (I), 529.9 eV to O (II), and 532.3 eV to O (III), which are linked to the lattice oxygen ions, surface adsorbed oxygen ions, and adsorbed water/OH, respectively. The presence of surface-adsorbed oxygen can be discerned as a consequence of the oxygen vacancies within the crystal structure, which arise from the enrichment of Ag ions. Furthermore, the C 1S peak illustrated in Figure 7d, deconvolution of peak reveals two distinct peaks at binding energies of 282.5 eV and 284.7 eV, which correspond to C–C and C–O, respectively, thereby indicating the presence of organic carbon (Liu, 2021).
BET surface area and pore size analysis
The Figure 8 illustrates the nitrogen adsorption and desorption isotherms of Ag@CNCs and Co3O4 nanoparticles by utilizing Autosorb iQ Station 3 instrument. The total surface area, pore volume, and average pore diameter of Ag@CO3O4, as determined via BJH analysis were found 37.102 m2/g, 0.410 cc/g, and 56.021 nm, respectively. In contrast, the corresponding values for CO3O4 were 18.777 m2/g, 0.216 cc/g, and 52.324 nm. This shows that the incorporation of Ag increases the surface area of nanoparticles to a considerable extent.
Cyclic voltammetry of modified Ag@CNCs/Gold electrode
Electrochemical impedance spectroscopy (EIS) was performed on both the unmodified gold electrode and the gold electrodes modified with Ag@CNCs and Co3O4 nanoparticles in a 4 mM KCl electrolyte solution. A notably larger radius semicircle was observed for the bare electrode and Co3O4 nanoparticles in comparison to the semicircle generated by the modified electrode by Ag@CNCs in the Nyquist plot illustrated in Figure 9a. The observed decrease in the radius of the semi-circle indicates that the bare electrode and Co3O4 nanoparticles exhibited greater resistance to electron transfer when compared to the modified electrode with Ag@CNCs as the increased surface area provides the more active site for reaction to occur which can facilitate faster charge transfer and leads to lower impedance. This clearly showed the enhanced conductive properties of the Ag@CNCs, presenting low interfacial resistance and improved electron transfer processes (Ahmad et al., 2016). The CV scan of both the bare and modified electrodes from −1 V to +1 V in 0.04 mM lithium chloride solution is presented in Figure 9b. The bare gold electrode shows no discernible peak, whereas a significant reduction peak was observed at approximately at −0.4 V and −0.6 V for the modified gold electrode with Ag@CNCs and Co3O4 nanoparticles respectively highlighting the potency of Ag@CNCs in identifying lithium (Singh and Kumbhat, 2021).
Effect of pH on electrochemical detection
Different pH levels were tested using cyclic voltammetry to find the optimal pH level for lithium detection. Figure 10 represents the CV scan at various pH levels, as the reduction process is significantly influenced by pH representing the dependence of electrochemical detection of lithium on pH. The optimal pH level is 7, as at this pH a significant reduction peak is observed (Bhanjana et al., 2019b).
Experimental controls and blanks sample study
For quality control, the modified Ag@CNCs electrode was evaluated using blanks and experimental controls. The CV scan for lithium detection is presented in Figure 11 with negative control, distilled water blank, and known lithium-spiked sample. Whereas a lithium-spiked sample exhibits a reduction peak, distilled water blank and negative control samples do not show any detection peaks.
Scan rate effect on C-V response
The effect of scan rates on the peak current response at the modified sensor was examined using the cyclic voltammetry technique in a 0.5 mM lithium concentration solution. As presented in Figure 12a, the magnitude of peak current values shows a rise as the scan rate rises from 0.06 to 0.16 V/s, suggesting that scan rates have a substantial impact on the electrochemical behavior of the developed sensors. Furthermore, the peak current response shows a robust linear correlation with the square root of the scan rate (Figure 12b). The resulting linear regression equation: I = −20.06v1/2–0.879, shows an R2 value of 0.99, which suggests that the electrochemical reduction reaction adheres to a standard diffusion-controlled process (Sharma et al., 2024).
Effect of concentration on electrochemical detection
To confirm the effectiveness of the Ag@CNCs in the electrochemical detection of lithium, the reduction peak current must exhibit a significant increase as lithium concentration rises. To achieve this, CV curves were obtained with varying concentrations of lithium (0.01–0.05 mM) at a scan rate of 0.08 Vs−1, spanning the potentials from −1 V to +1 V (Figure 13a). The peak current response shows a robust linear correlation with concentration (Figure 13b) with the resulting linear regression equation: I = −2.47x – 6.09, exhibiting an R2 value of 0.99 implying that the electrodes exhibit significant electrocatalytic activity. The sensor sensitivity was measured through the use of the calibration curve, calculated by dividing the slope of the curve by the surface area of the working electrode (0.0314 cm2). The sensitivity was determined to be 78.66 µAmM−1cm−2. The limit of detection (LOD) was found to be 5 µM derived using formula 3 σ/b, where ‘b’ denotes the slope of the calibration curve and ‘σ’ indicates the standard deviation value of the response, demonstrating a broad linear range (Bhanjana et al., 2019a). Also, the fabricated lithium sensor demonstrated notably great reproducibility. It was observed that the fabricated sensor maintained its activity for over 2 months when stored properly during periods of inactivity.
Analysis in real water samples
The practicality of the developed sensor was evaluated through the detection of lithium in real field samples using electrochemical sensing. Figure 14 illustrates that identifiable signals were obtained from samples that were intentionally contaminated, confirming the effectiveness of the developed sensor. Additionally, ICP-OES technique was carried out simultaneously using the same contaminated samples. Table 2 displays the origin of the actual sample, the quantity of spiking, and the recovered amount of lithium.
TABLE 2 | Quantitative measurement of lithium levels in real samples that have been artificially contaminated with lithium.
[image: Table showing the comparison of spiked and recovered amounts of different samples in millimolar (mM). Four samples used are urine, spiked ground water, spiked municipal supply water, and spiked RO water. Spiked amounts range from 0.1 to 0.4 mM. Recovered amounts by modified electrode and ICP-OES methods show similar results, with slight variations noted.]Interference studies
Possible interference via substances analogous to lithium, such as sodium, potassium, and calcium, was evaluated and presented in Figure 15 (concentration of interfering species 1 µM). Furthermore, additional possible interfering agents found in actual water samples have been also considered during the interference studies. The results clearly indicate that the modified sensor exhibited minimal interference from possible interfering substances.
A comparative analysis with the existing literature
The fabricated sensor in the current technique is reviewed against the performance of previously documented lithium sensors. The comparison data is presented in Table 3. The current technique clearly demonstrates a superior figure of merits in comparison to previously reported research investigations. Therefore, the present technique can be effectively utilized for both real and laboratory sample electrochemical testing of lithium.
TABLE 3 | Comparative study of different sensing technologies of lithium sensing.
[image: A table listing various sensing elements and techniques for detecting lithium along with their detection limits and references. It features seven entries: 1) Commercial lithium flame photometer, detection limit 0.02 ppm, BWB Technology (2025). 2) Gold electrode, detection limit 0.1 mM, Singh and Kumbhat (2021). 3) Voltammetry, detection limit 31 µM, Cuartero et al. (2016). 4) Electrochemical sensor, detection limit 50 µM, Suherman et al. (2019). 5) Fluorescent sensor, detection limit 4.7 µM, Kang et al. (2021). 6) Glass optode, detection limit 0.4 mM, Ando et al. (2009). 7) Modified gold electrode, detection limit 5 µM (0.03 ppm), Present work.]CONCLUSION
In conclusion, the co-precipitation approach was employed to produce Co3O4 nanochips doped with Ag. Multiple techniques were employed to examine the physical and chemical properties of Ag@CNCs. The results indicate that the synthesized Ag@CNCs exhibit a crystalline structure characterized by a face-centered cubic structure with phase space Fd-3m (227), featuring (111) planes instead of (001) planes, that enhances the electrochemical activity by providing a greater number of active sites. The incorporation of silver (Ag) in nanostructures enhances optical properties by decreasing the band gap and improves the detection capabilities of cobalt oxide nanoparticles. Electrochemical sensor was fabricated by utilizing the Ag@CNCs for the detection of lithium in real-field samples. The fabricated sensor exhibited significant electrocatalytic activity for lithium detection, achieving a sensitivity of 78.66 μA mM−1 cm−2 and a limit of detection of 5 μM, allowing it for direct measurement without pretreatment. The importance of identifying lithium in water is derived from its ability to track and deal with contamination issues. This is crucial for the protection of aquatic ecosystems and the safety of water for the wellbeing of both humans and the environment.
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Antibiotics, although developed for curing bacterial infections, contaminate the environment, and their long-term unintentional exposure has detrimental effects on the environment, human health, and other organisms, leading to antibacterial resistance, genotoxicity, birth deformities, inhibition of cell proliferation, and reduction of photosynthetic activity. Therefore, there is a compelling need to remove antibiotic contaminants from water reservoirs, and nano-platforms are emerging as attractive platforms for environmental remediation. In this regard, a composite of graphene oxide (GO) with ZnAlNi layered double hydroxide (LDH) has been explored for highly efficient adsorptive removal of priority antibiotic, ciprofloxacin (CIP). The composite containing ZnAlNi-LDH with specific removal capability towards CIP and GO displaying high surface area for adsorption has been synthesized using the co-precipitation method followed by hydrothermal aging. The formed adsorbent has been structurally characterized using several analytical instrumentation techniques demonstrating its potential for antibiotic adsorption. The adsorption of CIP onto GO-ZnAlNi LDH has been studied by varying several parameters including contact time, pH, adsorbent, and adsorbate concentration. The composite demonstrated more than 80% removal of CIP at 1 mg/L initial concentration from the aqueous solution in 1 h with 10 mg/L adsorbent at pH 7. The kinetics of adsorption fits well with pseudo-first-order model, Elovich model and equilibrium adsorption capacity of 106.97 mg/g was obtained. The composite platform also exhibited high stability, regeneration, and reusability up to five cycles.
Keywords: antibiotic, adsorption, ciprofloxacin, graphene oxide, layered double hydroxides

1 INTRODUCTION
The rapid growth of industries and the expanding population are driving increased pollution through excessive resource consumption and waste generation (Sharma et al., 2020). This waste includes the presence of various antibiotics as contaminants in the aqueous solution. Antibiotics are biologically active compounds designed to cure bacterial infections in both humans and animals (Kovalakova et al., 2020). A significant portion of ingested antibiotics is excreted through urine. Around 70% of excreted antibiotics find their way into sewage wastewater, where they persist and affect the environment (Chaturvedi et al., 2021; Phoon et al., 2020). Fluoroquinolones are the recalcitrant antibiotic class, which cannot be biodegraded to low and notable concentrations (Wang et al., 2016). Among these, removal of ciprofloxacin from the wastewater system is challenging due to its high solubility and high stability in aqueous solutions. Dixit et al. (2024) investigated the presence and distribution of ciprofloxacin (CIP) i.e. (50–100 μgL-1), with other frequently used pharmaceuticals including norfloxacin, cetirizine, citalopram oxalate in the Sirsa River water in the Baddi-Barotiwala-Nalagarh region of Indian Himalayas, along with the associated ecological and human health risks. Such high concentrations of CIP can lead to various adverse effects on human health, including bacterial resistance as well as symptoms such as vomiting, diarrhoea, leucopenia, and stomatitis (Khan et al., 2020). Methods like advanced oxidation have the capability to break down antibiotic molecules into simpler compounds or even completely mineralize them. However, implementing these processes on an industrial scale proves to be extremely costly and challenging (Ahmed et al., 2015). In such cases, adsorption proves itself an efficient alternative because of its low cost with high efficiency, low energy demand, simple operation, and without secondary pollution (Shahnaz et al., 2022). Among various adsorbents, graphene oxide (GO) is preferred because of its high specific surface area, porosity, and strong interactions (Yu et al., 2016). GO exhibits a layered structure composed of individual graphene sheets. These sheets consist of a hexagonal lattice of carbon atoms bonded together in a two-dimensional honeycomb arrangement (Sun, 2019). It possesses various oxygen functionalities, including carbonyl (C=O), carboxyl (-COOH), epoxy (C-O-C), and hydroxyl (-OH) groups. These groups have the capability to establish complexes with diverse metal ions and organic contaminants through coordination, hydrogen bonding, and electrostatic interaction mechanisms (Singh et al., 2023). Moreover, the oxygen-containing groups contribute to widening the interlayer space within graphene oxide. This facilitates functionalization through the insertion of small molecules or polymers. This enables various modifications for its application in water purification, including the adsorption of antibiotics (Yu et al., 2016).
LDHs are distinctive brucite-like materials characterized by alternating layers of divalent and trivalent metal hydroxides, with anions located in the interlayer spaces. The general formula for these compounds is [M1-x2+Mx3+(OH)2]x+ [(An−)x/n·. mH2O]; where M2+ and M3+ are divalent and trivalent metal cations, respectively, and An− is an n-valent anion (Priyanka et al., 2024). LDH find its use in various areas including electrochemistry, catalysis, photochemistry, and environmental applications. In addition, LDH can be combined with other carbon nanostructures, including GO, to obtain specialized LDH with improvement in surface and adsorption properties (Feng et al., 2022).
In previous studies, Radmehr et al. (2021), synthesized graphene oxide-based adsorbent [NiZrAl-layered double hydroxide-graphene oxide-chitosan (NiZrAl-LDH-GO-CS NC)] for the effective adsorptive removal of nalidixic acid. Prepared composite presented more than 90% of nalidixic acid removal following pseudo second-order kinetic model (Radmehr et al., 2021). A large surface area of Mg-Al-layered double hydroxides/Activated carbon (Mg-Al-LDH/AC) nanocomposite for the adsorption of tetracycline under an aqueous environment has shown an adsorption capacity of 106.4 mg/g for tetracycline via incorporation of 20% by weight of activated carbon into LDH (Khorshidi et al., 2023). Similarly, Tao et al. (2020) studied that adsorption of levofloxacin hydrochloride on composite of cellulose nanocrystals/graphene oxide was through π-π bond stacking, hydrogen bonding and electrostatic attraction, with removal efficiency exceeding 80.1% (Tao et al., 2020). MgAl-LDH prepared using co-precipitation method was explored for the adsorption of amoxicillin. The adsorption of amoxicillin followed pseudo second-order kinetics indicating that the primary mechanism is predominantly chemisorption (Elhaci et al., 2021). Ai et al. (2019) explained that π-π interactions are the major driving force responsible for the adsorption of tetracycline on GO and hydrogen bonds were found primarily in the GO-tetracycline system.
Most of the research studies investigated the adsorption of antibiotics at very high concentration levels. However, a good adsorbent must be able to adsorb even trace or minimal concentration of antibiotic. Thus, to address this gap, the present work focuses on developing a sensitive and adsorption-specific LDH-modified GO adsorbent. To the best of authors’ knowledge, the prepared ZnAlNi-LDH doped GO has not been reported for the highly specific and efficient adsorption of CIP. The selection of GO and the metal combinations in LDH were guided by their cost-effectiveness and easy accessibility of raw materials along with specificity, reusability, and environmental suitability of adsorbent. The GO-ZnAlNi LDH composite was synthesized through co-precipitation, followed by hydrothermal ageing. The adsorbent was well characterized in terms of its surface morphology, functionality, elemental composition, crystallinity and thereafter, different parameters (pH, adsorbate and adsorbent concentration) influencing CIP adsorption were evaluated. The underlying mechanism for adsorption of CIP on the GO-LDH composite was studied by fitting the data into kinetic and isotherm models. The regeneration studies were also carried out to understand the stability and efficiency of adsorbent during multiple cycles.
2 MATERIAL AND METHODS
2.1 Chemicals and reagents
Graphite synthetic 97% pure (Type 2) (100 mesh), Nickel nitrate hexahydrate [Ni (NO3)2.6H2O] (99%), Sodium hydroxide pellets, Zinc nitrate hexahydrate [Zn (NO3)2.6(H2O)] (99%) were purchased from Sisco research laboratory, India. Aluminium nitrate nonahydrate [Al (NO3)3.9H2O] (98%) was purchased from Loba Chemie Pvt. Ltd (India). Ciprofloxacin Hydrochloride [C17H18FN3O3.HCl (H2O)] (≥95%) was purchased from Cayman Chemical Company, United States.
2.2 Synthesis of ZnAlNi-LDH
ZnAlNi LDH was prepared by dissolving metal ion solution containing a mixture of 6 mM Zn (NO3)2.6H2O, 3 mM of Al (NO3)3.9H2O and 1 mM of Ni (NO3)2.6H2O in distilled water (solution 1). Metal ion solution was added dropwise to a 30 mL solution containing 0.05 mM Na2CO3. The pH of the resulting mixture was kept at 10 by dropwise addition of 3.4 M NaOH to ensure optimal hydroxylation, promoting the formation of stable brucite-like layers, and preventing metal ion precipitation. This pH also maintains a balanced anion exchange environment, crucial for structural integrity of LDH. Finally, the reaction mixture was hydrothermally treated at 120°C for 16 h. After hydrothermal treatment, the materials were filtered and washed with distilled water and ethanol until supernatant becomes neutral. At last, sample was dried at 70°C in a hot-air oven (Deng et al., 2021).
2.3 Synthesis of GO and GO-ZnAlNi LDH composite
GO was prepared using modified hummers method (Guerrero-Contreras and Caballero-Briones, 2015). For the synthesis of GO-ZnAlNi LDH, GO (500 mg) was added to distilled water and dispersed by ultrasonication for 1 h. Prepared GO suspension was mixed with Solution 1 for 30 min, followed by its addition into a 30 mL solution containing 0.05 mM Na2CO3. pH of the solution mixture was kept at 10 by addition of 3.4 M NaOH. Lastly, solution mixture was treated hydrothermally at 120°C for 16 h. After treatment, final sample was collected and washed with distilled water and ethanol until effluent becomes neutral. Finally, the sample was dried at 70°C in hot air oven (Deng et al., 2021).
2.4 Characterization of GO and GO-ZnAlNi LDH composite
The nano-adsorbent was characterized by X-ray diffraction (XRD) patterns using Cu-Kα (1.54 Å) with diffraction angle (2θ = 0°–90°) (Smart Lab, SE model) for the determination of crystal structure and material phase identification. Fourier transform infrared spectroscopy (FTIR) spectra was studied for detecting the functional groups and vibrations of chemical bond with frequency range from 400–4,000 cm-1. Microstructure of nano-adsorbent, morphological characterization and surface elemental composition were determined using a field emission scanning electron microscope (FE-SEM, Carl Zeiss Sigma 500 model) equipped with energy dispersive X-ray spectroscopy. Vibrational modes were determined using Raman Spectra (Labram HR confocal micro-Raman Spectrophotometer). The surface area of prepared composite was determined by using Brunauer Emmett Teller (BET) Surface Analyzer.
2.5 Batch experimentation with adsorbent
The adsorption performance of nano-adsorbent was analyzed under various parameters, including the concentration of ciprofloxacin (0.225 mg/L to 10 mg/L), a dose of adsorbent (1 mg/L to 12 mg/L), pH of the solution (3–11) with contact time ranging between 0 min and 4 h. The experiment was set up in a beaker with 20 mL volume containing ciprofloxacin and adsorbent with continuous stirring at 180 rpm. The required amount of mixture was then taken at regular intervals and centrifuged at 10000 rpm for 5 min. The collected supernatant was utilized for analyzing the CIP concentration using optical density measurements via UV-Vis spectrophotometer at 276 nm using calibration curve (Supplementary Figure S1).
The removal efficiency of CIP adsorption (%) was calculated according to Equation 1.
[image: Formula depicting removal efficiency as a percentage, calculated by subtracting the final concentration (C subscript t) from the initial concentration (C subscript o), dividing by the initial concentration, then multiplying by one hundred.]
where Co and Ct are the initial and final concentrations of CIP (mg/L) respectively.
The adsorption capacity [image: It seems like there was an error in uploading your image. Please try uploading it again, and I will help you generate the alternate text.]) of adsorbent (mg/g) was calculated using the following Equation 2
[image: Equation showing the calculation of \( q_t \) as \(\frac{{(C_o - C_t)V}}{W}\), labeled as equation (2).]
where qt is the adsorption capacity (mg/g) of adsorbent at time t, Co. and Ct are the initial and final concentrations of CIP (mg/L) at time t, respectively, in the solution. V is the volume of stock solution (L), and W is the amount of adsorbent GO-ZnAlNi LDH (g).
2.6 Reusability of GO-LDH composite
The reusability of adsorbents plays a vital role in practical applications concerning their overall stability (Shahnaz et al., 2020). In this study, desorption experiments were conducted on the CIP-loaded GO-ZnAlNi LDH composite to assess its performance. Distilled water was utilized as the desorption solvent to study the desorption rate of CIP. Following the adsorption process, the GO-ZnAlNi LDH composite was separated through centrifugation and subjected to three rounds of washing with distilled water for a specific duration to facilitate desorption. Adsorption was then performed under the optimal combination of parameter and the removal efficiency was estimated. Finally, the adsorbent was centrifuged again and dried, completing one adsorption-desorption cycle.
3 RESULTS AND DISCUSSION
3.1 Structural characterization of GO-LDH composite
3.1.1 XRD analysis
The XRD patterns were used to determine the crystal structure of GO, ZnAlNi LDH and GO-ZnAlNi LDH composite as shown in Figure 1. The XRD spectra were measured in a range from 5° to 80°. The high intensity at (003), (006) and (012) indicated that the synthesized LDH showed a high degree of crystallinity. The diffraction peaks of GO were observed at 11.48°, which corresponds to the (001) lattice plane, indicating complete oxidation of graphite powder into GO (Hidayah et al., 2017; Stobinski et al., 2014). The basal diffraction peaks of ZnAlNi LDH were found at 11.02°, 23.06°, and 35.02°, referring to the planes (003), (006), (012) attributed to the regular layered structure with rhombohedral symmetry (Bezerra et al., 2021). GO-ZnAlNi LDH composite showed a series of significant diffraction peaks at diffraction angles (2θ) of 11.34°, 23.64°, 34.93°, 46.96° and 61.1° which corresponds to the lattice planes (003), (006), (012), (015) and (110), respectively representing the brucite like layer with high crystallinity.
[image: X-ray diffraction patterns for GO-LDH, LDH, and GO materials are shown with intensity on the y-axis and 2θ degrees on the x-axis. Three distinct lines are plotted: green for GO-LDH, red for LDH, and black for GO, each with labeled peaks corresponding to specific crystal planes.]FIGURE 1 | XRD pattern of prepared GO, ZnAlNi LDH and GO-ZnAlNi LDH composite.
3.1.2 FE-SEM and EDX analysis
Morphological and structural properties, along with the surface elemental composition of GO, ZnAlNi LDH and GO-ZnAlNi LDH composite, were studied using FE-SEM and EDX analysis, as represented in Figure 2. The SEM micrographs of synthesized GO (Figure 2a) from modified hummers method showed layered structure, including ultrathin and homogeneous films. These thin films were folded or continuous at times. In addition, individual sheets could be distinguished easily. Flaky thin sheets indicated the oxidation of graphene into GO (Alicanoglu & Sponza, 2017). The surface characteristics of ZnAlNi LDH as in Figure 2b, showed uneven aggregates with long rod like structure with dendritic apertures (Kanimozhi et al., 2023). The GO-ZnAlNi LDH composite exhibited sandwich like layered structure (Figures 2c,d). Similar type of structure has also been observed by Priyanka et al. (2024). Such morphology provides beneficiaries for the adsorbate molecule facilitating better adsorption. Additionally, the elemental analysis of the GO-ZnAlNi LDH composite represented in Figure 2e revealed that carbon (27%) and oxygen (50%) were the primary constituents, while the remaining composition consisted of zinc, aluminum and nickel ions at 16.19%, 3.71%, and 1.89%, respectively.
[image: Four scanning electron microscope images labeled (a), (b), (c), and (d) show different textures of a material's surface. Below them, an energy-dispersive X-ray spectroscopy graph displays peaks at different energy levels, indicating the presence of elements: aluminum (Al), nickel (Ni), zinc (Zn), carbon (C), and oxygen (O) with their respective atomic numbers and percentage compositions. Each element is marked on the graph with corresponding colored peaks.]FIGURE 2 | SEM images of (a) GO, (b) ZnAlNi LDH, (c–d) GO-ZnAlNi LDH composite, and (e) EDX spectra of GO-ZnAlNi LDH composite.
3.1.3 FTIR analysis
FTIR spectrum, as shown in Figure 3a of prepared GO, ZnAlNi LDH and GO-ZnAlNi LDH composite, was used to identify the vibrational properties of functional groups. The FTIR spectrum of GO showed a sharp peak at 3393 cm-1, corresponding to hydroxyl group bending due to the presence of water molecules. The peaks 1584.9 cm-1 and 1379.4 cm-1 occurred due to C=C stretching of cyclic alkene along with unoxidized graphitic domains due to sp2 hybridization and bending mode of the hydroxyl group (–C–OH) over the basal plane. Other significant bands were located at 1030 cm-1 corresponding to the epoxy (C–O–C) stretching over the basal plane of GO. The band observed at 783 cm-1 corresponded to the–C–H bending (Guerrero-Contreras and Caballero-Briones, 2015). Similarly, the FTIR spectrum of ZnAlNi LDH showed a peak at 3379.4 cm-1 confirming –OH stretching vibrations due to interlayer water molecules. Another peak at 1335.9 cm-1 was attributed to –OH bending vibrations and carbonate (CO32-) ions in the interlayer of LDH. Further, the peak observed at 603.8 cm-1 was because of –C=C–alkene bonding. Any absorption bands observed under 800 cm-1 could be described for the metal-oxygen bonding (M–O–M, M–O, O–M–O) (Rahman and Raheem, 2022). In GO-ZnAlNi LDH composite, peaks at 3435.3 cm-1 and 1350.1 cm-1 confirmed the –OH bending vibrations due to the presence of water molecules and carbonate (CO32-) ions in the interlayer of LDH, respectively. Additionally, the peak observed at 551.3 cm-1 described the metal-oxygen bonding, further confirming the formation of GO-ZnAlNi LDH composite (Deng et al., 2021).
[image: Graph (a) shows transmittance spectra of GO-LDH, LDH, and GO with peaks at various wavenumbers. Graph (b) presents intensity spectra of the same materials, highlighting peaks and intensity ratios.]FIGURE 3 | (a) Raman spectra and (b) FTIR pattern of prepared GO, ZnAlNi LDH and GO-ZnAlNi LDH composite.
3.1.4 Raman and BET surface area analysis
Raman spectroscopy was employed to examine the vibrational energy modes of GO, ZnAlNi LDH, and GO-ZnAlNi LDH composite (Figure 3b). In the case of GO, vibrational modes were identified within the spectral range of 1,300 cm−1 to 1,600 cm−1. Specifically, the D band was observed at 1,350 cm−1, while the G band was noted at 1,598 cm−1 (Zhou et al., 2019). Conversely, the ZnAlNi LDH exhibited vibrational modes at 1055 cm−1. The presence of peaks at 1,055 cm−1, 1,350 cm−1, and 1598 cm−1 serves as evidence for the successful synthesis of the GO-ZnAlNi LDH composites as also reported by Priyanka et al. (2024). Furthermore, the lower intensity of the G band compared to D in the composite indicated well lamellar structure because of the deposition of LDH on the sheet-like structure of GO (Bu et al., 2020). Figure 4a represents the N2 adsorption-desorption isotherm of ZnAlNi LDH and GO-ZnAlNi LDH composite. All materials produced type IV isotherms as represented by distinct adsorption-desorption peaks. Similar kinds of isotherms were also observed for GO@NiAl LDH composite by Priyanka et al. (2024). Figure 4b described the incremental pore volume curves of the materials with multi-modal peaks. The materials exhibited microporous structure with a pore volume of 0.021, 0.014 and 0.098 cc/g for GO, ZnAlNi LDH and GO-ZnAlNi LDH composite, respectively. The surface area of ZnAlNi LDH and GO-ZnAlNi LDH was found to be 6.197 m2/g and 38.069 m2/g, respectively. GO has been reported to significantly enhance the surface area of LDH via the complexation of its negative functional groups over cations of the latter material (Rashed et al., 2022).
[image: Graph (a) shows adsorption isotherms of GO, LDH, and GO-LDH with increasing volume at STP as pressure rises, with GO-LDH peaking highest. Graph (b) depicts pore size distribution, where GO-LDH has significant peaks around 3.7 nm compared to GO and LDH.]FIGURE 4 | (a) N2 adsorption-desorption isotherm and (b) pore size distribution of GO, ZnAlNi LDH and GO-ZnAlNi LDH composite.
3.2 Influence of operational parameters on adsorption efficiency
3.2.1 Effect of pH on CIP adsorption efficiency
The pH of a solution often influences both the speciation of CIP and the surface functional groups present on the composite material (Zhu et al., 2015). Therefore, it is crucial to examine the impact of pH on the adsorption process. A batch adsorption experiment was performed with 1 mg/L concentration of CIP under acidic, neutral and alkaline pH (3, 5, 7, 9, and 11), revealing their role in the adsorption process (Figure 5a). The effects of pH were studied at an adsorption time of 1 h at a GO-ZnAlNi LDH composites concentration of 10 mg/L. The removal efficiency of CIP increased with pH, reaching its highest rate at pH 7, after which it started to decline. CIP, being a zwitter ionic compound with two pKa values (pKa1 = 6.1 and pKa2 = 8.7), exists in a cationic form at pH values below 6.1 and in an anionic form at pH values above 8.7 (Wang et al., 2016). At lower pH, CIP primarily exists as a cation; however, as the pH increases, the reduction in its cationic form minimizes electrostatic repulsion, thereby enhancing adsorption capacity, which rises from 6.15 mg/g at pH 3–56.41 mg/g at pH 5 (Zhu et al., 2015). Between pH 6.1 and 8.7, when CIP is zwitter ionic, the adsorption process is more favourable, maximum removal efficiency and adsorption capacity of 84.84% and 97.43 mg/g respectively were observed. Similar to the present study, maximum adsorption efficiency was observed at pH seven for CIP using nano graphene oxide magnetite composite (Alicanoglu and Sponza, 2017). As the pH increased from 9 to 11, the electrostatic repulsion between the adsorbent surface and CIP intensified, reducing the adsorption capacity from 69.74 mg/g to 22.56 mg/g. Similarly, decreasing patterns of adsorption capacity with respect to increase in pH has also been observed during the adsorption of CIP by zinc ion cross-linked GO and sodium alginate aerogel microspheres (Li et al., 2021).
[image: Three bar charts showing adsorption efficiency. (a) Varies with pH, peaking at 80.84% at pH 9. (b) Varies with GO-LDH composite dosage, highest at 88.84% for 7 mg/L. (c) Varies with CIP concentration, maximum efficiency at 80.69% for 5 mg/L.]FIGURE 5 | (a) Effect of pH (b) adsorbent dosage and (c) CIP concentration on adsorption onto prepared composite.
3.2.2 Effect of adsorbent dosage on CIP adsorption efficiency
The amount of adsorbent dose, which impacts the number of available active sites, is a crucial factor that influences the adsorption process. In this study, the impact of varying adsorbent dose on the adsorption of CIP (1 mg/L) was analyzed by incrementing the adsorbent dose from 1 to 12 mg/L. As represented in Figure 5b, initially, at a concentration up to 3 mg/L, no significant adsorption and constant adsorption capacity, i.e. 10.26 mg/g, of CIP was observed. This might be attributed to the lesser availability of sufficient adsorption sites. Increasing the amount of adsorbent dose from 5 to 7.5 mg/L, significant enhancement in the removal of CIP from 16% to 64% was observed, which could be due to an increase in the availability of the active adsorption sites. A notable improvement in adsorption capacity of 88.89 mg/g was observed for the removal of CIP. A similar trend was observed, where the adsorption capacity increased with the rising concentration of adsorbent during CIP adsorption by modified graphene oxide with Poly N-vinyl caprolactam (Bahar et al., 2021). A maximum CIP removal efficiency of 84.84% and an adsorption capacity of 97.43 mg/g were observed after 1 h at an adsorbent dosage of 10 mg/L. With a further increase in adsorbent concentration to 12 mg/L, adsorption efficiency declined to 73.86%, which might be due to particle aggregation, that blocks the active sites (Priyanka et al., 2024) Similarly, adsorption capacity also decreased to 77.95 mg/g, because when the adsorbent dose reaches its limit, all active sites on the adsorbent surface become fully occupied (Mohammadi et al., 2020). Consequently, the number of unoccupied active sites rises with higher adsorbent doses (Yasmin et al., 2024).
3.2.3 Effect of initial CIP concentration on adsorption efficiency
The effect of varying CIP concentration (0.225 mg/L to 10 mg/L) on the adsorption efficiency was investigated at an adsorbent dose of 10 mg/L and neutral pH (Figure 5C). A gradual increase in the removal of CIP was observed with increasing antibiotic concentration. Maximum removal efficiency of 84.84% was observed at 1 mg/L CIP concentration after 1 h. Increasing the CIP concentration to 3.25 mg/L leads to a slight decrease in removal efficiency up to 78.32%. Furthermore, the removal efficiency remains fairly constant after increasing the CIP concentration to 10 mg/L. This summarizes that when the concentration of CIP increased, adsorption decreased significantly. It could be corroborated by the fact that as the availability of active sites is more, the adsorption of CIP molecules also increases (Alicanoglu and Sponza, 2017). While achieving saturation, all of the available active sites are occupied by the CIP molecules, resulting in no further adsorption. Beyond the threshold concentration, further increases in pollutant concentration led to a decrease in adsorption as the number of available active sites became limited (Khan et al., 2020). An increase in CIP concentration was also found to enhance adsorption capacity from 10.76 mg/g to 524.1 mg/g, by reducing mass transfer resistance and facilitating more frequent collisions between antibiotic molecules. This resulted in higher adsorption per unit weight of adsorbent (Parashar et al., 2023).
3.3 Adsorption kinetics of CIP on GO-LDH composite
The adsorption kinetics of CIP onto the GO-ZnAlNi LDH composite were investigated to understand the underlying mechanisms and identify the rate-limiting step. Initially, CIP adsorption onto the composite increased sharply, eventually reaching the maximum adsorption capacity at around 1 h, which afterwards became stable. This equilibrium can be attributed to the significant concentration gradient between the CIP solution and the adsorbent. When the GO-ZnAlNi LDH composite was introduced into the CIP solution, the concentration gradient facilitated the rapid accumulation of CIP on the surface of the adsorbent, followed by its diffusion into the internal structure, leading to maximum adsorption in 1 h. For further investigation, the experimental kinetic data were analyzed by fitting them to pseudo-first-order, pseudo-second-order, Elovich and intraparticle diffusion models. All the equations used for kinetic modelling are non-linear.
Under the concept of the pseudo-first-order kinetic model, the extent of pollutant adsorption is directly proportional to the number of unoccupied sites of adsorbent, which can be expressed by following Equation 3:
[image: Equation showing the relationship \( q_t = q_e (1 - e^{-kt}) \), labeled as equation number 3.]
where qe and qt represent the adsorption capacities (mg/g) at the equilibrium time and time t (min), respectively; k1 (1/min) denotes the pseudo-first-order kinetic adsorption rate constant. Further, the pseudo-second-order kinetic model considers the electron exchange between the adsorbent and adsorbate, leading to covalent bond formation. It can be expressed by Equation 4:
[image: Equation showing the relationship: q_t equals k_2 q_e squared t divided by the quantity one plus k_2 q_e squared t, labeled as equation 4.]
where k2 (g/mg min) denotes the pseudo-second-order kinetic rate constant. qe and qt represent the adsorption capacities (mg/g) at the equilibrium time and the total adsorption time t (min) respectively.
The Elovich model describes that the rate of adsorption diminishes over time as the surface coverage increases. Such adsorption kinetics can be represented by Equation 5
[image: Equation labeled as number five shows \( q_4 = \frac{\ln(\alpha \cdot \beta + 1)}{\beta} \), where \( \alpha \) and \( \beta \) are variables.]
where qt represents the adsorption capacities (mg/g) at time t (min), α and β represent the initial adsorption rate (mg/g min) and the desorption constant (g/mg), respectively. Lastly, the intra-particle diffusion model (Equation 6) describes whether diffusion occurs in one or more steps of adsorption, with Kid denoting the intraparticle diffusion rate (mg/g min0.5) and C representing the constant associated with the effect of film diffusion.
[image: The image displays a mathematical equation: \( q_n = K_{u^{\prime}} \cdot t^{0.5} + C \), labeled as equation six.]
The adsorption data under equilibrium conditions were found to fit the pseudo-first-order model (R2 = 0.949), Elovich model (R2 = 0.945) and intra-particle diffusion (R2 = 0.88) as represented in Figures 6a, b. The relevant kinetic parameters linked with these models are compiled in Table 1. A poor fit was obtained for the pseudo-second-order model. Thus, the adsorption process in the present study appears to involve a combination of complex process mechanisms involving rapid surface adsorption followed by diffusion into the porous structure of the GO-LDH composite. The process can be delineated into three distinct stages: (1) an initial rapid diffusion of CIP onto the surface of the adsorbent, (2) an intra-particle diffusion phase, identified as the rate-limiting step, during which CIP penetrates into the pores of the adsorbent, and (3) equilibrium attainment, characterized by a decline in the intra-particle diffusion rate.
[image: Three graphs depicting experimental adsorption data. Graph (a) shows Qt versus Time with curves for Pseudo First Order and Elovich models. Graph (b) displays Qt versus Time, illustrating the intraparticle diffusion model. Graph (c) presents Qe versus Ce with Freundlich and Temkin isotherm lines. Each graph includes data points and model curves for comparison.]FIGURE 6 | (a) Pseudo-first order and Elovich model (b) Intra-particle diffusion model and (c) Isotherm modeling for adsorption of CIP on GO-LDH composite under equilibrium conditions.
TABLE 1 | Kinetic model parameters for sorption of CIP on GO-LDH composite.
[image: Table comparing kinetic models with regression coefficients and parameters. The pseudo-first order model has an R² of 0.949 with parameters \( q_e = 106.96 \, \text{mg/g} \) and \( k_1 = 0.014 \). The Elovich model shows an R² of 0.945, with parameters \( \alpha = 4.09 \) and \( \beta = 0.03 \). The intra-particle diffusion model has an R² of 0.88, with parameters \( K_{\text{id}} = 0.08 \) and \( C = 2.01 \).]The adsorption of amoxicillin by MgAl LDH was described by both pseudo-first-order (R2 = 0.979) and pseudo-second-order (R2 = 0.99) kinetic models (Johnston et al., 2024). Additionally, MgAl LDH modified with vermiculite was found to follow the pseudo-second-order kinetic model, with the intra-particle diffusion model providing further insights into the adsorption behaviour of CIP and tetracycline (Gao et al., 2022). Chen et al. (2021) studied the adsorption of tetracycline onto MOF-525/GO using the Elovich and Sips model, revealing that the adsorption was dominated by chemisorption (Chen et al., 2021).
3.4 Adsorption isotherm modelling for GO-LDH composite
Adsorption isotherm modelling explains the relationship between the quantity of CIP retained on the surface of the adsorbent and its concentration in solution at a constant temperature, discussing detailed adsorption mechanisms, including the interaction forces (Tasrin et al., 2021). Langmuir, Freundlich and Temkin isotherms were applied to analyze the experimental data of the sorption of CIP onto GO-ZnAlNi LDH composite. All the equations used for isotherm modelling are non-linear. The Langmuir isotherm can be expressed by following Equation 7:
[image: Equation displaying \( Q_e = \frac{K_i \cdot Q_m \cdot C_e}{1 + (K_i \cdot C_e)} \) labeled as equation 7.]
where Ce represents the liquid-phase equilibrium concentration (mg/L), qm denotes the maximum adsorption capacity (mg/g), qe denotes the equilibrium adsorption capacity (mg/g), and KL indicates the Langmuir adsorption constant (L/mg).
The Freundlich isotherm is represented by the following Equation 8:
[image: Equation showing the relationship \( q_e = k C_e^{1/n} \), labeled as equation 8.]
where qe denotes the equilibrium adsorption capacity (mg/g), Ce represents the equilibrium concentration of adsorbate (mg/L), Kf and n denote Freundlich constants related to the adsorption capacity and adsorption intensity, respectively.
Further, to analyze the heat of adsorption of CIP and GO-LDH composite interactions, the data was also fitted into the Temkin isotherm model as represented in Equation 9.
[image: The equation \(q_e = \frac{RT}{b_r} \ln(A_r C_r)\) is displayed, labeled as equation (9).]
where qe denotes the equilibrium adsorption capacity (mg/g), Ce represents the equilibrium concentration of adsorbate (mg/L), AT represents the equilibrium binding constant (L/mg), bT is the adsorption binding energy (J/mol), and BT is the adsorption constant often represented in terms of the following Equation 10.
[image: Equation showing \( B_t = \frac{R T}{b_t} \), labeled as equation 10.]
where T is the temperature (K) and R is the universal gas constant (8.314 J/mol. K).
The changes in qe with increasing CIP concentration were analyzed to evaluate the isothermal parameters of CIP adsorption onto the GO-ZnAlNi LDH composite as represented in Table 2. The adsorption capacities increased progressively with higher CIP concentrations until they reached a saturation point. The equilibrium modelling plots for the adsorption of CIP on GO-LDH composite have been shown in Figure 6c. The adsorption data did not fit significantly with Langmuir isotherm. The Freundlich model provided a better fit for describing the adsorption process among the above-mentioned isotherm models. This suggests that the adsorption occurred primarily through multilayer interactions on the surface of the composite, likely following a site-to-site mechanism. Similarly, Radmehr et al. (2021) also observed the Freundlich isotherm model (R2 = 0.9997) as the best fit during the adsorption of nalidixic acid using NiZrAl-LDH-GO-chitosan composite. Additionally, the adsorption of azithromycin onto the surface of GO also followed the Freundlich isotherm model (R2 = 0.998).
TABLE 2 | Kinetic parameters for adsorption of CIP on GO-LDH composite under equilibrium conditions.
[image: Table comparing parameters of Freundlich and Temkin isotherm models. Freundlich model has \( N = 1.29 \), \( K_f = 244.32 \), and \( R^2 = 0.95 \). Temkin model includes \( A_T = 7.4 \, \text{L/mg} \), \( B_T = 167.3 \, \text{J/mol} \), \( b_T = 15.06 \), and \( R^2 = 0.90 \).]With a regression coefficient of 0.90, the data was also found to fit Temkin isotherm modelling, though the regression coefficient achieved was lower than Freundlich isotherm (R2 = 0.95). The value of the adsorption constant showed positive variation in the adsorption energy parameter with a value of 167.3 J/mol, demonstrating the process to be exothermic. Further, the binding energy reduces linearly with time due to the coverage of GO-LDH composite surface with CIP molecules. Upoma et al. (2022) have shown that azithromycin adsorption onto the waste-derived GO surface was mainly dominated by electrostatic interactions that followed the Temkin model.
3.5 Recyclability and stability of GO-ZnAlNi LDH composite
To evaluate the stability of the GO-ZnAlNi LDH composite, its capacity for reusability in the adsorption of CIP was examined across five consecutive cycles under identical experimental conditions. Following each cycle, the utilised composite was retrieved and employed again in the next batch. The data presented in Figure 7 demonstrate that the maximum CIP removal efficiency of 80.4% was achieved during the initial cycle. Nevertheless, this efficiency exhibited a gradual decline with each subsequent cycle, ultimately reaching 27% by the fifth cycle. These results suggest that the GO-ZnAlNi LDH composite maintains its adsorption capability for CIP across multiple cycles, thereby proving effective in the removal of low-concentration pollutants. GO-cellulose nanofiber composite can also be reused efficiently for up to five regeneration cycles during the adsorption of various forms of tetracycline (Wang et al., 2017). A similar type of recyclability result has also been observed during the adsorption of CIP by halloysite nanotubes/GO composite (Wang et al., 2022). The composite was further analyzed using XRD both before and after adsorption to assess its stability (Supplementary Figure S2). It was observed that the composite maintained an intact crystal structure, which signifies its overall stability.
[image: Bar chart showing adsorption efficiency over five cycles. Efficiency starts at 84.84% in cycle one, decreases to 69.5% in cycle two, 47.74% in cycle three, 40.94% in cycle four, and slightly increases to 77.92% in cycle five.]FIGURE 7 | Recyclability of GO-ZnAlNi LDH composite.
3.6 Adsorption mechanism of CIP onto GO-ZnAlNi LDH composite
The adsorption mechanism of CIP onto the GO-ZnAlNi LDH composite was investigated through analysis of changes in the adsorbent surface functional properties. The FTIR spectra obtained from the composite before and after the adsorption of CIP exhibited notable alterations. Initially, a peak at 3407 cm-1, associated with -OH bending vibrations, was detected. Following the adsorption process, this peak diminished and ultimately vanished, suggesting that hydroxyl groups played a crucial role in the adsorption mechanism. This observation implies the occurrence of hydrogen bonding between the hydroxyl groups of the composite and the polar functional groups present in CIP (Han et al., 2021). Furthermore, the peaks at 1557 cm-1 (C=C alkene stretching) and 1364 cm-1 (alcohol stretching vibrations) combined, resulted in a distinct peak at 1408 cm-1, which may indicate the presence of π-π interactions. Considering the aromatic ring structure of CIP, it is possible that the π-electrons from CIP engage with the π-electron system of the GO-ZnAlNi LDH composite (Li et al., 2018). Chitosan-modified GO exhibited π-π interaction and hydrogen bonding for the adsorption of CIP (Parashar et al., 2023). The proposed mechanism for the present study also corroborates well with the isotherm modelling showing the adsorption to be a multi-layer phenomenon influenced by the surface properties of the adsorbent along with rapid diffusion across the pores. Notably, a decline in surface area and pore volume of adsorbent from 36.069 m2/g to 31.836 m2/g, and from 0.098 cc/g to 0.086 cc/g was also seen following the adsorption of CIP, further confirming the phenomenon.
3.7 Comparison of adsorption capacity for CIP with other adsorbents
Table 3 shows a comparative analysis of the equilibrium adsorption capacities of various adsorbents for CIP removal. A review of the existing literature reveals that numerous adsorbents have been employed for CIP adsorption. A high adsorption capacity of 1968.5 mg/g for 10 mg/L of CIP by GO (5)@NiAL LDH in 180 min of equilibrium time was reported by Priyanka et al. (2024). In another similar study, Li et al. (2018) projected an adsorption capacity of 111.73 mg/g by incorporating magnetic GO/diethylenetriaminepentaacetic acid nanocomposite with 50 mg/L CIP after 24 h. Tang et al. (2013) obtained equilibrium in 24 h with adsorption capacity of 10.89 mg/g during the adsorption of CIP using RGO-M. However, the prepared GO-ZnAlNi LDH composite in the present study exhibits more sensitive adsorption of CIP as compared to other materials. The prepared composite exhibits exceptional adsorption efficiency, removing 1 mg/L of CIP from aqueous solution with just 10 mg/L of adsorbent after 60 min. Its high surface area and functional groups enhance interaction, ensuring superior removal capacity. This remarkable sensitivity outperforms other adsorbents, making it highly effective even at low dosages of antibiotics. The experimental protocol for the adsorbent synthesis and usage did not result in any toxic by-products unlike other remediation techniques. Further, the adsorption is expected to reduce the antibiotic load in wastewater, thereby reducing the environmental impacts. The composite’s rapid adsorption kinetics owing to its superior physicochemical properties, along with its reusability potential over multiple cycles highlight its cost-effectiveness for scale up and real-time wastewater treatment. The implementation of such adsorbent systems aligns with global sustainability goals, that is expected to guide environmental policies for pharmaceutical wastewater management.
TABLE 3 | Comparative evaluation of equilibrium adsorption capacity for CIP with other adsorbents.
[image: A table lists six adsorbents with their corresponding conditions and adsorption capacities. The columns include serial number, adsorbent description, adsorbate CIP concentration, optimum conditions, adsorption capacity in milligrams per gram, and references. Adsorption capacities range from 10.89 to 179.2 milligrams per gram, with references from various years. Details like adsorbent types and conditions like pH and time are specified for each entry.]It is noteworthy to mention that though the present study provides a fundamental understanding regarding the adsorption mechanism of Zn-AlNi LDH for CIP at minimal concentration, future studies focused on scale-up experiments in real-time wastewater in the presence of other co-contaminants are necessary to substantiate the economic and environmental implications. Functionalization and surface modification of adsorbents to improvise the adsorption efficiency, followed by large-scale synthesis and subsequent experiments in fixed/fluidized bed reactors to quantify the flow rate and contact time are necessary for scale-up. Techno-economic and life-cycle assessment studies are also necessary to study its long-term sustainability and feasibility during large-scale deployment.
4 CONCLUSION
The study explored the adsorption of CIP onto a GO-ZnAlNi LDH composite under various contact time, pH, adsorbent dosage, and initial adsorbate concentration. The composite was thoroughly characterized to determine its structural and morphological properties. Surface morphology analysis revealed the presence of ultra-thin, sheet-like structures, while XRD confirmed the crystalline nature of the GO-ZnAlNi LDH composite. The incorporation of ZnAlNi LDH into GO significantly enhanced the composite’s surface area to 38.069 m2/g, improving its adsorption efficiency for CIP. Under optimized conditions of 1 mg/L CIP concentration, 10 mg/L composite dosage, and pH 7, the maximum adsorption capacity achieved was 84.84% after 1 h. Adsorption kinetics were best described by the pseudo-first-order, Elovich kinetic models revealing the involvement of multiple surface and diffusion processes. Better fit with Freundlich isotherm further confirmed multi-layered adsorption. The findings suggest that π-π interactions and hydrogen bonding were the primary mechanisms driving CIP adsorption. The crystal structure of the composite remained intact post-adsorption, exhibiting excellent reusability, thus maintaining significant adsorption efficiency over five consecutive cycles. Overall, the potential of the synthesized GO-ZnAlNi LDH to adsorb trace levels of antibiotics (1 mg/L) from aqueous solution, even at a low adsorbent concentration of just 10 mg/L, demonstrates exceptional sensitivity, making it a superior candidate for water purification applications. Therefore, this study enhances our understanding of how antibiotics interact with GO-based composites, highlighting their significance in applying adsorption technology for treating antibiotic-contaminated wastewater. Furthermore, the applicability in real-time wastewater treatment is reinforced by the optimization of key parameters, ensuring enhanced efficiency and practical feasibility.
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Recent research has increasingly focused on finding low-cost, eco-friendly sources to produce high-quality materials. Since its discovery, graphene has garnered significant attention due to its exceptional properties. However, large-scale production of graphene remains challenging due to the expensive and harmful reagents typically used in its synthesis. Agricultural waste, a rich carbon source, offers a potential solution, with date palm trees generating substantial amounts of waste annually. This review is the first comparative study that systematically explores graphene materials derived from date palm trees, date seeds, and date syrup, emphasising their environmental applications. The paper begins by explaining the basics of graphene and various synthesis approaches from solid waste and different derivatives. It covers the properties of graphene and how various parameters can alter these characteristics. The primary focus is on the synthesis, characterization, and properties of graphene derived from date palm waste. A comparative analysis of graphene derived from date palm versus oil palm is also provided. The environmental applications of graphene produced from date palm waste are discussed in detail. Additionally, the paper outlines the prospects and future opportunities for producing graphene from date palm waste. In summary, graphene materials derived from date palm waste showed superior properties and exceptional adsorption capacities in pollutant removal. Although research in this area is still in its early stages, the pressing need for sustainable graphene production methods is expected to drive significant advancements in this field and this pioneering review can provide a roadmap for researchers.
Keywords: graphene and derivatives, date-palm tree derived graphene, syrup derived graphene, synthesis process of graphene, characterization and identification, pollutants removal

1 INTRODUCTION
The high cost and the lack of sustainable graphene limit its use in applications that require large-scale manufacturing and supplies. Recently, biomass has drawn a lot of interest because it can be converted into useful carbon-based compounds (Idris et al., 2023; Joshi et al., 2023). Biomass is a plentiful and natural source of carbon. A high carbon content ranging between 45 and 55 wt. % is found in a variety of biomass forms, such as municipal solid wastes, plant leaves, grass and agricultural and food residues (Urzúa et al., 2024). Different types of carbonaceous materials can be prepared from different types of biomass such as carbon quantum dots (Hao et al., 2023), graphene quantum dots (GQDs) (Abbas et al., 2023), carbon nanofibers (Gao et al., 2023), carbon nanotubes (Yang et al., 2024) and graphene (Safian et al., 2023).
Depending on the biomass source, biomass materials have different compositions. Nonetheless, the composition is mostly composed of cellulose, hemicellulose, and lignin. The characteristics of the resultant carbonaceous materials based on biomass are influenced by process conditions, including pressure, heating rate, residence time, temperature, and kind of feedstock. Different combinations of process conditions result in different properties, including porosity, surface area, and surface functional groups (Idris et al., 2023). Carbon-based nanomaterials, such as graphene and its derivatives, can be produced from agricultural waste that contains a lot of carbonaceous cellulose (Li L. et al., 2024). Many agricultural wastes have been studied as raw materials for the production of graphene and graphene-based materials such as paddy straw (Chaturvedi et al., 2022), coconut shell and coconut coir (Tamilselvi et al., 2020), wheat straw (Dawood Saleh et al., 2023), corncob (Tinh et al., 2023), sugar beet bagasse (Faghiri and Ghorbani, 2020), sugarcane dry leaves (Thangaraj et al., 2024) and oil palm empty fruit bunch (Mahalingam et al., 2022).
One of the first plants that people ever cultivated is the date palm (Phoenix dactylifera). It is a member of the Palmae (Arecaceae) family and is a tropical and subtropical tree (Saleem et al., 2023). Each date palm tree generates roughly 40 kg of waste from leaves, surface fibres surrounding the trunk and fruit-bearing bunches per year (Galiwango et al., 2017). Therefore, in countries where there is a large number of date palm trees, this waste causes environmental problems. According to Scopus, there is a total of 1,654 research documents in the area of graphene and biomass (between 2009 and 2023), and 225 research documents with keywords of graphene and agricultural waste (between 2013 and 2023). While there are about 174 research documents with keywords of graphene and oil palm (between 2013 and 2023), there are only 11 in the area of graphene and date palm (between 2017 and 2023). Statistics of research documents and trends are shown in Figure 1. These statistics clearly indicate that studies in the area of producing graphene from date palm waste are not well investigated yet.
[image: Panel (a) shows a bar chart comparing the number of research documents on biomass (1654), agricultural waste (229), oil palm (174), and date palm (11). Panel (b) presents a line graph illustrating trends from 2013 to 2022, indicating a significant increase in documents on biomass, with smaller rises for agricultural waste, oil palm, and date palm.]FIGURE 1 | (a) Total number of publications and (b) trend in publications between 2013 and 2023 using the keywords “graphene”, “biomass”, “agricultural waste”, “oil palm” and “date palm”.
Some reviews have been published in the area of biomass-derived graphene and graphene-like materials (Ouyang et al., 2021), using agricultural waste to produce graphene and its derivatives (Li L. et al., 2024), graphene synthesis from lignocellulosic biomass (Ahmad Farid and Andou, 2022) and the synthesis of carbon nanoparticles from materials derived from oil palm byproducts (Zakaria et al., 2022). However, to date, there is no review paper focusing on the synthesis and reduction of graphene materials using date palms. The objective of this review paper is to provide a comprehensive analysis of the recent studies in synthesizing and reducing graphene materials using different date palm parts. The paper detailly investigates the different preparation methods used in producing graphene materials from date palm, the results of characterization tests used to study the surface of the produced date palm-derived graphene as well as its performance in environmental applications. Challenges and opportunities in the synthesis and reduction of graphene materials using date palm waste are also discussed. This novel review sheds light on the opportunity of utilizing this abundant type of agricultural waste and open the doors for more research in the area of converting date palms into valuable materials for different applications.
2 OVERVIEW OF DATE PALM AND GRAPHENE
2.1 Date palm overview
In dry and semi-arid regions, especially in the Arab world, date palm is a significant crop (Saleem et al., 2023). Frequently, the plant grows from a single root system as a clump of one or more trunks, although it can also grow as a single tree. It is around 15–25 m tall tree and the leaves are 3–5 m long. It has 150 leaflets that are roughly 30 cm long and 2 cm wide (Alkhalaf et al., 2023). In addition to being an essential source of food for humans and animals, other date palm components are used in chemistry, medicine, pharmacognosy, and building industries (Kwaasi, 2003). The chemical analysis of different parts of the date palm tree is presented in Table 1. It shows a high percentage of carbon and oxygen. The date seed consists of 44.1 wt. % carbon and 48.3 wt. % oxygen. While the date palm leaf contains a higher carbon percentage of 50.4 wt. %, the stem contains a lower carbon percentage of only 38.1 wt. % (Hussain et al., 2014). The date palm tree has an extremely hard body that allows it to endure dry and harsh conditions and even grow again after fire damage (Tahir et al., 2020).
TABLE 1 | Chemical analysis of different date palm parts (Hussain et al., 2014).
[image: Table showing the chemical composition of different parts of the date palm in weight percentage. The seed contains 44.1% carbon, 6.1% hydrogen, 0.9% nitrogen, 0.6% sulfur, and 48.3% oxygen. The leaf has 50.4% carbon, 6.3% hydrogen, 1.1% nitrogen, 0.4% sulfur, and 41.8% oxygen. The stem features 38.1% carbon, 5.2% hydrogen, 0.8% nitrogen, 0.3% sulfur, and 55.6% oxygen.]Globally, one million hectares are used for date palm tree farming. Date palms are believed to occupy approximately 3% of the world’s cultivable land (Tahir et al., 2020; Younis et al., 2023).
Date fruit is sold as a high-value product all over the world, and in most arid regions, it is considered a crop of significant importance (Chandrasekaran and Bahkali, 2013). It is reported that there are between 100–120 million date palm trees in the world and 70%–90% of them are present in the Middle East and North Africa region (Makkawi et al., 2019). An estimated 25–30 kg of waste is produced by each date palm tree from leaves and surface fibres surrounding the trunk. Moreover, there is another 10–15 kg from the fruit-bearing bunches. Every year, about 4 million tons of date palm waste is produced worldwide (Figure 2) (Galiwango et al., 2017). Furthermore, the Middle East and North Africa (MENA) region produces more than 2.7 million tons of waste yearly. After harvesting of palm trees, a lot of residues build up in agricultural areas every year. Leaves, midrib base or petiole, leaflets, spadix stems, mesh, pits, and rachis are examples of these residues (Manai et al., 2024).
[image: Illustration of a date palm tree with four green information bubbles around it. The left bubbles state: "25-30 kg waste from leaves and surface fibers" and "10-15 kg waste from fruit bearing bunch." The right bubbles state: "100-120 million date palm trees in the world" and "3.5-5.4 million tons date palm tree waste annually in the world."]FIGURE 2 | Total approximate number of date palm trees and the approximate global annual date palm waste.
Date palm wood, leaves, and stems are considered agricultural waste with a lot of potential for use as polymeric matrix reinforcement (Bezazi et al., 2024). The fibers from date palms exhibit remarkable qualities, such as low density and excellent inherent mechanical qualities. It is also cheap, plentiful, biodegradable, and renewable (Chkala et al., 2024). Natural fibers are becoming more and more popular due to the growing demand for more renewable and green resources. Natural fibers such as flax, sisal, kenaf, pineapple, oil palm fiber, and date palm have become more well-known as possible reinforcement for composite materials. The basic building blocks of a natural fiber are stiff, crystalline cellulose microfibrils covered in an amorphous matrix composed of hemicellulose and lignin (Al-Awa et al., 2023; Sarmin et al., 2023). Cellulosic polysaccharides, which have good binding properties, make up around 44% of the date palm tree’s fibers, followed by hemicellulose (26%), lignin (11.5%), and wax, fat, pectin, and inorganic substance lignin (18.5%) (Supian et al., 2021). Natural fiber composites find use in the furniture, automotive, building, and packaging industries (Abdellah et al., 2023). Utilizing date palm fibers and leftover cardboard, a unique thermal and acoustic insulating material was developed that can reduce energy use, enhance thermal comfort in buildings, and minimize greenhouse gas emissions (Benallel et al., 2024). Furthermore, the reinforcing material for the bumper beam was selected to be date palm fibers. The most crucial part for passenger safety in cars is the bumper beam. Using the hand lay-up approach, date palm reinforced epoxy composites and Kevlar were combined to make specimens with different weight percentages. Better boost in tensile strength and tensile modulus was demonstrated by the manufactured specimen (Muthalagu et al., 2021). An analysis of the mechanical properties of several date palm fiber kinds found in the Middle East revealed that the average tensile strength of date palm fiber is 135 ± 44 MPa, and ranges from 97 to 196 MPa. On average, Young’s modulus is 4.6 ± 0.6 GPa, however, it can vary from 2.5 to 5.4 GPa. These average qualities are far superior to typical building materials which highlight the possible use of date palm fiber in composites (El-Shekeil et al., 2024).
2.2 Overview of graphene and its derivatives
A single-layer, two-dimensional carbon-based nanomaterial is called graphene. It is made up of carbon atoms that have undergone sp2 hybridization and are structured like a honeycomb. (Joshi et al., 2023; Kumar et al., 2023; Manikandan and Lee, 2023). Graphene’s sp2-hybridized carbon atoms leave a free pz orbital that is perpendicular to the plane. Three sp2-bonded carbon atoms make up the honeycomb lattice of graphene (Figure 3a) (Tucek et al., 2018). Two equivalent sub-lattices of carbon atoms make up each unit cell in graphene. These sub-lattices are connected by σ bonds (Balasubramanian and Chowdhury, 2015). Covalent bonds between all atoms are formed by in-plane σ-bonds (sp2 orbitals) and π-bonds (2p orbitals) that are oriented perpendicularly to the basal plane (Figure 3b) (Joshi et al., 2023).
[image: Diagram detailing graphene and its properties in four sections. (a) Shows a hexagonal lattice structure representing graphene's atomic arrangement. (b) Illustrates carbon atom hybridization with labeled sp² orbitals and bonds. (c) Compares structures of graphene oxide, reduced graphene oxide, and graphene quantum dots. (d) Outlines graphene's properties: electrical (e.g., current density, mobility), optical (e.g., transmittance, absorbance), mechanical (e.g., Young's modulus, stiffness), and thermal (e.g., conductivity, expansion coefficient).]FIGURE 3 | (a) Representation of the honeycomb lattice of graphene (Reproduced with permission from Balasubramanian and Chowdhury, 2015 ©Royal Society of Chemistry), (b) sp2 hybridization in graphene (Reproduced with permission from Tucek et al., 2018 © Royal Society of Chemistry), (c) structure of different graphene derivatives (Reproduced with permission from Chung et al., 2021 ©Wiley; Balqis et al., 2023), and (d) values of different graphene’s mechanical, thermal, electrical, and optical properties.
Graphene was discovered in 2004 by Novoselov et al. The groundbreaking discoveries of compounds of hybridized carbon with sp2 such as graphene, carbon nanotubes, and C60 opened completely new areas of study. Graphene appears to have the most potential within the carbon nanomaterial family because of its remarkable electronic, optical, magnetic, mechanical, and thermal characteristics. Because of its multilayered three-dimensional (3D) structure and two-dimensional (2D) lattice, graphene is believed to be the most layered and stable substance ever known. In the last several years, there has been an accelerated number of studies devoted to different aspects of graphene (Joshi et al., 2023; Kumar et al., 2023; Manikandan and Lee, 2023). Carbon-based nanomaterials, including graphene, fullerenes, and carbon nanotubes, have garnered a lot of attention due to their numerous applications. These materials find application in numerous fields, including chemical engineering, photochemistry, optical, sensors, mechanical, electrical, biocompatible materials, adsorption technologies, photocatalysis, energy storage, thermal management, and biomedical applications (Kumar et al., 2023).
Even though pristine graphene has many special qualities, employing it in its native form can be difficult because of its low solubility and quick aggregation in the solution because of van der Waals interactions. Consequently, to preserve the special qualities of pure graphene and to benefit from alterations such as the surface having a functionalized oxygen group in the case of graphene oxide (GO), graphene derivatives were created (Joshi et al., 2023). GO is a system of carbon rings with a two-dimensional structure with a variety of surface functional groups, including carboxyls, hydroxyls, epoxy, and carbonyls. It has several unique features such as high surface area, augmented oxygen-containing groups and hydrophilicity (Mahor et al., 2021; Kumar et al., 2023). Due to its excellent dispersion in aqueous solutions and high oxygen content, graphene oxide, which is a single sheet of graphite oxide crystal is widely used as chemical precursor for a range of graphene materials in diverse applications (Chiang et al., 2023). For GO nanoparticles to be potentially used in medical applications, especially in drug delivery systems, their small size (less than 100 nm) is essential (Casallas Caicedo et al., 2020). The Staudenmaier method and the Hummers approach are two extensively used methods for producing graphene oxide. Graphite is treated with different oxidizing agents in both methods. The Hummers' procedure uses sulfuric acid and potassium manganate (VII) solution as oxidizing agents. Conversely, the Staudenmaier process uses nitric acid and potassium (Chiang et al., 2023).
A novel kind of layered carbon nanomaterial with excellent chemical stability, elasticity, conductivity, and desirable thermal properties is called reduced graphene oxide (rGO). It is a good candidate for application as a photocatalyst due to its high absorbance, excellent chemical stability, and simplicity of production (Manikandan and Lee, 2023). GO is converted to rGO via thermochemical, electrochemical, or photoreaction processes. The number of functional groups containing oxygen is significantly reduced as a result of these approaches. When rGO is compared to GO, it has a higher specific area due to a lower concentration of functional groups. GO has hydrophilic inclinations, whereas rGO has hydrophobic qualities due to variations in the functional groups on the surface (Thangaraj et al., 2024). Many applications, including those in health, chemistry, nuclear physics, the environment, and engineering, have profited from this diversity of properties, which are determined by the functional groups that reside on the surface of GO and rGO (Torrisi et al., 2022).
Another graphene material that has an anisotropic lattice structure is graphene quantum dots (Li L. et al., 2024). A few nanometers make up the lateral dimension of GQDs. The majority of synthesized GQDs are elliptical or circular, while they can also be triangular, quadrate, or hexagonal. They are smaller and have a higher crystallinity than carbon dots. Different defects and functional groups are added to the GQDs depending on the synthetic methods, which may drastically change the structural and physicochemical characteristics (Zheng et al., 2015). GQDs are considered zero-dimensional materials and in addition to having the fascinating characteristics of graphene, they also show remarkable characteristics like non-zero band gaps, edge effects, and quantum confinement (Chaturvedi et al., 2022). Because of its unique physicochemical characteristics and potential for economic uses, there has been a lot of interest in graphene quantum dots. They have great solubility, tunable photoluminescence, low toxicity, strong biocompatibility, and simplicity of functionalization. These characteristics make them excellent alternatives to conventional semiconductor quantum dots (Abbas et al., 2023). Carbonic precursors are oxidatively cut to create GQDs under extreme conditions with potent oxidizing agents such as nitric acid and concentrated sulfuric acid (Mahalingam et al., 2022). The structure of different graphene derivatives is shown in Figure 3c.
2.3 Graphene properties
Graphene has special mechanical, thermal, electrical and optical characteristics due to the highly organized and firmly packed monolayer of carbon atoms (Khoei and Khorrami, 2016; Chung et al., 2021). Its surface area is 2,630 m2/g, its strength is 1.0 TPa, and its stiffness is 0.7 TPa. In addition to its optical transmittance of 97.7% and electrical conductivity of 108 A/cm2, graphene can handle electrical current densities one million times higher than copper (Kumar et al., 2019). It has a specific capacity of 744 mA h/g and a specific capacitance of 550 F/g. Its high electrical conductivity which is equal to 106 S/cm is more than copper by a factor of six and 60 times greater than single-walled carbon nanotubes (Chakraborty and Hashmi, 2018). Graphene’s amazing features are caused by its 2p orbitals, which form the π state bands that delocalise along its sheet of carbons (Papageorgiou et al., 2017). Figure 3d shows some values of the exceptional graphene properties, and a comparison of different graphene materials properties is provided in Table 2.
TABLE 2 | Comparison of different graphene derivatives properties.
[image: Table comparing properties of materials: Graphene, Graphene Oxide, and Reduced Graphene Oxide. Columns show Young's Modulus, Thermal Conductivity, Electrical Conductivity, Optical Transmittance, and Specific Surface Area, with referenced studies providing data and measurements for each material's properties.]2.3.1 Mechanical properties
Graphene has distinguished mechanical properties that make it a good reinforcing agent in composites. Graphene’s mechanical characteristics are attributed to the stable sp2 bonds that form the hexagonal lattice. High-quality monolayer graphene with no defects is thought to be the strongest material yet tested. Its intrinsic strength was reported as 130 GPa and the Young modulus of elasticity was found to have a value of approximately 1 TPa (Papageorgiou et al., 2017). Single-layer graphene is the best nanofiller ever tested (Kumar et al., 2019). Among graphene’s most important mechanical properties is fracture toughness since it is a feature that is crucial for engineering applications. The energy release rate under critical strain was determined to be 15.9 J/m2, and the critical stress intensity factor of 4.0 ± 0.6 MPa indicated the fracture toughness of graphene. These values suggest that the toughness of graphene is mostly related to the membrane’s weakest point, or the initial point of failure (Papageorgiou et al., 2017).
Graphene oxide is mechanically less resistant than graphene and reduced graphene oxide is more mechanically resistant than graphene oxide. On the other hand, graphene oxide has the benefits of easy exfoliation, bulk availability, and low cost in the commercial domain (Torrisi et al., 2022). For graphene oxide, it was demonstrated that adding more oxide agents causes the graphene sheet’s Young’s modulus and ultimate tensile stress to decrease. Moreover, the elastic constants drop as the amount of oxide agents in the graphene sheet increases, with the armchair direction seeing a greater loss of elastic characteristics than the zigzag direction. Furthermore, with an increase of oxide agents (-O/-OH), it was found that the graphene sheet’s failure behaviour shifts from brittle to ductile (Khoei and Khorrami, 2016).
2.3.2 Thermal properties
Graphene is considered a good thermal conductor (Khoei and Khorrami, 2016). A trench was covered with graphene, and by applying a laser to the material and measuring the temperature increase in the center using Raman-scattered light, the thermal conductivity of the material was ascertained (Freitag, 2010). The thermal conductivity of graphene is much greater than that of graphite and diamond and similar to carbon nanotubes (Chakraborty and Hashmi, 2018). According to published data, graphene has a heat conductivity of roughly 5000 W/m. °K. High increases in effective thermal conductivity can be obtained by adding an optimum blend of multilayer graphene to composites with varying matrix components. For a range of matrix materials, the increased heat conductivity brought about by the addition of graphene to the composites has been documented (Shahil and Balandin, 2012; Korkmaz and Kariper, 2020).
Apart from thermal conductivity, graphene has other good thermal properties such as thermal expansion coefficient. This coefficient is important in the thermal management of nano and microelectromechanical systems. Using temperature-dependent Raman spectroscopy, the thermal expansion coefficient was calculated in the 200–400°K temperature range. It is shown to be negative across the whole temperature range and temperature-dependent, with a value of (−8.0 ± 0.7) × 10–6 °K−1 at room temperature (Yoon et al., 2011; Kumar et al., 2019).
2.3.3 Electrical properties
Although graphene’s atoms are all exposed to the environment, the substance is inert and does not chemically react with other atoms. However, it can absorb other molecules and atoms. This significantly alters graphene’s electrical characteristics, making it suitable for use in sensor applications. Graphene has an intrinsic charge mobility higher than silicon and a current density higher than copper (Pandey et al., 2024). A graphene sheet’s electrical properties are significantly influenced by the quantity of graphene layers within it. The possible use of graphene in transistors is attributed to the electron-hole dependence. However, this reliance is exclusive to graphene sheets with a single layer. The reliance decreases with an increase in the number of layers (Phiri et al., 2017).
Due to its high electron mobility, graphene exhibits an electrical conductivity of 6500 S/m. It possesses a zero-band gap, which prevents its sheet from dispersing in the aqueous solutions (Joshi et al., 2023). The zero-energy bandgap makes graphene the most effective conductor (Pandey et al., 2024). This property is associated with infinite-dimensional, defect-free graphene. When the material’s physical dimensions are reduced to finite values and defects are added to the lattice, the electronic structure of graphene alters so that non-zero values of energy band gaps can be identified. Reducing the size of the graphene fragment can raise the graphene’s bandgap. This programmable electronic structure finds uses in electronics, energy harvesting, and medicine (Chung et al., 2021). Graphene oxide’s structure is greatly disorganized and numerous oxygen functional groups exist on the basal plane and at the edges. Low electrical conductivity is caused by the charge carriers being dispersed by this chaotic structure (M K and Jaiswal, 2016).
2.3.4 Optical properties
The optical characteristics of the graphene generated through each synthesis method are unique because of the structural flaws. For example, in addition to line defects at the grain boundaries, chemical vapour deposition graphene is characterized by tiny densities of sp3 defects and a certain quantity of amorphous carbon and metal catalyst impurities. The presence of these contaminants can affect the optical response, even though their effects on the electrical properties are often negligible (M K and Jaiswal, 2016). Applications of graphene in the optical and optoelectronic domains have garnered increasing attention since 2008, due to advancements in graphene production processes and electronics understanding. For instance, indium tin oxide, which is costly, fragile, and based on the scarce element indium, may be replaced by graphene, a promising transparent conductive electrode. Touch screen prototypes have been developed using transparent 30-inch graphene electrodes. High-frequency photodetectors, photovoltaics, and biosensors are three areas where graphene shows great promise (Chang and Wu, 2012).
As the number of graphene layers increases, graphene’s optical transmittance falls. Single-layer graphene has a transparency of about 97.7%. In other words, it can absorb 2.3% of white light. However, bilayer graphene absorbance of white light increases to 4.6% (Phiri et al., 2017; Joshi et al., 2023). The optical absorption of graphene is due to the interband and intraband transitions. This small absorption percentage needs to be viewed in the context of the absorbent layer’s single-atom thickness. When this thickness is taken into account, it can be seen that the light-matter interaction in graphene is extraordinarily large (M K and Jaiswal, 2016).
2.4 Biomass-derived graphene synthesis
Currently, a growing body of research indicates that the most effective method for producing high-quality, reasonably priced graphene materials is by using agricultural waste as the precursor raw material (Li L. et al., 2024). Despite the great purity of graphene obtained from biomass, its structural integrity can be affected by a variety of source materials and processing techniques. Therefore, optimizing biomass materials and synthesis techniques is necessary (Zhou et al., 2022). Numerous agricultural wastes have been the subject of in-depth research as raw materials for the synthesis of graphene and products derived from it. Graphene oxide was produced using wheat straw (Dawood Saleh et al., 2023), corncob (Tinh et al., 2023), and sugar beet bagasse (Faghiri and Ghorbani, 2020) whereas graphene quantum dots were produced using paddy straw (Chaturvedi et al., 2022) and oil palm empty fruit bunch (Mahalingam et al., 2022). Reduced graphene oxide was produced from coconut shells and coconut coir (Tamilselvi et al., 2020) and dry leaves of sugarcane (Thangaraj et al., 2024).
2.4.1 Conventional synthesis approaches
Graphene synthesis methods usually include the usage of large amounts of expensive and toxic chemicals. Therefore, researchers have focused on creating more practical and reliable processes for synthesizing graphene from biomass precursor materials (Li L. et al., 2024). Carbon-based materials are conventionally prepared from biomass by simple procedures such as pyrolysis, carbonization and activation and hydrothermal (Figure 4a). In most cases, no harmful chemicals are used (Urzúa et al., 2024). The synthesis procedures and a summary of various agricultural wastes utilized to make graphene, and its derivatives are given in Table 3. Carbonization and activation are the main two steps in the production of graphene from biomass. Firstly, biomass gets dehydrated and then crystallized at high temperatures. The microstructure of obtained carbon depends on the carbonization temperature. The activation can either be physical using steam and/or CO2 or chemical using NaCl, KCl, KOH, ZnCl2 or H3PO4 (Sawant et al., 2022; Zhou et al., 2022). Although it has been demonstrated that chemical activation can create a broad pore size distribution with large channels for quick ion transfer and effective storage, their severe toxicity, thermal instability, and corrosivity preclude their widespread use in clean and sustainable energy storage (Li J. et al., 2024).
[image: Diagram illustrating two processes for producing carbon-based materials. (a) Agricultural waste undergoes carbonization, pyrolysis, and hydrothermal treatment to create carbon-based materials. (b) A date palm tree provides seeds, leaves, and low-quality date syrup, which are processed into graphene materials.]FIGURE 4 | (a) Conventional synthesis methods of carbon-based materials from agricultural waste, and (b) types of date palm tree wastes used to produce graphene materials.
TABLE 3 | Examples of some agricultural wastes and the synthesis methods used to produce graphene and its derivatives.
[image: A table listing various agricultural wastes used to produce graphene materials, synthesis steps for each, and references. It includes wheat straw, corncob, sugar beet bagasse, and more. Methods vary from calcination to ultrasonication. References are provided for each entry, dated from 2020 to 2024. Columns are labeled as Agricultural Waste, Graphene Material, Synthesis Steps, and Ref.]One process for turning biomass into graphene is pyrolysis. It is the process of oligomers and polymer precursors being thermally deposited onto silicon carbide surfaces while a catalyst is present, and the atmosphere is inert. Over the whole silicon carbide substrate, it continually creates high-purity functionalized graphene. Carbon nanostructures build up because of thermal disintegration at excessive temperatures during graphene production without oxidation processes, which lowers the total specific surface area of the generated graphene materials (Kumari and Samadder, 2022). Pyrolysis has a number of benefits, although often being carried out at a higher temperature. For instance, pyrolysis eliminates the requirement for water resources, saving energy on wastewater treatment and solid-liquid separation. In addition, pyrolysis can increase the material’s porosity and surface area. Temperature, reaction duration, and additives can also be used to adjust the characteristics of carbon compounds produced by pyrolysis (Yu et al., 2022). Another common strategy is hydrothermal treatment for converting biodegradable waste to carbon-based materials which has various structures and compositions. It turns biomass precursors into structured carbon materials. Hydrothermal treatment is often conducted at a temperature, typically between 180 and 250°C and at pressures more than 1 atm. The purpose of pre-treatment is to increase biomass solubility, biomass-solvent interaction, and the chemical reaction (Sawant et al., 2022; Dong et al., 2023). In hydrothermal processes, water acts as a catalyst, reactant, and solvent. A range of feedstocks can be converted into a number of desirable products thanks to the hot compressed water (such as subcritical or supercritical water). Hydrothermal processing is a method of accelerating natural transformation pathways to create desired products by processing organic matter at high pressures and temperatures (Zhang et al., 2023). The capacity to function at low temperatures, the ability to process any kind of wet biomass without pre-drying, and the high surface functionality of the resulting materials are only a few benefits of the hydrothermal process. The process does, however, have many drawbacks, such as the requirement for costly, sophisticated, and pressured equipment, the extra expense of separating the solid and liquid products, and the significant process water discharge (Ercan et al., 2023).
2.4.2 Non-conventional synthesis approaches
One promising technique for the effective and versatile conversion of biomass is molten salt technology. Molten salts are used in thermochemical processes as solvents, catalysts, and heat carriers due to their exceptional thermal conductivity, solubility, and catalytic activity. Some of the characteristics of molten salt technology include high thermal efficiency, even temperature distribution, good heat storage, increased reaction speeds, and a regulated reaction environment. Molten salts are very successful at increasing the conversion efficiency and product quality of materials derived from biomass because of their multifunctionality (Wang et al., 2025). To create carbon with significant capacitance, molten carbonates with mild characteristics and good stability have been successfully used in tobacco stems, peanut shells, bamboo shells, and other biomass. However, it was discovered that molten carbonates encourage the release of nitrogen from carbon in the form of NH3, which lowers the amount of pyrrole-N and pyridine-N in the carbon. These factors have been demonstrated to have a major impact on capacity of capacitance. Therefore, while utilizing molten carbonates as activators to further increase the capacitive performance, it is crucial to retain more nitrogen in carbon and control it to the required functional group (Li J. et al., 2024). Nevertheless, among the most promising techniques for converting biomass is molten salt-assisted pyrolysis. This is due to its benefits, which include easier equipment and operation, better product quality, higher pyrolysis efficiency, and faster mass and heat transfer (Atakoohi et al., 2024).
An effective conversion technique that can convert biomass quickly, distribute heating evenly, and have a smaller environmental impact is microwave-assisted conversion. The produced material has better qualities than other conversion processes, such as a higher concentration of carbon, a large reactive surface area, a larger volume of microporosity, and rich carboxylic and hydroxyl surface groups (Allende et al., 2024b). Random external elements such as plasma generation, metal discharge, thermal hotspot formation, etc., can also disrupt the chemistry of microwave heating because of instantaneous non-uniform heating and varying electric fields. Due to its dielectric properties, which alter microwave permittivity, biomass, on the other hand, is a poor microwave absorber. This results in the need for the installation of microwave absorbers, which raises energy expenses. For the design and development of microwave reactors with specific temperatures and frequencies to be successful, the dielectric characteristics need to be well specified by additional research. Due to our poor understanding of the electromagnetic field dispersion in a microwave environment and the interaction between biomass and microwaves, large-scale applications are difficult (Divyabharathi et al., 2024).
Another non-conventional synthesis approach is flash Joule heating. This is an efficient and cost-effective method for the synthesis of 2D materials. It produces an immediate high temperature in less than a second using the sample’s electrical resistance exotherm. Low-defect graphene can be synthesized in less than a second with very high yields using biomass. The flash Joule heating process involves mixing biomass feedstock with carbon black to improve its electrical conductivity, then placing it between two electrodes in a quartz or ceramic tube. The carbon source quickly reaches high temperatures (above 2,700°C) in extremely short time (less than 100 ms) under the high-voltage discharge resulting in the transformation of amorphous carbon into layered graphene material. This technique does not require using any harmful or dangerous chemicals. Therefore, neither traditional furnaces nor the use of solvents or reactive agents are necessary for the synthesis process and there is no need for further purification steps (Dong et al., 2023; Li Q. et al., 2024). However, specialized equipment that can handle the harsh process conditions—such as high voltage, temperature, and pressure—is needed for flash Joule heating. This equipment can have a significant upfront cost, and it may be difficult to maintain overtime (Hosny et al., 2025). A summary of the advantages and limitations of the different synthesis approaches is provided in Table 4.
TABLE 4 | Summary of the advantages and limitations of the different synthesis approaches.
[image: Table comparing synthesis approaches for material production, detailing advantages and limitations. Methods include carbonization and activation, pyrolysis, hydrothermal, molten salt, microwave-assisted, and flash joule heating. Advantages involve aspects like process simplicity, energy efficiency, and environmental friendliness. Limitations address issues such as energy intensity, equipment cost, and environmental challenges. Each approach is assessed for practicality in terms of efficiency, cost, and scalability.]3 DATE PALM-DERIVED GRAPHENE SYNTHESIS AND CHARACTERIZATION
Worldwide, date palm trees are estimated to number between 100 and 120 million and each tree produces about 40 kg of waste per year. This means that the annual quantity of date palm waste is about 4 million tons. Currently, the majority of date palm waste is burned to provide heat or composted, even though it contains a high lignin, cellulose, and hemicellulose content suitable for conversion into higher-value goods (Galiwango et al., 2017; Makkawi et al., 2019). The efforts made to create graphene materials and to reduce graphene oxide using date palms are discussed in the section that follows. The characterization results of the produced graphene materials are discussed and compared to graphene produced from oil palm waste as both oil palm and date palm are closely related species and belong to the same family which is the (Arecaceae) Palmae family (Bourgis et al., 2011). The coming section is divided into four categories according to the part of the date palm tree which was used as a raw material (Figure 4b).
3.1 Graphene from date palm seeds
Seeds make up 8–15 wt. % of the fruit on date palms (Jonoobi et al., 2019). Several research looked into the production of biodiesel from date palm seeds (Demirbas, 2017), others employed it as an adsorbent for several pollutants such as boron, lithium, and molybdenum (Da’na et al., 2023). As a carbon source, date seeds or pits were used to produce graphene oxide (Al-Zahrani et al., 2022). First, the date seeds were processed to make a lignin. Then, the lignin was converted to graphite which was finally used to prepare the graphene oxide through modified Hummer’s method. The powdered date seed was mixed with 98% sulfuric acid to make lignin. After several steps of diluting, heating, washing, drying, and chilling, the acid-insoluble lignin was obtained. Iron (III) nitrate served as the catalyst source to prepare graphite from lignin. An iron nitrate solution was prepared and added to the lignin solution at 70°C. The iron-lignin mixture was stirred, dried, and heated which led to the formation of a solid iron-promoted lignin precursor. This precursor was then added to a quartz tube reactor where N2 and CO2 gases were passed through the reactor while heating to 900°C. After cooling, a few layers of graphite were taken out of the quartz tubular reactor and used to prepare graphene oxide. Figure 5 depicts a schematic of the process of synthesizing graphene oxide from date seeds.
[image: Flowchart illustrating the process of converting date seeds into graphene oxide. (a) Shows the transformation stages: date seeds to lignin, graphite, and finally graphene oxide. (b) Depicts the extraction of lignin from date seeds using sulfuric acid and heating, followed by cooling. (c) Details lignin conversion to graphite using iron nitrate and heating, followed by gas treatment and cooling. (d) Shows the transformation of graphite to graphene oxide using Modified Hummer's Method, with molecular structures depicted for clarification.]FIGURE 5 | Schematic representation of the synthesis of graphene oxide from date seeds (a) the overall process, (b) extraction of lignin from date seeds, (c) synthesis of graphite from lignin and (d) production of graphene oxide from graphite.
Yaqoob et al. (2021) also created a graphene oxide substance and used it in microbiological fuel cells to enhance electron transportation. However, the raw material was the lignin of oil palm. Both oil palm and date palm are closely related species and belong to the same family which is the (Arecaceae) Palmae family (Bourgis et al., 2011). The lignin powder was heated in a furnace with argon gas to 1,100°C at a rate of 20°C per minute and the produced lignin carbon was used to synthesize graphene oxide through the Hummers’ method. In another research, (Mao et al., 2025), synthesized graphene via flash Joule heating technique within milliseconds utilizing lignin. To prevent excessively large particle size or excessive moisture content from reducing flash Joule heating efficiency, the lignin was processed in a blast drying oven at 45°C for 24 h before being combined with a superconducting carbon black for the reaction. Lignin’s substantial carbon content and stable aromatic ring structure made it a promising precursor to produce flash graphene. Following flash Joule heating, sp3 C-C bond composition dropped from 59.8% to 24.0%, whilst sp2 C-C bond content rose from 0% to 38.8%.
Characterization of synthesized materials is a crucial part of each study because it provides information regarding defects, layers, surface chemistry, morphology, texture, and other physicochemical characteristics (Kumari and Samadder, 2022). Several characterization methods were employed to examine the graphene oxide produced from both date palms and oil palms. According to scanning electron microscopy (SEM) the morphology of the manufactured graphene oxide and raw date seeds differed; date seeds had a smooth surface with no pores, while the graphene oxide showed some porosity as displayed in Figure 6a (Al-Zahrani et al., 2022). On the other hand, the SEM image of graphene oxide prepared from oil palm demonstrated an irregular, thin-layered and wrinkled structure (Figure 6b) (Yaqoob et al., 2021). Both graphene oxide materials' SEM showed some degree of an uneven and irregular structure, indicating a transformation in their morphological structure. Nevertheless, the SEM image of the date palm-derived graphene revealed certain portions of a smooth structure, which led to a lower surface area when compared to the oil palm-derived graphene oxide.
[image: (a) SEM image showing a surface with a flake-like structure. (b) SEM image with green markers indicating specific points on a surface. (c) FTIR spectrum displaying transmittance, highlighting hydroxyl and carboxyl groups. (d) Another FTIR spectrum illustrating transmittance variations. (e) XRD patterns of graphene oxide and graphite with intensity peaks. (f) XRD pattern showing a single peak around twenty-six degrees.]FIGURE 6 | (a, c, e) SEM images, FTIR and XRD of graphene oxide prepared from date palm, respectively (Al-Zahrani et al., 2022). (b, d, f) SEM images, FTIR and XRD of graphene oxide prepared from date palm oil palm, respectively (Reproduced with permission from Yaqoob et al., 2021 ©Elsevier).
The surface area of the graphene oxide prepared from oil palm is 280.122 m2/g which is almost 10 times the surface area of graphene oxide prepared from date palm. This indicates a smaller particle size and higher porosity of oil palm-derived graphene oxide. While both graphene oxide materials were developed through Hammar’s method using graphite derived from lignin, date palm lignin underwent an additional co-precipitation process using iron (III) nitrate as a catalyst source before being carbonized. Moreover, the method employed in extracting lignin may also contribute to dissimilar characteristics of the extracted lignin. These disparities in graphite preparation can result in variations in the surface area of the produced graphene oxide.
A high-resolution, quick and non-destructive method for analyzing the electrical, optical, and phonon characteristics of carbon materials as well as their lattice structure is Raman spectroscopy (Tajik et al., 2020). Graphene has distinct vibration bands due to the resonantly enhanced Raman scattering of carbon materials, which has led to the widespread use of Raman spectroscopy to study the molecular structures of carbon compounds (Lee et al., 2021). The D band, G band, and 2D band are the strongest and most extensively researched Raman bands for sp2 carbon materials and their composites. The first order G band is about 1,580 cm-1, while the second order bands D and 2D are between 1,300 ∼ 1,400 cm-1 and 2,600 ∼ 2,700 cm-1, respectively (Li Z. et al., 2023). The D peak can be considered as a carbon atom’s sp3 hybrid structure or sp2 bond hybrid defect. Fully structured graphite crystals do not have the D peak. The crystalline structure of the material is represented by the stretching movement of the sp2 carbon atom, which produces the G peak (Wu and Yu, 2020). Both date palm graphene oxide and oil palm graphene oxide’s D and G bands in Raman spectroscopy showed close values, which indicates similarity in sp2 hybridization disorder and lattice vibration, respectively (Mbayachi et al., 2021).
Fourier transform infrared analysis (FTIR) is one of the characterization techniques that provide information about the functional groups present on the outer layer of the fabricated nanomaterials and their vibrational characteristics (Vasudevan et al., 2023). Due to the presence of cellulose and hemicellulose in date seeds, graphene oxide prepared from them had a high hydroxyl group at 3,339.9 cm-1 (Figure 6c), which could be the result of water molecules. This attribution can also apply to the graphene oxide prepared from oil palm, which also showed a close peak at 3,450 cm-1 (Figure 6d). C = C stretching was shown at 1,524.5 and 1,635 cm-1 peaks for date-palm graphene oxide and oil-palm graphene oxide, respectively. The adsorption band at 1,688.5 cm-1 in date palm graphene oxide was attributed to the carbonyl group (C=O), which suggested the presence of oxygen.
Regarding XRD, graphite prepared from date seeds (Figure 6e) showed a peak (002) at 26.5° and an inter-planar distance (d 002) of 0.334 nm. This implied the carbonaceous nature of graphite as well as the high orientation degree. Yao et al. (2018) used in situ XRD to study the evolution of graphitic carbon structures from loblolly pine wood. The intensity of the disordered peak, which was situated at about 24°, diminished with temperature as the temperature rises from 800°C to 1,300°C. There was an intermediary step in the process where no solid crystalline graphitic structure forms, rather than the graphitic structure developing constantly from the disordered carbon structure. According to the XRD pattern, at 1,400°C, the disordered carbon had all vanished. A tiny, modest peak that is characteristic of graphite (002) emerged at 26.67° after the temperature reached 1,500°C. These findings implied that the final graphite structure was formed by reorganizing the intermediate turbostratic carbon structure. Conversely, the date seeds graphene oxide XRD pattern changed from 26.5° to 11.66°, meaning that there was a 0.80 nm inter-planar gap. An increase in graphene oxide’s inter-planar distance was attributed to the presence of oxygen functional groups (Al-Zahrani et al., 2022). On the other hand, oil palm graphene oxide showed an identical XRD peak at 2 [image: Please upload the image or provide a URL so I can help generate the alternate text for it.] = 10.2[image: Blurred image with indistinct shapes and a bright central light. Further details are obscured.] (Figure 6f). This peak demonstrated that graphite had been successfully oxidized and transformed into graphene oxide. Additionally, it demonstrated that graphene oxide has larger interlayer spacing than graphite due to the presence of oxygen functional groups (Yaqoob et al., 2021).
Heat treatment of date seeds at different temperatures was studied by (Bin Sharfan et al., 2024) and resulted in the production of a graphene-like material. One pristine date seeds sample (S0) was prepared to be used as a reference along with the other three carbonized samples. The three samples S1, S2 and S3 have undergone pyrolysis at different temperatures 600°C, 800°C and 1,000°C. Characterization results revealed that the pristine date seeds sample has a non-porous structure (Figure 7a) while the produced graphene-like materials have a porous structure. The porous structure of the carbonized samples (S1, S2 and S3) can be noticed in the SEM images (Figures 7b–d). It can be observed that as the annealing temperature increases, the porosity also increases.
[image: (a) and (b) SEM images show surface textures with rough, granular formations. (c) and (d) display fibrous structures. (e) and (f) depict graphs with intensity versus 2θ and wavenumber, respectively, comparing samples S0 to S3, highlighting differences in peaks and patterns.]FIGURE 7 | SEM images of (a) pristine date seeds powder S0, and pyrolyzed date seeds powder at different temperatures; (b) S1 at 600, (c) S2 at 800 and (d) S3 at 1000, (e) WXRD and (f) FTIR of pristine date seeds powder S0 and pyrolyzed date seeds powder at different temperatures (Reproduced with permission from Bin Sharfan et al., 2024 ©Elsevier).
Because cellulose, lignin, and hemicellulose were present, the wide-angle X-ray diffraction (WXRD) spectra of S0 (Figure 7e) revealed notable peaks of 15.9, 18.1, 20, 23.6, 25.1, and 32.8°. The presence of these peaks suggests that the atomic structure of the pristine date seeds sample is semi-crystalline. Following thermal annealing of date seed samples, the majority of the peaks observed in the X-ray diffraction pattern disappeared, resulting in the emergence of two distinct broad peaks at 2θ angles of 23.5° and 43.50° . These findings suggest the presence of carbonaceous material and indicate a morphological transition from a semi-crystalline to an amorphous state. This shift was also attributed to the fact that d-spacing between neighbouring planes has increased, which may enhance the porosity. Furthermore, in samples S2 and S3, raising the annealing temperature produced an amorphous morphology resembling that of S1. However, as the temperature rose, the peak at 43.5° became more intense, which suggested a rise in microporosity.
However, FTIR readings of the powdered date seeds at 150°C (before pyrolysis) (Figure 7f) displayed a broad absorption band for–OH stretching vibration between 3,200 and 3,400 cm-1. This is a sign that water, carboxylic acids, alcohols, and phenols are present. Moreover, results demonstrated peaks between 2,800 and 2,900 cm-1, and they were attributed to the stretching vibration of alkyl groups (–CH) resulting from the presence of lignin, cellulose, and hemicelluloses. The FTIR results of the pyrolyzed date seeds powder at 600°C, 800°C and 1,000°C showed the disappearance of functional groups such as–OH and–C––O, which indicated the conversion to carbonaceous materials. Brunauer–Emmett–Teller (BET) surface area of this graphene-like material produced through the thermal treatment of date seeds was 117 ± 13 m2/g. It was noticed that the pyrolyzed date seeds at 600°C have more porosity than the pristine sample which has only a BET surface area of 50 m2/g which indicated that carbonization at higher temperatures led to the production of a material with a large surface area and a porous structure. In another study, 3D porous graphene-like was created by carbonizing coffee and tea waste at 550°C and then thermochemically activating the mixture in KOH at 850°C. Coffee and tea waste’s microstructure demonstrated the formation of micro- and mesopores during carbonization, and additional chemical activation creates hierarchically extremely porous carbon that resembles graphene in three dimensions. According to the BET method, graphene-like derived from coffee waste had a greater specific surface area of 3,486 m2/g than graphene-like derived from tea waste, which had a specific surface area of 2,407 m2/g (Beissenov et al., 2024). These high reported specific surface areas, which even exceed the theoretical value of commercial graphene’s surface area, highlight the potential of graphene-like materials derived from biomass waste in applications that require high surface area, such as adsorption. It can be observed that the surface areas of graphene-like materials derived from tea and coffee waste are significantly higher than those derived from date palm seeds. This can be attributed to the difference in synthesis procedures, as graphene-like materials derived from date palm seeds did not undergo the KOH activation process, which can enhance the specific surface area and create a well-developed microporous structure.
3.2 Graphene from date palm leaves
The most residues that date palm trees produce each year are leaves (Jonoobi et al., 2019). About 30 kg of leaf waste is produced annually from each date palm tree (Galiwango et al., 2017). About 50.4% of the date palm leaves' overall makeup is carbon, making them carbon-rich (Hussain et al., 2014). Graphene quantum dots were synthesized utilizing two processes using date palm leaves (Saleem et al., 2023). Hydrothermal technique for 12 h at 200°C in water was used in both procedures. No reducing, passivizing agents or organic solvents were used in the first procedure. However, in the second one, absolute ethanol was used. In the first synthesis method, 5 g of leaf powder (obtained through ball milling) was boiled in 200 mL of deionized water at 80°C for 1 h. The extract underwent several steps of centrifugation, filtration, sonication, and hydrothermal treatment for 12 h at 200°C and finally, after drying the precipitate at 70°C for 4 h, GQDs powder was obtained. On the other hand, in the second method, leaf pieces were soaked in pure ethanol and the solution was stirred, centrifuged, filtered, and concentrated in a rotary evaporator. After that, the slurry was thoroughly dissolved in 100% ethanol to ensure that the GQDs were evenly dispersed and finally the dispersion was filtered out and dried to obtain GQDs. The results showed that the yields for GQD-1 and GQD-2, which were produced using methods 1 and 2, respectively, were 52% and 49.2%. Thus, procedure 1 was deemed to be more advantageous than the other one due to its larger yield. A schematic representation of the preparation of GQDs from date palm leaves using the two methods is shown in Figures 8a,b. Similar hydrothermal process was followed in a recent study where GQDs were prepared over 8–12 h from spent tea leaves at 200°C to create turbostratic carbon, which then was transformed into aromatic carbon and generated bright blue, fluorescent GQDs (Abbas et al., 2023).
[image: Diagram illustrating two processes (a) and (b) for obtaining GQDs from date palm leaves, followed by four graphs (c), (d), (e), (f) showing analysis results. (a) involves powdering leaves, boiling, and centrifugation. (b) uses ethanol and heating. Graph (c) shows Raman spectra, (d) UV-vis spectra, (e) FTIR spectra, and (f) FTIR spectra comparison.]FIGURE 8 | Schematic representation of the preparation of GQDs from date palm leaves using (a) method 1 (distilled water) and (b) method 2 (ethanol), Raman spectroscopy results of date palm graphene quantum dots prepared following (c) method 1 and (d) method 2, FTIR results of date palm graphene quantum dots prepared following (e) method 1 and (f) method 2 (Saleem et al., 2023).
The structure of GQD was studied using Raman spectroscopy (Figures 8c,d). The presence of D and G bands in GQD-1 (prepared from date palm leaves without using any chemicals) and GQD-2 (prepared from date palm leaves using only pure ethanol) was confirmed through Raman spectroscopy characterization. The D band is linked to sp3 hybridized carbon atoms that originate from defects and oxygen functional groups, and it is correlated with the crystalline quality. The G band is associated with the nature of crystalline, and it arises from sp2 hybridized carbon atoms (Chua et al., 2015; Saleem et al., 2023). For GQD-1 and GQD-2, the D band was detected at 1,381 cm-1 and 1,364 cm-1, respectively. Conversely, for GQD-1 and GQD-2, the G band was detected at 1,590 cm-1 and 1,575 cm-1, respectively (Saleem et al., 2023). These outcomes closely resemble those of graphene quantum dots synthesized from fullerene C60 (Chua et al., 2015). The results presented in Table 5 demonstrate the highly similar crystalline nature and quality of the three materials, as evidenced by the nearly identical values of the D and G bands for the GQD synthesized from date palm leaves and GQD synthesized from fullerene.
TABLE 5 | Summary of Raman and FTIR results of conventional graphene quantum dots and date-palm graphene quantum dots.
[image: Table comparing Raman and FTIR data of GQD1 and GQD2 from Saleem et al., 2023, with conventional GQD from Chua et al., 2015. It lists values for D Band, G Band, C—O vibrational band, O—H hydroxyl group, C=C stretching vibrations, and C=O stretching carbonyl group in cm⁻¹.]On the other hand, transmission electron microscopy (TEM) results revealed that the size of GQD-1 ranges from 3.5 to 8 nm, while the size of GQD-2 ranges from 3.5 to 7 nm. Although GQD-1 and GQD-2 had approximately similar size, their size is higher than that of conventional graphene quantum dots synthesized from fullerene which comes in diameters between 2 and 3 nm. Kalita et al. (2016) used rice grains as a carbon source to create GQDs with diameters ranging from 2 to 6.5 nm. The quantum confinement effect caused a red shift in the photoluminescence emission spectra as the size of the GQDs increased from 2 to 6.5 nm. Reactant concentration, temperature, and reaction time all affect the size of GQDs, which in turn affects their characteristics. In the top-down technique in particular, the GQDs typically show a wide range of sizes. It is possible to regulate the size and shape of GQDs by altering the synthesis conditions (Zhao et al., 2024). Nevertheless, their size is < 20 nm which is the typical size of GQDs indicating their robust luminous characteristics that may be adjusted and high photoluminescence emissions (Gozali Balkanloo et al., 2023).
On the other hand, the FTIR spectroscopy data revealed the stretching vibrations of the hydroxyl group, C=C, carbonyl group, and C-O for both GQD-1 and GQD-2 prepared from date palm leaves (Figures 8e,f). Results confirm that carbonization has occurred during the hydrothermal reaction. The same peaks of the carbonyl group, C=C, hydroxyl group and C-O were detected in the FTIR analysis of the conventional GQD which indicates that both date palm GQDs and the conventional one has similar surface characteristics. A summary of FTIR results of conventional GQDs and date-palm GQDs is provided in Table 5.
3.3 Graphene from low-quality dates
Another kind of date palm waste that can be used to make worthwhile items is spoilt and low-quality dates. Utilizing low-grade dates and sand, graphene-coated sand was produced. The dates pulp was boiled for 20 min, filtered and the date juice mixture was centrifuged at 7,000 rpm for 30 min. The extract was concentrated under vacuum at 70°C and then mixed with the sand. Following a thorough mixing, the mixture was heated to 90°C in a hot air oven until the date liquid solidified on the surfaces of the sand. After drying, the product was pyrolyzed for 3 hours in an N2 carbonized furnace at 750°C. When the melting point of hardened date juice (185°C) was reached, the colour of the sample changed to dark brown and then transformed into carbon. After graphitization, ashes from the surface were removed through activation by strong H2SO4 and the final graphene-coated sand was produced (Abd Ali, 2019).
Similar to the above pyrolysis method used to produce graphene-coated sand, (Khan et al., 2019), generated another hybrid material made of graphene and sand (graphene sand hybrid). Nevertheless, the H2SO4 activation’s final step was not used. Sucrose and fructose molecules in the date syrup completely exfoliated to generate graphene nanosheets on the sand surface. The full exfoliation of the sucrose and fructose molecules in the date syrup produced graphene nanosheets on the sand surface. The date syrup and sand were mixed in a ratio of 2:5. After stirring for 1 h and drying at 80°C, the produced solid was burned at 750°C in a furnace under N2 flow. The mixture was first heated to 100°C at a rate of 2.5°C/min; after that, it was raised to 200°C at a rate of 3.3°C/min, until the dates reached their fusion point. Lastly, the temperature was raised to 750°C at a rate of 9.1°C/min, indicating the date juice’s sucrose and fructose molecules' transformation into carbon material. In a recent study, the impact of using date syrup-based graphene-coated sand hybrid (D-GSH) as a partial sand substitution and its potential to improve both fresh and hardened properties were investigated in 3D-printed cement composites. By reducing the fluctuation in double layer thickness from 38% to 28%, the addition of 0.5% D-GSH considerably enhanced the printing quality when compared to the control mix. The rheological characteristics improved flowability by demonstrating decreased viscosity and shear stress against shear rates (Ali et al., 2024).
The Energy-dispersive X-ray spectroscopy (EDS) results of sand and graphene-coated sand material prepared from low-quality dates demonstrated that carbon has the largest percentage, which is at 76.15%, confirming the graphitization of the sand surface. Moreover, the reduction in the percentage of silica from 52.3% in sand to only 0.9% in graphene-coated sand indicates that the surface of the sand has been covered with graphene. Also, there is 0.7% sulfur on the surface of graphene-coated sand which could be a result of the activation with H2SO4.
Graphene sand hybrid was investigated utilizing a Raman spectrometer and the results showed three peaks. The three peaks were the D band at 1,370 cm-1, the G band at 1,580 cm-1, and the 2D band at 2,760 cm-1. These peaks confirm that date syrup components have successfully converted to graphene carbon material (Khan et al., 2019). Only in graphene with more crystallinity or fewer imperfections is the 2D band clearly visible. As the degree of oxidation rises, the disorder in the material structure also rises. As a result, the intensity of the 2D bands gradually decreases and widens, resulting in their assignment to other bands (Tinh et al., 2023). Moreover, these values are very close to those of conventional graphene reported in (Mbayachi et al., 2021). Table 6 presents an overview of the Raman spectroscopy results for traditional graphene and graphene sand hybrid.
TABLE 6 | Summary of Raman spectroscopy results of graphene materials produced from date palm waste and oil palm waste using sand and glass as supporting material.
[image: Table comparing Raman Spectroscopy measurements in four types of graphene. Data for the D Band: 1370, 1110, 1353.5, 1350 cm⁻¹. G Band: 1580, 1632, 1585.3, 1580 cm⁻¹. 2D Band: 2760, not available, not available, 2700 cm⁻¹. Each column represents a different graphene type sourced from date palm, oil palm, or conventional methods, cited with respective studies.]On the other hand, the XRD results showed a distinct peak at around 23.2[image: A black and white image of a classic film scene depicting a man and a woman in a dramatic pose. The man, wearing a suit, looks intently over the woman's shoulder, while the woman gazes away, her hair styled in 1940s fashion. Both appear focused, conveying a sense of tension and emotion.]. This peak was ascribed to the multilayered graphene structure. Results also showed several additional small and medium peaks at different 2θ values which were attributed to the highly crystalline sand that was utilized as supporting material (symbols o and + in Figure 9a indicate quartz and silica, respectively). Similar small peaks between 35[image: Blurry, indistinct image with no visible details or discernible features.] and 50[image: Blurred image of a person wearing a dark jacket and looking directly at the camera. The background is unclear, and the image lacks detail and sharpness.] were observed in the XRD results of powdered graphene coated sand using three different types of sands along with the prominent (002) plane reflection of an ordered graphite structure peak at 26.5° (Nusair et al., 2024).
[image: Panel (a) shows an XRD pattern with peaks for glass and hybrid composites. Panel (b) displays a transmittance spectrum with peaks across a wide range. Panel (c) illustrates the process flow from glass waste to graphene glass hybrid, involving steps like washing, crushing, and sieving. Panel (d) presents an XRD pattern comparing glass waste and graphene glass hybrid. Panel (e) features a XRD pattern of another material with various peaks labeled. Panel (f) showcases transmittance spectra for glass waste and graphene glass hybrid, highlighting specific wavenumbers. Panel (g) displays a transmittance spectrum over 500 to 4000 wavenumbers per centimeter.]FIGURE 9 | (a) XRD of sand and graphene sand hybrid (GSH) (Khan et al., 2019), (b) FTIR of graphene-coated sand (Reproduced with permission from Abd Ali, 2019 ©Taylor and Francis), (c) schematic representation of graphene glass hybrid synthesis process. XRD and FTIR of graphene materials containing glass as supporting material and produced from (d, f) date palm (Reproduced with permission from Graimed and Tark Abd Ali, 2022 ©Elsevier), and (e, g) oil palm (Reproduced with permission from Vasudevan et al., 2023 ©Elsevier), respectively.
FTIR measurements of graphene sand hybrid revealed peaks at 1796 and 1,451 cm-1 and they were ascribed to C=O stretching of the–COOH groups and C–H stretching vibrations. These findings provided proof that the sucrose and fructose particles completely graphitize on the sand surface, producing a carbonaceous substance with several oxygen functional groups. Conversely, the sucrose functional groups in the graphene-coated sand were represented by the adsorption bands at 1,346 cm-1, 2,721 cm-1, 2,937 cm-1, and 3,336 cm-1 and the graphitization of date syrup was confirmed by the peaks at 1,600 cm1, 1,685 cm-1, 1749 cm-1, and 3,525 cm-1 (Figure 9b).
Glass waste was utilized as supporting material and low-quality dates were used as a sustainable carbon source to create a graphene glass hybrid (Graimed and Tark Abd Ali, 2022). Date syrup was graphitized to create the graphene-glass hybrid through the pyrolysis process. The glass trash was collected, cleaned, sieved, and then added to the date syrup at the ratio of 2:5. After stirring for an hour and drying overnight at 80°C, the uniform solid mixture was loaded onto a ceramic boat and placed in a tube furnace for carbonization at 800°C (under the flow of 100 mL/min N2). Figure 9c shows a schematic of the synthesis of graphene glass hybrid. Glass was also employed by (Vasudevan et al., 2023) in the manufacture of graphene as a covering material for oil palm lignin solution. The lignin that was taken out of the empty fruit bunch of the oil palm was used to create graphene. First, 50 mL of distilled water and 10 g of lignin powder were combined, and the mixture was stirred until a uniform lignin solution was created. After coating a glass substrate with the uniform lignin solution, the substrate was placed in an oven at 50°C for 30 min to dry. Next, the dried lignin glass substrate was placed into a laser-scribed machine and after 30 min, a lignin-coated glass substrate was penetrated by a CO2 laser to generate graphene.
Defect quantification is essential for understanding the basic characteristics of graphene-related systems. Using Raman spectroscopy, significant efforts have been made to measure flaws and disorders. Since the area beneath each peak indicates the probability of the entire process, taking uncertainty into account, the area ratio should, in theory, always be considered for minor disorders or perturbations. However, decoupling the information at full width at half-maximum and peak intensity is significantly more revealing for a huge disorder. The intensity indicates the phonon modes or molecular vibrations participating in the most resonant Raman processes, whereas full width at half-maximum is a measure of structural disorder (Cançado et al., 2011). By measuring the intensity ratio of the D band to the G band (ID/IG ratio), Raman spectrum analysis enables the evaluation of disorder and flaws in carbon materials (Lee et al., 2021). Raman spectroscopy results of graphene glass hybrid (Graimed and Tark Abd Ali, 2022) showed two peaks at 1,110 cm-1 and 1,632 cm-1. The first peak is the defects and disorder D peak, and the second is the graphics G peak. These findings demonstrated that the graphene glass hybrid contains a significant amount of the sp2 graphene carbon material, which was produced by the conversion of the sucrose and fructose molecules in the date syrup. On the other hand, graphene produced from oil palm waste and supported by glass had values of D and G peaks closer to the ones reported for conventional graphene (Table 6). This can indicate that it has a similar structure and crystallinity to the conventional graphene more than the date palm graphene glass hybrid. The intensity ratio of graphene glass hybrid and oil palm graphene (with glass support) is 0.775 and 0.7, respectively indicating the existence of the same disorder degree. The ratio ID/IG rises with increasing graphene disorder because of elastic scattering brought on by increased defect intensity. Nonetheless, the more amorphous the carbon structure, the lower the ID/IG ratio (Mbayachi et al., 2021). An ID/IG ratio of 0.94 was reported by (Tinh et al., 2023) for graphite synthesized from the cellulose of corncob indicating the sp2 hybrid carbon structure; following reflux heating and synthesis using the improved Hummers' method, this ratio rose to 1.003 for GO sample, confirming that oxidation has increased the material’s degree of structural defects. Furthermore, rGO synthesized from sugarcane dry leaves showed an ID/IG ratio of 1.24. When compared to the G band, the D band’s intensity is higher, suggesting that there is more disordered phase in rGO (Thangaraj et al., 2024). The maximal value of ID/IG is approximately 13, and it denotes that the defect is associated with sp3 hybridization (Gupta et al., 2025).
According to X-ray diffraction results, the glass waste had peaks that most likely fit the distinctive quartz and silica diffraction patterns (symbols o and + in Figure 9d). Furthermore, graphene glass hybrid’s results revealed clear peaks at 24.4[image: A grayscale abstract image featuring blurred radial patterns converging towards a bright central point. The image has a soft focus and creates a tunnel-like, symmetrical effect.] and 43.81[image: A blurry grayscale image with a circular pattern in the center, surrounded by a radial gradient. Details are indistinct due to the lack of clarity and sharpness.] (Figure 9d) (Graimed and Tark Abd Ali, 2022). On the other hand, the graphene from oil palm waste employing glass as supporting material also showed very close diffraction peaks at 23.4[image: Blurred image with indistinguishable content, featuring a gradient from dark edges to a light center.] and 47.69[image: Blurred image with indistinct content, possibly obscuring details or subject.]. The peaks at 24.4[image: A black and white photo of a man in a suit, sitting in a chair with crossed legs. The background is out of focus, emphasizing the subject.] and 23.4[image: A blurred silhouette of a microphone against a dark circular background, creating a halo effect. The light source shines from behind, emphasizing the outline and creating a sense of focus on the microphone.] implied the carbonaceous nature of graphene (Figure 9e) (Vasudevan et al., 2023).
Regarding the FTIR analysis of the graphene glass hybrid derived from date palm syrup (Figure 9f), the presence of quartz on the surface of graphene was confirmed by a bending that occurred at 1,229 cm-1 and was attributed to Si–O vibration. Additionally, a peak at 1,417 cm-1 was identified as the result of the vibratory vibrations' C-H expansion and the C-O distribution of the–COOH groups. The results indicated the complete graphitization of sucrose and fructose on the glass waste surface. On the other hand, the graphene prepared from oil palm waste with glass as supporting material showed peaks at 3,433.5 cm-1, 1722.5 cm-1, and 1,165.4 cm-1, which are assigned O-H, C=C, and C-O groups, respectively (Figure 9g).
The surface area of the graphene produced using dates syrup has a low surface area in comparison to the conventional graphene which has a reported surface area of 2,630 m2/g (Abdellah et al., 2023). This decrease in surface area is probably due to the coating of sand and glass. Regardless of this low surface area, these date palm graphene materials showed superior performance when applied in pollutant removal. However, the graphene-coated sand of (Abd Ali, 2019) showed a greater surface area (175 m2/g) than the graphene-sand hybrid of (Khan et al., 2019) and graphene glass hybrid of (Graimed and Tark Abd Ali, 2022). The reason for this increased surface area can be the activation of the produced graphene with H2SO4. This activation was not carried out in the case of the other graphene materials. The BET surface area of some biomass-derived graphene materials, and date-palm graphene materials in comparison to conventional graphene is summarized in Table 7. It can be observed that many biomass-derived graphene materials have surface areas that are significantly smaller than the theoretical value, thus, chemical activation using KOH, ZnCl2, and H3PO4 as well as physical activation using CO2 and steam is required to enhance surface area (Safian et al., 2021; Lin et al., 2021; Ekhlasi et al., 2018) reported an exceptional surface area of 1,317.1 m2/g for graphene material prepared from powdered Populus wood as a carbon precursor via carbonization and KOH activation under N2 gas at temperatures ranging from 750 to 950°C. Although similar synthesis procedure of carbonization and activation has been followed utilizing other different biomass sources, however, the surface area of the produced graphene materials was far less than the one produced from Populus wood. Thus, it can be hypothesized that the origin of the biomass source plays a significant role in determining the surface area of the produced graphene.
TABLE 7 | Summary of surface area of biomass-derived graphene, date-palm-derived graphene and conventional graphene.
[image: Table listing various carbon sources, corresponding graphene materials, their surface areas in square meters per gram, and references. Notable entries include graphite with a surface area of two thousand six hundred thirty, and graphene-like material made from tea waste with a surface area of two thousand four hundred seven, both referenced from different authors and years.]3.4 Graphene oxide-reducing agents from date-palm fruit
The chemical reduction technique is the most effective way to synthesize rGO quickly and on a large scale. However, there are many challenges in the process of turning graphitized carbon into rGO. The present chemical approach, however, uses hydrazine as a reducing agent which is a dangerous, poisonous, and corrosive chemical. As a result, the numerous applications of graphene will be limited because of the environmental impact and safety concerns (Amir Faiz et al., 2020).
Lately, efforts have been focused on reducing graphene oxide using ecologically friendly solutions. Additionally, applying these compounds to reduce graphene oxide yields graphene with a higher carbon content. The rich and varied makeup of natural plants includes polyphenols, terpene, alkaloids, tannins, polysaccharides, and other substances. During the reduction process, these ingredients function as antioxidants (Ousaleh et al., 2020). The production of rGO has involved the use of a number of natural sources as green reducing agents, such as green tea extract (Vatandost et al., 2020), sugarcane bagasse (Gan et al., 2019), Caesalpinia sappan L. (Destiarti et al., 2024) and oil palm leaves (Amir Faiz et al., 2020). Table 8 provides an overview of the various biomass sources, reduction techniques, and applications. In general, the green reduction steps of graphene oxide include the stirring, heating, refluxing and filtration of the plant to produce extract which is further used as a green reducing agent for graphene oxide.
TABLE 8 | Green reduction of graphene oxide using different biomass sources.
[image: A table listing biomass sources, reduction steps, applications, reduction times, and references. Sources include green tea, sugarcane bagasse, palm oil leaves, and date palm fruits. Each source details its reduction process, applications like electrochemical detection and anticancer activity, and reduction times ranging from one to twenty-four hours. References provide study authors and publication years.]Fruit from the date palm is abundant in active phytochemicals, including flavonoids, carotenoids, and phenolic acids. Phenolic acids and flavonoids isolated from dates were utilized as reducing and stabilizing agents. The date fruit extract containing flavonoids and phenolic acids has the unique ability to chelate metal ions, which promotes the reduction and stability of metal ions into nanoparticles or nanocomposites. Also, phenolic compounds have a large amount of -OH functional groups, which is important for the reduction process. Mo-ZnO/reduced graphene oxide nanocomposites (Mo-ZnO/RGO NCs) was prepared from sodium molybdate (Na2MoO4), zinc nitrate (Zn(NO3)2), and graphene oxide. Reduced graphene oxide was produced from graphene oxide using the bioactive phytochemicals of date fruit extract. Free-moving Zn2+ and Co3+ ions were released from Zn(NO3)2 and Na2MoO4 after dissolving in date fruit extract. These free-moving ions target the extract’s bioactive phenolic compounds' active sites to be stabilized and reduced into nano complexes. The Mo-ZnO/reduced graphene oxide nanocomposites were produced from the nano complexes through heat treatment (Ahamed et al., 2022). Diagram illustrating the use of date palm fruits as a reducing agent in the preparation of Mo-ZnO/rGO is shown in Figure 10a.
[image: Diagram showing the synthesis of Mo-ZnO/RGO nanocomposites using date fruit extract. Part (a) illustrates the process with flasks indicating steps like maceration, extraction, stirring, and heat treatment, culminating in the formation of nanocomposites. Part (b) depicts the transformation of graphene oxide via sonication and stirring at different stages, involving copper sulfate and sodium hydroxide, to form CuO and Cu(OH)₂ graphene oxide hybrids, with date palm syrup used in the process.]FIGURE 10 | Schematic representation of using date palm fruits as a reducing agent in the preparation of (a) Mo-ZnO/RGO nanocomposite (Ahamed et al., 2022), and (b) Cu2O graphene nanocomposite (Reproduced with permission from Athinarayanan et al., 2018 ©Elsevier).
In another study, date fruit extract was used as a reducing agent to synthesize Cu2O/graphene nanocomposites (Athinarayanan et al., 2018). To synthesize Cu2O/graphene nanocomposites; Cu(OH)2 was used to anchor the graphene oxide surface, and date palm fruit syrup was used to reduce it. After creating the copper sulfate solution, it was stirred into the graphene oxide solution. After adding 5 mL of date palm syrup to the mixture, the mixture was incubated at 85°C. The liquid was then allowed to cool to ambient temperature, and the precipitate that formed was centrifuged, carefully cleaned, and dried out at 50°C (Figure 10b). Graphene oxide was successfully reduced to crystalline graphene, as evidenced by the XRD patterns of the Cu2O/G nanocomposite, which had a diffraction peak at 2θ = 22.2[image: A blurred circular gradient with a bright white center gradually fades to darker shades of gray and black toward the edges.] that is connected to the graphene (002) plane. Different reduction times were reported in the literature using different green reducing agents (Table 8). (Ousaleh et al., 2020) revealed the synthesis of four green reducing agents that were taken from cunica granatum L, citrus lemon L, cannabis sativa L, and date palm (Phoenix dactylifera L). The four green reducing agents were extracted using the microwave-assisted technique and the reduction time was 24 h which is higher than the reduction time reported by (Ahamed et al., 2022; Athinarayanan et al., 2018) which was only 4 and 1 h, respectively.
4 DATE PALM-DERIVED GRAPHENE APPLICATIONS
The use of graphene materials derived from carbonaceous wastes in fuel cells, solar cells, supercapacitors, electrochemical sensors, polymer composites, energy storage, and medical applications has been the subject of numerous investigations. A wide range of research and development disciplines are particularly interested in the potential applications of graphene nanoparticles. Excellent qualities and low cost make graphene-based nanomaterials ideal for use in photocatalysis, antimicrobial devices, sensors, and water treatment (Kumari and Samadder, 2022; Manikandan and Lee, 2023). Heavy metal adsorption in soil and water settings is one use for graphene derived from agricultural waste. Oil-water separation, sensors to identify specific trace substances, and the production of fuel cells and supercapacitor electrode materials are also amongst the applications of graphene derived from agricultural waste (Li L. et al., 2024). Additionally, biomedical applications like bioimaging, biosensing, tissue engineering, medication delivery, and antibacterial agents have made use of graphene derived from biomass (Figure 11a) (Blessy Rebecca et al., 2022).
[image: Diagram depicting biomass-derived graphene applications and effectiveness. (a) Lists applications: electrochemical, environmental, and biomedical. (b) Bar chart shows % removal of dyes (MV, CR, MB, MO) with varying concentrations. (c) Bar chart shows % removal of MV and CR with different adsorbent dosages. (d) Illustration highlights interactions of cationic and anionic dyes with graphene, including hydrophobic, ionic, and hydrogen bonds.]FIGURE 11 | (a) Applications of biomass-derived graphene in different areas. Effect of (b) concentration and (c) dosage on the adsorption of dyes onto graphene sand hybrid prepared from low-quality dates syrup, and (d) adsorption mechanism onto the graphene sand hybrid (Khan et al., 2019).
Contaminants such as organic pollutants, and heavy metal ions pose a major threat to soil, water, and groundwater pollutants and it is essential to remove them. Because of their large surface area and strong pollutant interactions, which subsequently increase adsorption effectiveness, carbon composites generated from biomass showed a lot of promise (Bezazi et al., 2024). The carbon materials function as adsorbents to move ion pollutants in water from the liquid phase to the solid phase, following the theory of phase transition (Avornyo and Chrysikopoulos, 2024). The principal pollutants found in industrial effluents include different heavy metal ions, various dyes, insecticides, herbicides, and fungicides. These compounds are all carcinogenic, mutagenic, and non-biodegradable (Saini et al., 2024). The graphene obtained from date palms has been used to remove a variety of contaminants (both organic and inorganic) from contaminated water.
4.1 Organic pollutants removal
Dyes, antibiotics, and petroleum hydrocarbons are examples of organic contaminants that are extremely harmful to both human health and aquatic organism life. For instance, due to their strong coloring power, low biodegradability, and high carcinogenicity, organic dyes dumped straight into fresh water might alter human cells through the food chain and harm aquatic organisms' immune systems (Qu et al., 2023). However, antibiotics originating from factories, homes, hospital discharges, livestock farming, and runoff from agricultural and aquaculture locations can typically lead to the creation of antibiotic-resistant genes and bacteria, which is extremely dangerous for human health as well as the health of other living things (Fayaz et al., 2024). Graphene-based adsorbents have recently studied for the treatment of wastewater. Graphene is a graphite single-atomic layer with a unique two-dimensional (2D) structure that allows the adsorption process to occur on both sides of flake sheets (Azam et al., 2022; Rezania et al., 2022).
The graphene sand hybrid developed by (Khan et al., 2019) from low-quality dates syrup was investigated on a series of cationic and anionic dye solutions including methyl violet (MV), Congo red (CR), methylene blue (MB) and methyl orange (MO) with initial concentrations ranging from 5 to 200 mg/L using 25 mg of the adsorbent for 4 h. Figure 11b shows that graphene sand hybrid was able to remove more than 90% of MV and CR in the whole range of initial concentrations. However, the removal of MB and MO was only 75% and 57%, respectively at initial concentration 25 mg/L and as concentration increased, the removal percentage decreased. The effect of adsorbent dosage on the removal of CR and MV is shown in Figure 11c. It is clearly seen that increasing the dosage of graphene sand hybrid had negligible effect on MV adsorption. However, for CR, the removal percentage increased with the increase in adsorbent dosage and the highest removal efficiency of 93% was reported at a dose of 25 mg. Further increase in dosage above 25 mg showed no effect on removal efficiency, and this was attributed to the agglomeration of the adsorbent particles. Results showed that the graphene sand hybrid had a strong ability to adsorb MV dye and CR dye with adsorption capacities of 2,564 mg/g and 333 mg/g, respectively. The excellent adsorption performance of graphene sand hybrid was attributed to the fact that graphene’s layered interlamination is opened by wrapping it around sand, revealing the potent adsorption sites found in the interlayers. Moreover, the hydrophilic sand surface turns hydrophobic, negatively charged, and has π-electron conjugated structure when a hydrophobic graphene sheet with sp2 hybridized structure is present on it. The anionic graphene sand hybrid demonstrated high extraction efficiencies for cationic dye pollutants like MV because of its strongly negatively charged surface. In addition to electrostatic interaction, π-π bonding was also a significant factor in dye adsorption (Figure 11d). The Congo red dye adsorption capacity using graphene sand hybrid material is slightly higher than the adsorption capacity of Congo red dye using graphene synthesized from rubber seed shells (Nizam et al., 2022). According to this study, functional groups like hydroxyl and carboxylic have a major impact on the process via which dye molecules connect with the graphene oxide surface through π-π interaction and electrostatic contact. Regardless, the adsorption equilibrium data of Congo red adsorption using both adsorbents were fitted by Langmuir model, while the kinetic data were fitted by the pseudo-second order kinetic model. Teow et al. (2020) created graphene shell composite, which was utilized to remove methylene blue (MB), utilizing oil palm kernel shell as the basis material and oil palm frond juice as the natural carbon source. They reported that after 20 h, the removal was more than 80% for a range of different initial concentrations. Although, this percentage is higher when compared to date palm-derived graphene sand hybrid, the contact time of 20 h is 5 times more than the contact time in the case of date palm-derived graphene sand hybrid which was only 4 h.
Graphene oxide produced from raw date seeds was utilized in the adsorption of the insoluble phenothiazine-derived dye. The adsorption capacity was 4.88 mg/g at optimum conditions of 11 mg/L initial dye concentration, pH 9, and contact time of 30 min (Al-Zahrani et al., 2022). On the other hand, the graphene glass hybrid prepared from the syrup of dates with low quality was utilized as a reactive substance in permeable barrier technology to treat groundwater contaminated with tetracycline (Graimed and Tark Abd Ali, 2022). The Langmuir model was used to fit the equilibrium data, the maximum adsorption capacity was determined to be 17.122 mg/g, and the kinetic data were fitted by the pseudo-second order kinetic model. Optimum adsorption conditions, equilibrium, kinetics, and thermodynamics of different organic pollutants using date palm-derived graphene materials are summarized in Table 9. To improve graphene’s potential for water treatment, a composite formed of graphene functionalized with ferrocene was produced using byproducts of palm tree as a carbon source (El-Maghrabi et al., 2022). In batch adsorption tests, several parameters such as pH (Figure 12a), time (Figure 12b), adsorbent dose (Figure 12c) and starting concentration (Figure 12d) were tested to determine the best conditions for removing PO4−3 from wastewater. The best adsorption capacity was found to be 58.93 mg/g when graphene produced from palm fibers was used at an initial concentration of 15 mg/L, pH = 3, dose of 10 mg, and contact duration of 60 min. The data derived from the pH effect confirmed that the phosphate ions adsorption mechanism is ion exchange (Figure 12e). This was ascribed to the rise in pH associated with an increase in hydroxyl ions, which lowered the removal % by competing with phosphate ions for the active sites on the graphene surface. Because the Langmuir model fits the adsorption process, this interpretation is also consistent with the results of the adsorption isotherm.
TABLE 9 | Optimum adsorption conditions, equilibrium, kinetics, and thermodynamics of different organic and inorganic pollutants using graphene materials derived from low-quality dates syrup.
[image: A table summarizing studies on graphene-based materials for pollutant removal. Columns list material, pollutant, dosage, time, pH, initial concentration, equilibrium, kinetics, thermodynamics, and references. Specific entries include graphene oxide with phenothiazine-derived dye, graphene sand hybrids with Congo red and methyl violet, graphene coated sand with copper, and others. Each row details the conditions and findings, such as equilibrium models and thermodynamic properties, with sources from various researchers between 2019 and 2022.][image: A composite image with four graphs and a chemical structure diagram. (a) A bar and line graph shows adsorption capacity versus pH levels for two samples. (b) A bar graph depicts percentage removal against time with color-coded bars. (c) A bar chart and line graph display adsorption capacity versus dosage in milligrams per liter. (d) Another bar and line graph presents adsorption capacity and removal efficiency against concentration. (e) A chemical structure diagram illustrates ion exchange (blue) and electrostatic attraction (green) with labeled components including Fe and HPO\(_4^{2-}\).]FIGURE 12 | Effect of (a) pH, (b) time, (c) dose and (d) concentration on the adsorption of phosphate onto ferrocene-functionalized graphene prepared from palm fibres (F-G-F) and palm leaves (L-G-F), and (e) adsorption mechanism onto the ferrocene-functionalized graphene (El-Maghrabi et al., 2022).
Adsorbent materials must be able to be successfully regenerated and reused for several treatment cycles in order to be economically viable. The optimal adsorbent regeneration process should remove impurities and competing species such as dissolved organic matter and background ions, preserve the original surface functional groups and structure, and allow for additional adsorption-desorption cycles without requiring the replacement of media (Vakili et al., 2024). Through the use of several solvents, including acetone, HNO3, and NaOH, the reusability of graphene sand hybrid prepared from low-quality dates syrup was conducted. A 0.1 M NaOH was able to effectively desorb methyl violet where there was no discernible decrease in adsorption capacity even after three cycles (Figure 13a). When Congo red-adsorbed graphene sand hybrid was regenerated using acetone and NaOH, a similar pattern was observed (Figure 13b) (Khan et al., 2019). On the other, GO derived from date palm seeds which was used for the adsorption of phenothiazine-derived dye was regenerated through rinsing with deionized water and employed in the following adsorption experiment. 90% of the regenerated GO’s capacity was preserved after four adsorption cycles (Figure 13c) (Al-Zahrani et al., 2022). The reusability of ferrocene-functionalized graphene derived from palm fibres (F-G-F) and palm leaves (L-G-F) in the adsorption of phosphate were also investigated and results showed significant decrease in the removal percentage after four consecutive adsorption/desorption cycles (Figure 13d) (El-Maghrabi et al., 2022).
[image: A series of graphs illustrating removal efficiency and adsorption capacity under various conditions. Graphs (a), (b), (i), and (j) show removal percentages over regeneration cycles using NaOH, acetone, and HNO3. Graph (c) displays removal over additional cycles, while (d) compares number of cycles to adsorption capacity. Graphs (e) and (f) depict removal variation with concentration changes. Graphs (g) and (h) illustrate the impact of pH on removal efficiency. Each graph provides insights into different experimental variables affecting removal performance.]FIGURE 13 | Regeneration effect on the adsorption of (a) methyl violet and (b) Congo red on graphene sand hybrid derived from low-quality dates syrup, (c) phenothiazine-derived dye on GO derived from dates seeds (Al-Zahrani et al., 2022), (d) phosphate on ferrocene-functionalized graphene derived from palm fibres (F-G-F) and palm leaves (L-G-F) (El-Maghrabi et al., 2022). Effect of: (e, f) initial concentration, (g, h) pH on the adsorption of lead onto graphene glass hybrid prepared from low-quality dates syrup (Reproduced with permission from Graimed and Tark Abd Ali, 2022 ©Elsevier) and graphene sand hybrid prepared from low-quality dates syrup, respectively. Regeneration effect on the adsorption of (i) lead and (j) cadmium on graphene sand hybrid prepared from low-quality date syrup (Khan et al., 2019).
4.2 Inorganic pollutants removal
Inorganic pollutants have the potential to seriously harm both human health and the health of all living creatures. Inorganic pollutants, such as lead, mercury, arsenic, zinc, and other heavy metals, can have harmful impacts on the environment and public health if their concentration rises above the World Health Organization’s (WHO) recommended threshold (Al-Raad and Hanafiah, 2021). Overexposure of biological organisms to heavy metals can damage blood compositions, livers, kidneys, lungs, and other vital organs in addition to having certain negative impacts on mental and central nervous system functions (Yu et al., 2024). Graphene-coated sand prepared by (Abd Ali, 2019) - employing syrup made from dates with low quality - was used in a permeable reactor barrier for the removal of copper from contaminated groundwater. At pH = 5.5, 2 g of graphene-coated sand was able to remove the copper ions from 100 mL solutions with concentrations ranging from 5 to 100 mg/L with a maximum removal efficiency of 90%. It was observed that graphene-coated sand has the ability to remove the copper ions despite having a smaller surface area (175 m2/g) than other sorbents. The presence of graphene sheets on sand surfaces offers multiple active sites for adsorption and enables a high percentage of copper removal. Oil palm leaves were utilized to synthesize graphene oxide using the catalytic acid spray method by aqueous acid exfoliation of cellulose in the presence of Co silicate as a catalyst (Fathy et al., 2019). The produced graphene oxide was used as an adsorbent for copper ions and the optimum conditions were 2.22 g/L adsorbent dosage, initial pH of 6 and initial concentration of 259 mg/L. Optimum adsorption conditions, equilibrium, kinetics, and thermodynamics of different inorganic pollutants using date palm-derived graphene materials are summarized in Table 9. The graphene glass hybrid prepared by (Graimed and Tark Abd Ali, 2022) from the syrup of low-quality dates was also used as a reactive material in permeable barrier technology to treat groundwater contaminated with lead. The maximum adsorption capacity was found to be 38.639 mg/g.
On the other hand, the graphene sand hybrid material demonstrated exceptional adsorption capacity and regeneration ability for heavy metal pollutants. Lead ions and cadmium ions had adsorption capacities of 781, and 793 mg/g at 25°C, respectively. A comparative overview of the performance of different biomass graphene materials in the removal of different organic and inorganic pollutants is provided in Table 10. It was reported that only 10 mg of date palm-derived graphene sand hybrid was able to completely remove both Pb and Cd ions regardless of the initial metal concentration. While the removal of Cd ions remained constant regardless of the starting solution pH, the Pb adsorption increased with increasing pH which suggested that the ion-chelating negatively charged functional groups on the surface of date palm-derived graphene sand hybrid play a major role in the removal of heavy metals (Khan et al., 2019). A similar relationship with pH was also reported for the adsorption of Pb ions using date palm-derived graphene glass hybrid. The effect of initial concentration and pH on the adsorption process using graphene glass hybrid and graphene sand hybrid is shown in Figures 13e–h. The Pb adsorption capacity using date palm-derived graphene sand hybrid is almost 20 times the Pb adsorption capacity using date palm-derived graphene glass hybrid. This can be attributed to the fact that the surface area of the graphene sand hybrid is almost twice the surface area of the graphene glass hybrid. Regarding the regeneration of heavy metals-loaded graphene sand hybrid, using 0.1 M HNO3 resulted in less than 5% drop in the adsorption capacity after the third cycle, while using acetone resulted in less than 10% drop in the adsorption capacity after the third cycle (Figures 13i,j).
TABLE 10 | Comparison of the adsorption performance of biomass graphene materials for different pollutants.
[image: A table displaying various biomass sources, materials, synthesis methods, pollutants, adsorption capacities in milligrams per gram, and references. Examples include oil palm empty fruit bunch with reduced graphene oxide processed by carbonation and oxidation to adsorb methylene blue, and rubber seed shells using graphene oxide processed by graphitization to adsorb cadmium. Adsorption capacities range from 4.88 to 107.65 mg/g, with references from different studies.]5 ENVIRONMENTAL FATE AND ECONOMIC ASSESSMENT
5.1 Toxicity and environmental fate
After being released, graphene materials eventually find their way into the environment, with the three most crucial systems being the air, soil, and water. Graphene materials will undergo a number of physical, chemical, and biological changes as a result of their interactions with various environmental media, such as ions, dissolved organic matter, UV light, and microbes. These changes will impact their biological impacts. The change of graphene materials in water, which primarily comprises colloidal behavior and chemical transformation brought on by sunlight, chemicals, and microbes, has drawn the greatest attention because the aquatic environment is the primary recipient of graphene (Ding et al., 2022).
According to earlier research, GO is cytotoxic to human red blood cells, mammalian cells, erythrocytes, and skin fibroblasts in a dose-and size-dependent manner. The toxicity of 50 μg/mL GO to human fibroblast cells was shown to be evident. Extensive research on the colloidal properties of graphene-related nanomaterials, which are crucial to their application, reactivity, destiny, transport, bioavailability, and toxicity, has been spurred by worries about the possible detrimental effects on human health, the environment, and the ecosystem (Gao et al., 2019). GO’s strong hydrophilicity and water mobility, which are among its greatest benefits, can easily become an ecological problem. According to earlier reports, elements belonging to the graphene family have a significant propensity to collect in living things' bodies and have an impact on the aquatic ecosystem’s food chain. Given its extensive interactions with aquatic creatures, GO is likely to exhibit similar behavior. Understanding GO’s possible harmful mechanism against aquatic creatures is crucial to addressing concerns about its ecotoxicity and fate in aquatic environments. However, there has not been much research done on how GO interacts with species in watery environments (Malina et al., 2020). Conversely, multiple studies have indicated that GQDs derived from various biomass sources exhibit reduced toxicity. This observation extended to GQDs synthesized from date palm leaves. Generally, GQDs are considered non-toxic, environmentally benign, and biologically inert materials when compared to GO (Saleem et al., 2023).
While date-palm graphene materials offer potential green chemistry-aligned and environmentally friendly solutions in terms of sustainable raw materials, green synthesis, and cost-efficiency, the extensive ongoing research and development aimed at fully realizing their potential in real-world applications by improving their characteristics to match those of conventional graphene may lead to increased toxicity. The physiochemical characteristics of graphene materials, such as size, shape, oxidation level, dispersion quality, and surface area, determine their toxicity (Goodwin et al., 2018; Koyyada and Orsu, 2020). For instance, (Taşdemir et al., 2023), studied the cytotoxic and genotoxic effects of two graphene materials with two different surface areas (150 and 750 m2/g) and proved that cell damage increased with higher surface area. It was observed that the developed date palm-derived graphene materials have surface areas that are significantly smaller than the conventional graphene, thus, their toxicity is expected to be far less than the conventional graphene. Therefore, the lower surface area of date palm graphene can provide a positive impact in enhancing its environmental fate. Regardless, the great adsorption capacity of graphene for persistent organic pollutants (POPs), can lead to Trojan horse effect which is a phenomena whereby organic contaminants accumulate on the nanomaterial’s surface as a result of this adsorption, potentially increasing their uptake by aquatic species and its negative impacts (González-Soto et al., 2023). Despite the lower surface area of date palm graphene materials compared to conventional ones, they exhibited superior adsorption capacities, particularly for organic pollutants, which may render them susceptible to developing a Trojan horse effect when released into aquatic environments. Graphene properties affecting its toxicity as well as possible interactions with various environmental media are presented in Figure 14.
[image: Diagram illustrating factors influencing graphene materials' toxicity and environmental fate. Central circle lists: surface area, charge, oxidation level, and dispersion quality. Outer circle includes dissolved ions, Trojan horse effect, biodegradation, persistent organic pollutants, and UV light.]FIGURE 14 | Graphene materials’ toxicity and environmental fate.
An issue of great importance is the biodegradation of graphene materials. Even though graphene-based materials have been the subject of some research in this area, it is essential to describe the structural features of the various materials employed in each biodegradation study. Recent research has unequivocally demonstrated that immune cells are capable of carrying out the intracellular and extracellular destruction of GO. To better understand the potential dangers of long-term bio-persistence of such materials and to make them safer by design, more study is needed on the degradation of other graphene-based materials with defined features using pertinent in vitro and in vivo models (Fadeel et al., 2018). In summary, concerns about potential environmental costs arise from the increasing use of graphene-based products. To detect possible repercussions, assessing the life cycle environmental impacts of applications from current and anticipated graphene technology advancements is necessary. However, environmental impact assessment models have not been developed. Therefore, the environmental fate of biomass-derived graphene and its applications during usage and final disposal stages should receive more attention from researchers (Li X. et al., 2023).
5.2 Economic assessment
Compared to the other nanomaterials, graphene production is higher, and it is predicted to keep increasing as the costly processes currently employed to produce graphene are improved. Accordingly, it is anticipated that by 2027, 3,800 tons of graphene will be produced, valued at $300 million (González-Soto et al., 2023). The process of producing graphene is costly, and complicated. However, the utilization of far less costly biomass as a carbon source has solved this problem. A variety of biomass sources can be effectively used to produce graphene and nanoporous carbons. Additionally, controlling the textural characteristics and the kind and amount of functional groups on the surface is made possible by thorough research into the synthesis parameters of carbons from biomass wastes (Urzúa et al., 2024).
The process of large-scale production involves many economic considerations, including the need to obtain large quantities of starting materials at low cost. The source of graphite is a crucial factor because it will impact not only the operation’s cost but also the quality of the final product and the necessary subsequent processing steps (Lowe et al., 2016). Locally available biomass sources can provide a low-cost and eco-friendly raw material for graphene production. Research studies employing date palm components for the synthesis of graphene materials exhibit a limitation of not studying the cost-effectiveness in comparison to conventional graphene materials. However, the cost analysis of graphene synthesis from other biomass sources can be considered a representative initial cost estimation for the production of date palm graphene materials. Nevertheless, the pretreatment required for the biomass raw material may vary depending on the type of biomass source.
Detailed cost analysis for large scale production was provided for graphene production from populus wood biomass following carbonization and activation processes where it was estimated that the production cost of each 1 kg of graphene is almost $25 (Ekhlasi et al., 2018). Commercial graphene exhibited higher prices ranging from $30 to $120 per kg (Ban et al., 2024). For graphene production from populus wood biomass with guaranteed viability, the cost analysis considered an underestimated yield of 17%, 300 days a year, and a staff of five employees each shift for 24 h a day. According to the results, 1 kg of graphene required an average of 81 MJ of energy to generate. About 5.25, 6.13, and 40% of energy is used in the crushing of biomass residue, ball milling of the crushed biomass to a fine powder, and carbonization of the powdered populus wood, respectively. Furthermore, 0.033 kg of N2 is needed for each 1 kg of populus wood, and about 12 kg of HCl (10 wt. %) and 5.6 kg of KOH are needed for every 1 kg of graphene sample that is produced.
Regarding GO costs, it was revealed that the total cost of synthesizing GO on a laboratory scale from 3 g of graphite flakes and 3 g of graphite from nettle (Urtica dioica L.) was estimated to be $4.57 $ and $5.60 per gram, respectively, producing 5.5 and 4 g of products (Tondro et al., 2021). By synthesizing high-purity graphite with a carbon concentration of >99.9% from easily accessible lignocellulosic biomass, including nettle (Urtica dioica L.), the production yield of GO from nettle can be further enhanced. However, the filtration methods', significant energy consumption and acid release in wastewater have raised serious environmental concerns. On the other hand, the cost for producing 0.3 g of GO obtained from corncob was found to be $25.20. In the synthesis of GO from corncob, cellulose was initially isolated and subsequently utilized for graphite synthesis. The extraction of cellulose necessitated additional chemical reagents such as NaOH and NaClO2, which incurred additional costs. Therefore, extra costs may be applied to GO produced from date palm seeds as it initially required the extraction of lignin. Concerning the commercial GO, (Donato et al., 2023), reported the absence of standardization in GO’s pricing as well as the lack of information regarding the synthesis methodology employed by the majority of GO producers. A comparative analysis of 34 distinct commercially available GO samples from 25 companies across 11 countries revealed prices ranging from $0.40 to $2,300 per gram. This substantial price variation presents a significant challenge in conducting meaningful comparative cost-efficiency analyses between commercial and biomass-derived graphene.
On the other hand, non-conventional synthesis methods showed promising results in decreasing graphene production costs. Using coal as a carbon source, flash Joule heating costs $130 to $135 per ton which is equivalent to only $0.13–$0.135 per kg. It can handle a variety of waste materials without the need for solvents or catalysts, and it only produces roughly 10 kg of carbon dioxide for every kg of graphene, as opposed to 400–500 kg released from conventional synthesis (Hosny et al., 2025). Although flash Joule heating has not been employed in the synthesis of graphene from date palm, it can provide a scalable and economical approach compared to conventional synthesis methods. In another research, GO produced from banana peel employing microwave pyrolysis method was found to be $14 less expensive than the market price for producing 1 kg of GO (Allende et al., 2024b). Therefore, it is advisable to explore alternative synthesis methods, such as flash Joule heating and microwave-assisted pyrolysis, in the field of date palm graphene synthesis. Furthermore, a comparative cost analysis of date palm graphene in relation to conventional graphene is necessary, as the majority of studies on biomass-derived graphene focus primarily on synthesis and characterization, neglecting cost analysis and life cycle assessment, despite these being crucial factors for practical applications.
6 CONCLUSIONS AND FUTURE PROSPECTS
Date palm trees are one of the trees that produce significant amounts of waste annually. This waste is usually burned; although it is carbon-rich and can be converted into valuable products. This novel review paper has comprehensively summarized the advances in the synthesis and reduction of graphene materials using different types of date palm waste. Different types of date palm waste such as seeds, leaves and low-quality dates were utilized in different studies to produce graphene materials. Although graphene materials produced from low-quality dates had low surface area when compared to conventional graphene; they showed an exceptional performance in the removal of some pollutants from contaminated water. Date palm fruit was also used to prepare extracts to serve as a green reducing agent for graphene oxide. Although this extract can avoid the usage of harmful and expensive chemicals; this trend does not solve the environmental issue of date palm waste as the fruit part is consumed by humans and is considered an important source of nutrients. Therefore, the applicability of spoiled date fruit or other parts of the date palm tree which are considered as a waste in graphene reduction should be investigated. The research of date palm-derived graphene is still in its early stages. However, the urgent need to find sustainable routes for graphene production will lead to growth in this new aspect of research. Several challenges and future research directions are pointed out below for date palm-derived graphene materials and shown in Figure 15 to help researchers in advancing more novel synthesis routes and diverse applications.
[image: Diagram detailing the synthesis and applications of date palm-derived graphene. The synthesis includes current methods: pyrolysis and hydrothermal, and future methods: molten salt, liquid-phase exfoliation, and flash joule heating. Applications cover current uses: dyes, antibiotics adsorption, and heavy metals adsorption; and future uses: bioimaging, drug delivery, air filtration, and catalysis. Steps include systematic collection and pretreatment of date palm waste and production of composites.]FIGURE 15 | Summary of the current and recommended future prospectives in the synthesis and applications of date palm-derived graphene materials.
There is a challenge related to the systematic collection and classification of the raw material itself which is the date palm waste. Although this waste is abundantly available; it is very important to have a standard specification for the collected raw material. The pre-treatment of the collected waste is also important because agricultural wastes in general contain unwanted impurities. Regarding the synthesis methods, only pyrolysis and hydrothermal techniques have been investigated in the production of graphene from date palm waste. Thus, other synthesis methods such as molten salt, liquid-phase exfoliation and flash Joule heating should be investigated, and the quality of graphene produced from each method should be compared. Additionally, the synthesis conditions need to be optimized to get a stable and reproducible product which is required for the control of the structure and properties.
Date palm-derived graphene materials have immense possibilities for applications in different areas. For instance, the graphene-like material derived from date palm seeds demonstrated porous structure and high surface area, which make it a good candidate in applications where porous structure and high surface area are required. Furthermore, the GQD prepared from date palm leaves showed biocompatibility with minimum probability of cellular toxicity which gives them a great potential for biomedicine applications. Finally, the production of composites consisting of date palm graphene along with conventional graphene or other chemically produced materials should also be investigated. Such composite can have excellent characteristics and performance in different applications as well as lower production costs and more environment-friendly synthesis procedures. Finally, although date palm components offer potential environmentally sustainable and cost-effective starting materials for the production of graphene materials aligned with green chemistry principles, life cycle assessment and detailed comparative cost analysis remain critical factors for large-scale production that require further investigation by researchers to fully realize the potential of date palm-derived graphene materials in practical applications.
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Objective: This study evaluated enamel demineralization, shear bond strength, and failure modes associated with orthodontic adhesives containing silver nanoparticles (AgNPs).Methods: Forty-eight extracted human premolar teeth were selected and evenly divided into two groups based on the intended assessments, with 28 specimens in each group: Part I focused on enamel demineralization depth, and Part II addressed shear bond strength and failure modes. Specimens were prepared, mounted, and bonded using two adhesive systems: Group A used a conventional adhesive system without AgNPs, while Group B employed a conventional adhesive system mixed with AgNPs. In Part I, specimens underwent artificial demineralization at pH 4.5°C and 37°C for 7 days, followed by buccolingual sectioning. The depth of demineralization was measured using a scanning electron microscope and analyzed with ImageJ software. In Part II, shear bond strength was assessed using a universal testing machine, followed by failure mode evaluation using a stereomicroscope.Results: Results showed that Group A exhibited a significantly greater demineralization depth compared to Group B (p = 0.000). However, no significant difference was observed between overall location levels (p = 0.093). Additionally, Group B demonstrated significantly higher shear bond strength (p = 0.000) and a more uniform distribution of failure modes compared to Group A.Conclusions: These findings suggest that incorporating silver nanoparticles into orthodontic adhesives reduces demineralization depth and enhances shear bond strength compared to conventional adhesive systems. In contrast, conventional adhesives were associated with a higher incidence of adhesive mode failure.Keywords: orthodontic adhesive, silver nanoparticles, shear bond strength, mode of failure, enamel demineralization
1 INTRODUCTION
Enamel demineralization [i.e., white spot lesions (WSLs)] can occur during orthodontic therapy, often within the first month after the insertion of orthodontic appliance. WSLs can be detected in up to 96% of orthodontic patients (Tukfekci et al., 2011; Bishara and Ostby, 2008; Borzabadi-Farahani et al., 2014; Chapman et al., 2010; Ren et al., 2014). Maintaining proper oral hygiene becomes challenging when orthodontic appliances are present, which can lead to an increase in the colonization of bacteria such as Lactobacillus acidophilus and Streptococcus mutans. This bacterial growth can lower the pH of the mouth to a critical level of 5.5, promoting the demineralization process and potentially resulting in the formation of WSLs (Khoroushi and Kachuie, 2017).
Maintaining proper oral hygiene is the most effective preventive measure to control biofilm formation and reduce the likelihood of WSL formation (Migliorati et al., 2015). The use of topical fluoride varnish and the inclusion of antibacterial agents in mouthwashes and toothpaste, can further enhance these preventive measures, however, individual compliance with these practices is crucial for their effectiveness (Lopatiene et al., 2016; Cosma LL et al., 2019). More advanced preventive measures may include the use of bioactive glass and Casein Phosphopeptide Amorphous Calcium Phosphate (CPP-ACP) (Taha et al., 2017; Cochrane and Reynolds, 2012; Beerens et al., 2018; De Almeida et al., 2018).
Another common challenge that orthodontists encounter during treatment is bracket detachment, which can occur in approximately 0.6%–28.3% of cases involving light-cured or chemical-cured composite resins (Al-Thomali, 2022). Shear bond strength (SBS) is defined as the maximum stress a material can sustain in a shear loading condition before failing (El Mourad, 2018). This measurement is crucial in orthodontics, as it ensures that brackets remain securely attached to tooth enamel throughout the treatment process.
The success of orthodontic treatments greatly depends on how well adhesives can endure mechanical forces. Failures of these adhesives are typically categorized into three types: adhesive, cohesive, and mixed (Kumar et al., 2005). These failure modes not only influence the durability and effectiveness of orthodontic treatments but also involved in developing new adhesives with greater mechanical strength and better bonding qualities.
The incorporation of nanotechnology into bonding agents has significantly improved adhesive performance and transformed the field. These advanced materials utilize smaller particle sizes, which not only enhance adhesive strength but also provide antibacterial properties, greatly reducing the risk of microbial buildup around brackets (Jung et al., 2008). Metallic nanoparticles are particularly beneficial due to their small size and high surface-to-volume ratio, allowing them to release metal ions that interact with bacterial membranes, resulting in antibacterial effects (Song and Ge 2019; Vimbela et al., 2017).
The integration of silver nanoparticles (AgNPs) into orthodontic adhesive systems provides both antibacterial and antifungal properties. This is primarily attributed to the reactive oxygen species present on the surface of silver nanoparticles, as well as the release of free silver ions that induce cell death and inhibit the growth of Streptococcus mutans (Borzabadi-Farahani et al., 2014; Wang et al., 2016; Tran and Le, 2013). By enhancing the interaction between the adhesive and microorganisms, AgNPs effectively prevent bacterial proliferation at the junction of orthodontic adhesive resins, thereby reducing the likelihood of lesion development (Yassaei et al., 2020; Degrazia et al., 2016; Eslamian et al., 2020).
The shear bond strength of adhesives is affected by the amount of filler they con-tain. Increasing the filler content in adhesives shows improved bonding between the enamel and the bracket (Faltermeier et al., 2007). Previous studies have examined the impact of silver nanoparticles (AgNP) on adhesive bonding and failure, yielding contradictory findings regarding shear bond strength. Some research indicates that adhesives containing AgNP may decrease shear bond strength (Eslamian et al., 2020; Reddy et al., 2016), while other studies suggest that adding AgNP can enhance bond strength by increasing the filler content (Al-Thomali, 2022; Faltermeier et al., 2007).
There are significant differences in the modes of failure observed. Sánchez-Tito and Tay (2024) found that 1% AgNP adhesive caused primary failure at the adhesive-enamel interface; in contrast, failures in the 0.05% AgNP adhesive and the conventional adhe-sive group predominantly took place at the bracket-adhesive interface (Sánchez-Tito and Tay, 2024). Additionally, previous research has found no significant differences in the distribution of the Adhesive Remnant Index (ARI) failure pattern between the modified adhesive and the control group, suggesting a similar SBS effect on the mode of failure (Eslamian et al., 2020).
To the best of our knowledge, there is a significant gap in understanding how incorporating silver nanoparticles (AgNPs) into orthodontic adhesives influences enamel demineralization and essential bonding properties, such as shear bond strength (SBS) and failure modes. Understanding the impact of AgNPs on these factors is crucial for optimizing adhesive performance and enhancing patients’ overall experience and satisfaction with orthodontic treatments. Therefore, it is essential to thoroughly investigate the role of silver nanoparticles in orthodontic adhesive formulations. This study aimed to evaluate the effects of AgNPs-containing orthodontic adhesives on enamel demineralization, SBS, and failure modes. Additionally, this study examined the impact of incorporating AgNPs on the microhardness and surface roughness of the experimental adhesive material. The null hypothesis proposed that there would be no significant differences in enamel demineralization, SBS, or failure mechanisms between orthodontic adhesives with and without silver nanoparticles.
2 MATERIALS AND METHODS
This study was approved by the Institutional Review Board for Health Sciences Colleges Research on Human Subjects, College of Medicine, King Saud University, Riyadh, Saudi Arabia, and the College of Dentistry Research Center, Riyadh, Saudi Arabia (E−23–8,233).
2.1 Specimen selection and preparation
The sample size was determined using the G*Power calculator (version 3.1.9.6, Franz Faul, Universität Kiel, Kiel, Germany). A total sample size of 48 specimens was sufficient at (0.05) type I error rate, 0.15 effect size, and 80% power. The study utilized 48 extracted human premolars for orthodontic purposes were collected, with an inclusion criterion of sound teeth without any crack, restoration, or caries.
All specimens were disinfected in a 10% formalin solution for 1 week at room temperature. They were then mounted on acrylic (methyl methacrylate self-cure resin), ensuring that the buccal surface remained exposed for the bonding of orthodontic brackets.
The specimens were simply randomized and evenly divided based on the conducted assessments; Part I: enamel demineralization depth (n = 24) and Part II: shear bond strength and mode of failure (n = 24). Each part was further categorized according to the adhesive system, Group A included a conventional adhesive system without AgNPs (n = 12), and Group B comprised a conventional adhesive system mixed with AgNPs (n = 12). The study grouping is illustrated in Figure 1.
[image: Flowchart depicting a study design with a sample size of forty-eight. It divides into two parts: Part I focuses on enamel demineralization depth (n=24) and Part II on shear bond strength and MOF (n=24). Each part further splits into Group A: conventional (n=12) and Group B: mixed with AgNP (n=12).]FIGURE 1 | Flow chart presenting the study design.
2.2 Silver nanoparticles (AgNP) adhesive preparation
Transbond XT orthodontic bonding agent (Transbond XT, 3M Unitek, CA, United States) was mixed with silver nanoparticles (readymade Ag, 99.99% 50–80 nm, w/-0.2% PVP), Stock#: US1018, CAS#:7,440–22-4, US Research Nanomaterials, Inc., Houston, TX, United States). The mixture was prepared using a ratio of 2% AgNP to 98% Transbond XT. It was processed using a mixer at 3500 RPM for 5 min in a dark room to prevent premature photoactivation of the light-sensitive bonding agent.
2.3 Specimen bonding

	- Conventional adhesive system (Group A):

The mid-buccal surfaces of the specimens were etched with 37% phosphoric acid (Unitek Etching Gel, 3M, Monrovia, United States) for 20 s, then rinsed with water. After rinsing, the surfaces were air-dried until a chalky, white surface formed. A bonding agent (Transbond, 3M Unitek, CA, United States) was applied using a disposable brush, followed by a gentle airbrust for 2 s, and light-curing for 15 s, according to the manufacturer’s instructions.
Metal brackets (3M™ Victory Series™ Low Profile Bracket System, Roth 022, with hooks United States), were then placed using a light-cured adhesive (Transbond XT, 3M Unitek, CA, United States) were used. The brackets were positioned and pressed at the center of the mid-buccal surface, parallel to the long axis of the tooth, using a bracket positioning gauge following the manufacturer’s instructions. A lightemitting diode (LED) curing, was then applied for 40 s.
	- Conventional adhesive system mixed with AgNP (Group B):

The bonding procedure for this group followed the same steps as Group A but employed the silver nanoparticles-infused adhesive (Transbond XT, 3M Unitek, CA, United States).
2.4 Enamel demineralization depth assessment—Part I
Part I specimens were immersed in 40 mL of an artificial demineralization solution of pH 4.5 at a temperature of 37°C (JSR JSCI-150T General Incubator, Gongju, Korea) for 7 days (Zawawi and Almosa 2023; Buzalaf et al., 2010, Moura et al., 2004,]. The solution was prepared in a 500 mL Erlenmeyer flask, which contained filled with 200 mL of deionized water, 0.166 g of Calcium chloride dihydrate, 0.204 g of disodium phosphate, 25 mL of glacial acetic acid, and 0.154 g of ammonium acetate.
After immersion, brackets were removed using bracket removal pliers (Unitek Debonding Instrument 804–175; 3M, St. Paul, MN, United States), and any excess resin was cleared using a large non-cutting carbide bur with a slow-speed handpiece (FX23 Contra Angle, NSK, Kanuma, Tochigi, Japan).
A low-speed double-sided diamond disk was used for sectioning the teeth buccolingually along the right and left margins of the bracket under continuous water irrigation (0.6-mm ISOMET 2000 Precisions Saw; Buehler, Lake Bluff, IL, United States). The specimens were then subjected to ultrasonic cleaning using a Sonicer machine (Botous Dental, WA, United States).
To enhance image quality, the specimens were gold-coated (1,600 Fine Coat Ion Sputter; JFC, Tokyo, Japan).31 The areas of enamel demineralization in each section were captured using a scanning electron microscope (JEOL 6060 LV Scanning Electron Microscope; JEOL) at an accelerating voltage of 15 kV and magnification of ×100. The depth of enamel demineralization was measured in micrometers using ImageJ software (SMile ViewTM, JEOL Ltd., Tokyo, Japan).
2.5 Shear bond strength assessment and mode of failure evaluation—Part II
All specimens designated for Part II were assessed for shear bond strength in megapascals (MPa) using a universal testing machine (Instron, Illinois Tool Works Inc., Norwood, MA, United States) at a speed of 1 mm per minute (mm/min). The mode of failure was examined using a stereomicroscope (SM80, Swift microscope, Carlsbad, CA, United States) and categorized as adhesive, cohesive, or mixed failures.
Adhesive failure mode occurs at the interface between the adhesive and the tooth or bracket, indicating potential issues such as insufficient bond strength or improper tooth etching. In contrast, cohesive failure mode takes place within the adhesive material or the bracket itself, reflecting the inherent properties of the materials used. Mixed failure mode arises when both adhesive and cohesive factors are involved, suggesting an interplay between the bonding methods and the material characteristics.
2.6 Specimen preparation for microhardness and surface roughness tests
The study evaluated microhardness and surface roughness using twenty adhesive resin discs (10 specimens with Transbond XT orthodontic bonding agent (Transbond XT, 3M Unitek, CA, United States) and 10 specimens with same adhesive mixed with 2% AgNPs). The discs were fabricated using a stainless steel mold, filled incrementally, and covered with a Mylar strip and glass slide. The samples were light-cured using an LED curing unit for 20 s. After polymerization, the discs were polished under running water to maintain consistency and achieve a uniform, smooth surface. This process was used to ensure accurate and reproducible measurements of surface roughness and microhardness.
2.7 Microhardness test
Microhardness testing was conducted using a INNOVATEST microhardness tester (INNOVATEST Europe BV, Bargharenweg 140, 6222 AA Maastricht, Netherlands). To ensure consistent and precise measurement, each specimen was secured in place using a custom polyvinyl siloxane (PVS) putty index (Express™ XT Putty Soft VPS, 3M™, Riyadh, Saudi Arabia), which stabilized the samples throughout the testing process. Microhardness was assessed using a Vickers diamond indenter, applying a load of 100 g for a dwell time of 30 s at each testing point. For every disc, three indentations were performed on the polished surface, spaced 200 μm apart to avoid interference between impressions. The Vickers microhardness (VMH) value for each specimen was calculated as the average of the three measurements, providing a reliable estimate of surface hardness. This protocol was adapted with modifications from previously published methodologies (Al-Angari et al., 2021; Sánchez-Tito and Tay, 2024).
2.8 Surface roughness
Surface roughness (Ra) measurements were carried out using a three-dimensional (3D) optical profilometer (Contour-GT-X®, Bruker Nano Surfaces Division, San Jose, CA, United States), which provides high-resolution, non-contact surface topography analysis. The parameter selected to quantify surface texture was the arithmetic average roughness, expressed in micrometers (µm). This parameter reflects the average vertical deviation of the surface profile from a central mean line, offering a reliable assessment of surface smoothness or roughness. Measurements were performed on all specimens from both experimental groups, with and without silver nanoparticles (AgNPs), to allow for comparative analysis. For each disc, three independent measurements were taken from different locations across the polished surface to account for any surface variability. The mean of these three readings was calculated and recorded as the final Ra value for each specimen, ensuring accuracy and reproducibility in the surface roughness assessment.
2.9 Statistical analyses
The data were analyzed using SPSS software (version 26; IBM, Armonk, NY, United States) at a level of significant p < 0.05. Mean values and standard deviations were calculated to describe each output. The normality and equality of variance were tested using Shapiro-Wilk and Levene’s tests. Two-way ANOVA was conducted to test the interaction between the different adhesive groups and location levels of the enamel demineralization outcome. One-way ANOVA was employed to compare the demineralization depth of different locations within the same group. Independent t-test was used to compare the shear bond strength, mode of failure between the different adhesive groups and for the comparison of the mean values of the VMH and Ra values of the test specimens.
3 RESULTS
3.1 Enamel demineralization depth
Normality and equality of variance were satisfied (p = 0.566). Group A demonstrated the highest mean values for demineralization depth across various sections: Coronal (6.99 ± 1.22), Middle (6.16 ± 0.97), and Cervical (6.69 ± 1.32). In contrast, Group B exhibited the lowest values in these sections: Coronal (4.54 ± 1.18), Middle (5.40 ± 1.60), and Cervical (4.92 ± 1.53).
The two-way ANOVA test indicated a significant interaction in demineralization depth between the two groups. Specifically, Group A exhibited a statistically significantly deeper demineralization than Group B (p < 0.05) (Table 1) (Figure 2A). Figure 3 displays SEM images that capture the depth of demineralization for both adhesive systems. There was no significant difference in overall location levels within the same group (Group A: p = 0.236, and Group B: p = 0.361) (Table 2). However, when comparing different adhesive systems within the same section, Group B showed shallower demineralization in the coronal and cervical sections compared to Group A (p < 0.05) (Table 2) (Figure 2B). In contrast, the middle section did not show a significant difference between the two groups (p = 0.173) (Table 2) (Figure 2B).
TABLE 1 | Demineralization depth descriptive statistics and Two-way ANOVA between the adhesive systems and the overall location levels.
[image: Table showing demineralization depth statistics and two-way ANOVA results. For Group: Silver has a mean of 4.957 (SD 1.457), p-value 0.000; Conventional has a mean of 6.618 (SD 1.202). For Location: Coronal has a mean of 5.767, Middle 5.783, Cervical 5.811, with a p-value of 0.993. Standard Error is consistent at 0.221 for Group and 0.271 for Location.][image: Bar charts comparing Silver and Conventional treatments in micrometers. Chart A shows Silver at 4.357 and Conventional at 6.618, marked as significant (p<0.05). Chart B displays measurements at Coronal, Middle, and Cervical positions, with Conventional consistently higher.]FIGURE 2 | (A) Demineralization depth means according to adhesive system. (B) Demineralization depth means according to location levels.
[image: Two black and white electron microscope images labeled A and B show different cellular textures. Image A depicts distinct boundary lines between a darker, textured region on the left and a lighter, smoother region on the right. Image B shows similar contrasting textures, with a darker, textured area on the left and a lighter, more uniform surface on the right. Both images highlight differences in material or cellular composition.]FIGURE 3 | Enamel Demineralization depth under SEM. (A) Conventional adhesive (B) Silver nanoparticles-infused adhesive.
TABLE 2 | Demineralization depth descriptive statistics and One-way ANOVA comparison at different location levels within the same groups.
[image: Table comparing demineralization depth statistics between silver and conventional adhesive groups. For coronal location, silver mean ± SD is 4.541 ± 1.186, conventional is 6.993 ± 1.229, p-value 0.000. Middle location: silver 5.401 ± 1.609, conventional 6.165 ± 0.974, p-value 0.173. Cervical location: silver 4.928 ± 1.535, conventional 6.695 ± 1.323, p-value 0.000. Table highlights statistical differences in location depths between adhesive types.]3.2 Shear bond strength and mode of failure
Normality and equality of variance were satisfied (p > 0.05). Group B showed higher mean values compared to Group A, with means of 20.23 ± 1.65 and 17.155 ± 0.94, respectively. The independent t-test indicated that the shear bond strength in Group B was significantly greater than that in Group A (p < 0.05) (Table 3) (Figure 4).
TABLE 3 | Shear bond strength descriptive statistics and t-test mean comparison.
[image: Table comparing two groups, Silver and Conventional. Silver group has a mean of 20.239 with a standard deviation of 1.6574. Conventional group has a mean of 17.155 with a standard deviation of 0.9484. The p-value is 0.0000.][image: Bar chart comparing sales units. The silver category, in blue, shows 20,700 units. The conventional category, in red, shows 17,455 units. The y-axis represents sales in units.]FIGURE 4 | Shear bond strength mean according to adhesive system.
The overall distribution of the mode of failure revealed that 50% of failures were attributed to adhesive failure, 20.8% to cohesive failure, and 29.2% to mixed failure. In Group B the mode of failure was evenly distributed with 33% for adhesive failure, 33% for cohesive failure, and 33% for mixed failure. In contrast, Group A exhibited a different distribution: 66.7% of failures were due to adhesive failure, 8.3% to cohesive failure, and 25% to mixed failure (Table 4). An image of adhesive failure is shown in Figures 5–A, while Figures 5–B displays cohesive failure.
TABLE 4 | Mode of failure distribution.
[image: Table showing test groups with failure modes. Conventional group has 8 adhesive (66.6%), 1 cohesive (8.3%), and 3 mixed (25%) out of 12. Silver group has 4 adhesive, cohesive, and mixed each (33.3%) out of 12. Overall, 12 adhesive (50%), 5 cohesive (20.8%), and 7 mixed (29.2%) failures out of 24. Total percentages for each group equal 100.][image: Two panels labeled A and B show green textured surfaces. Both images appear to be close-ups, highlighting subtle variances in texture and shading.]FIGURE 5 | Mode of failures captured images. (A) Adhesive failure, (B) cohesive failure.
3.3 Microhardness analysis
The results of the microhardness analysis (Table 5) revealed that the incorporation of AgNPs had a significant impact on the VMH of the adhesive specimens. The mean VMH value for the group without AgNPs was 2.94 ± 3.48 MPa, whereas the group with AgNPs exhibited a higher mean value of 3.11 ± 1.99 MPa. Statistical analysis using an independent samples test demonstrated that this increase in microhardness was significant (p = 0.000), indicating that the addition of AgNPs effectively enhanced the surface hardness of the adhesive material.
TABLE 5 | Group statistics and comparison of the mean values of the Vickers Micro-Hardness (VMH) and Surface Roughness (Ra) with Independent Samples T-Test for the specimens with or without Silver Nanoparticles (AgNPs).
[image: Table comparing test parameters for specimens with and without AgNPs. For VMH (MPa): without AgNPs, mean is 2.942, standard deviation 3.487, standard error 1.102, p-value 0.000; with AgNPs, mean is 3.114, standard deviation 1.995, standard error 0.631, p-value 0.000. For Ra (µm): without AgNPs, mean is 0.183, standard deviation 0.032, standard error 0.010, p-value 0.534; with AgNPs, mean is 0.191, standard deviation 0.024, standard error 0.007, p-value 0.534. N is 10 for all. P-value significance noted at less than or equal to 0.05.]3.4 Surface Roughness evaluation
In terms of Ra, the specimens containing AgNPs showed a slight increase in the mean arithmetic roughness (Ra) compared to those without (Table 5). The mean Ra value for the AgNPs-containing group was 0.19 ± 0.02 µm, while the non-AgNPs group had a slightly lower value of 0.18 ± 0.03 µm. Despite this observed difference, statistical analysis indicated that the increase in surface roughness was not statistically significant (p = 0.534). These findings suggest that while AgNPs addition significantly improves microhardness, it does not markedly alter the surface roughness of the adhesive material.
4 DISCUSSION
Enamel demineralization is a common consequence of orthodontic treatment, which can negatively impact individual aesthetics (Althomali YM, 2017; Benkaddour A et al., 2014). It is essential to implement effective strategies to prevent this issue. Silver nanoparticles (AgNPs) have garnered attention in dentistry and orthodontics due to their distinctive properties and potential benefits. Several studies have indicated that AgNPs possess antibacterial properties, which can help reduce bacterial adhesion and the development of demineralization (Eslamian L et al., 2020; Hernandez-Gomora et al., 2017; Zakarzewski et al., 2021). It is essential to ensure that the addition of silver nanoparticles does not compromise the mechanical properties of orthodontic materials, particularly shear bond strength and the mode of failure. Therefore, this study aimed to assess the enamel demineralization, shear bond strength, and failure modes associated with orthodontic adhesives that contain silver nanoparticles (AgNPs).
Previous studies have assessed the SBS and antibacterial behavior of adhesives containing AgNPs (Eslamian et al., 2020; Al-Thomali 2022; Reddy et al., 2016; Blocher et al., 2015). However, this study is unique in that it simultaneously investigates enamel demineralization, SBS, and modes of failure within a single setting. Additionally, it conducted quantitative assessments using SEM to measure enamel lesion depth, providing a more accurate evaluation of demineralization compared to the qualitative methods used in earlier studies. The adhesive’s preparation process allowed for high-speed standardized mixing, ensuring the uniform dispersion of nanoparticles within the adhesive. This uniformity can enhance the mechanical properties and lead to more consistent failure modes. By employing this integrated approach with high methodological rigor, we gain a broader and more clinically relevant understanding of AgNPs in the context of orthodontic adhesives, thereby advancing the field significantly.
The null hypothesis regarding enamel demineralization was rejected, as the study found that silver nanoparticle adhesive resulted in significantly shallower enamel demineralization compared to conventional adhesive systems. These results are consistent with previous research indicating that silver nanoparticles can prevent enamel demineralization by reducing the acid production generated by biofilms (Eslamian L et al., 2020; Zakarzewski et al., 2021; Allaker, 2010; Espinosa-Cristóbal LF et al., 2009; Espinosa-Cristóbal LF et al., 2018; Espinosa-Cristóbal LF et al., 2012; Chou CW et al., 2006). The antibacterial activity of silver nanoparticles against Streptococcus mutans is attributed to their small size and large surface area. Furthermore, the advantages of silver nanoparticles are enhanced by their ability to counterbalance the conventional adhesive nature, which tends to promote the colonization and adherence of microorganisms (Degrazia FW et al., 2016).
This study revealed that the shallow demineralization caused by the silver nanoparticle adhesive was noticeable at the coronal and cervical levels, in contrast to conventional adhesive systems. However, no significant difference in demineralization depth was observed at the middle level between the two types of adhesives. The current literature does not offer a clear understanding of the relationship between the location and the depth of demineralization, which remains to be explored. This finding may be attributed to the fact that the middle part is mostly covered by brackets and is least exposed to the artificial demineralization solution. The artificial demineralization and its limited duration may not accurately reflect the long-term effects of orthodontic adhesives. Additionally, varying the duration of demineralization could either lead to ineffective results or cause excessive erosion of the specimens due to the nature of the chemicals used in the artificial demineralization process. This limitation highlights the need for further studies to evaluate different artificial demineralization protocols that better mimic the clinical long-term effects of orthodontic adhesives.
The null hypothesis regarding shear bond strength was rejected, as a significant increase in shear bond strength was observed in the group using silver nanoparticle adhesive compared to those using conventional adhesives. This enhanced shear bond strength may lead to a reduced risk of leakage, which in turn would result in less leaching of the demineralization solution in an in-vitro setting. Consequently, this contributes to the shallower enamel demineralization observed, particularly at the coronal and cervical levels. Al-Thomali (2022) reported that AgNPs significantly increased SBS when a concentration of 0.05% AgNPs was used, which is lower than the concentration used in the present study. In contrast, Eslamian et al. (2020) found that while AgNPs resulted in a reduced SBS, the strength remained above the recommended range of 5.9–7.8 MPa, with their study utilizing 0.3% AgNPs. Furthermore, another study revealed that conventional adhesives outperform AgNPs in terms of SBS (Reddy et al., 2016). However, another study found no significant impact of AgNPs on SBS (Blocher et al., 2015).
The small particle size and high surface area of AgNPs effectively enhance Van der Waals interactions between positively charged nanoparticles (Hernández-Gómora AE et al., 2017). This helps strengthen the structure of adhesive biomaterials, reduces stress concentrations at the bonding interface by acting as a stress absorber, enhances mechanical properties, and improves the adhesion layer between dental materials and the enamel surface (Chou CW, et al., 2006; Graig RG & Powers JM, 2002). However, the amount and distribution of the nanofiller particles affect the ultimate adhesive properties; the wide variation of w/w AgNPs incorporation ratio could explain the contradictory findings of AgNPs use on SBS in the literature.
The null hypothesis concerning failure modes was rejected. The AgNP-infused adhesive demonstrated a more balanced distribution of failure modes, whereas the conventional adhesive system showed a higher incidence of adhesive failures. Previous studies reported that cohesive failure modes caused surface damage to teeth, with damage rates of 12.9% and 3.6% resulting from the adhesive resin undergoing cohesive resin failure. (Su MZ et al., 2012; Paolone et al., 2023). Another evaluated failure modes of ceramic brackets bonded to enamel found that most brackets failed at the bracket-adhesive interface (Yetkiner and Ozcan, 2014). Studying failure modes is clinically significant, as it helps identify factors related to complete bracket separation, the amount of remaining adhesive, and the integrity of the enamel, all of which contribute to successful bonding procedures (Borzabadi-Farahani et al., 2014; Su et al., 2012; Jakavice et al., 2023). In orthodontics, it is preferable to have adhesive failure occur between the adhesive layer and the enamel surface. This situation helps maintain proper bracket attachment and ensures safer debonding (Yahya NA & Shekh AM, 2019). Cohesive failure that occurs between the adhesive layer and the back surface of the bracket can lead to a higher incidence of enamel damage. The mode of failure can be influenced by several factors, including the type of surface preparation, the adhesive system used, the material of the bracket, and amount of SBS (Paolone et al., 2023; Chen CS et al., 2008). While a higher bond strength may be desirable, a very high SBS can result in cohesive failures during debonding.
The main concern with AgNPs is their potential cytotoxicity due to oxidative stress and silver ion release. AgNPs can directly generate free radicals through their active surface and produce hydroxyl radicals when dissolved in acidic endo/lysosomes (Chen HY et al., 2007; He W et al., 2012). The impact of AgNPs on shear bond strength (SBS) and demineralization varies with concentration, underscoring the need for comparative studies to optimize their safety and effectiveness. Cost is another limitation, as AgNP-containing adhesives remain expensive. Preparation methods also influence adhesive quality, curing, stress distribution, and SBS (Chou CW, et al., 2006). The mixture preparation method used in this study offers uniform AgNP distribution, enhancing mechanical strength, reducing shrinkage, and minimizing defects, as demonstrated by high SBS values. Exploring alternative preparation methods, such as heat preparation, may further enhance mechanical properties by increasing AgNP temperatures (Metin-Gursoy G et al., 2017). Additionally, discrepancies in SBS results across studies may result from inconsistent artificial aging protocols, such as water aging at 37°C or thermocycling (Chou CW, et al., 2006; Graig and Powers, 2002). The type of bracket material also affects bonding. AlThomali (2017) found that a 0.05% AgNP adhesive achieved higher SBS for metal brackets compared to ceramic brackets, although conventional adhesives were not tested. Further studies should investigate bonding interactions between different bracket materials and AgNP adhesives.
It is essential to acknowledge the differences between laboratory conditions and the clinical environment, as findings from in vitro studies may not fully translate to clinical settings. Therefore, antibiofilm analysis and also clinical trials are necessary to better understand the practical implications of these results. While silver nanoparticles (AgNPs) have shown promise in preventing enamel demineralization and enhancing shear bond strength (SBS), further research is required to address several unresolved issues. These include evaluating the potential cytotoxicity of AgNPs, their long-term stability within the adhesive matrix, and the overall clinical performance and durability of AgNP-containing orthodontic adhesives.
Incorporating AgNPs into adhesive systems has shown significant effects on microhardness and surface roughness, indicating both mechanical enhancement and potential surface modifications. Chou et al. (2006) noted that embedding AgNPs into polyurethane matrices improved thermal stability and mechanical properties positively (Chou CW, et al., 2006). This supports the hypothesis that AgNPs strengthens the structural network, which likely contributes to increased microhardness in dental adhesives. Similarly, Hernández-Gómora et al. (2017) reported that AgNPs biosynthesized onto orthodontic elastomeric modules enhanced mechanical resistance while also exhibiting antimicrobial activity (Hernández-Gómora AE et al., 2017). The findings of this study demonstrate that the incorporation of silver nanoparticles (AgNPs) into the adhesive resin formulation significantly enhanced its microhardness without causing a statistically significant increase in surface roughness. The observed improvement in VMH may be attributed to the reinforcing effect of AgNPs, which are known to improve the mechanical properties of polymer-based materials by increasing filler content, reducing polymer chain mobility, and promoting better stress distribution within the matrix. This enhancement in surface hardness could potentially lead to greater resistance to wear and mechanical degradation in clinical applications, particularly in stress-bearing areas.
Conversely, although the Ra values showed a slight increase in the presence of AgNPs, this difference was not statistically significant. This suggests that the addition of AgNPs at the tested concentration does not adversely affect the smoothness of the adhesive surface, an important consideration for maintaining aesthetic quality and minimizing plaque accumulation in oral environments. Taken together, these results suggest that AgNP incorporation could be a promising strategy to enhance the mechanical performance of dental adhesives, particularly when increased hardness is desirable. Moreover, the fact that surface roughness remained unaffected supports the potential clinical viability of such formulations, as smooth surface characteristics are essential for both esthetics and biofilm resistance (Holban AM et al., 2021).
The chemical interaction between resin and AgNPs has the potential to induce minor surface chemistry and phase dispersion changes, which would influence the mechanical performance and antimicrobial activity of the adhesive (Chou et al., 2006; Degrazia et al., 2016). Thus, it is essential for future studies to evaluate the effects of AgNPs on the structural, chemical, and phase transition characteristics of adhesive materials. Utilizing techniques such as Fourier Transform Infrared Spectroscopy (FTIR), and X-ray diffraction will be important in these evaluations, to have a better understanding on the changes that AgNPs makes on orthodontic adhesives. Furthermore, future clinical studies that would cover a wider range of variables and more comprehensive assessments is needed.
5 CONCLUSION

	• Orthodontic adhesives infused with silver nanoparticles (AgNPs) demonstrate promising advantages over conventional adhesives, including reduced enamel demineralization and enhanced shear bond strength. However, conventional adhesives show a higher incidence of adhesive mode failure, which may offer safer bracket removal.
	• Incorporating AgNPs presents a valuable approach to minimizing enamel demineralization during orthodontic treatment. Nevertheless, further research is essential to determine the optimal AgNP concentration that balances antibacterial efficacy and mechanical stability over the long term.
	• The addition of AgNPs significantly improved the microhardness of dental adhesives without affecting surface roughness. These results suggest that AgNPs may enhance the mechanical properties of adhesives while maintaining clinical surface quality.
	• Despite their potential benefits, the economic feasibility of AgNP-containing adhesives remains a critical barrier to widespread adoption. Addressing this challenge will be crucial to making this innovative solution more accessible and practical for clinical use.
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Efficient electrode materials for energy storage device fabrication are in demand to address global energy needs. In this study, novel binder-free electrodes were based on NiCo2S4 (NCS) and an Ni-Co metal–organic framework (MOF). Electrodes were engineered using a convenient dual-step solvothermal method employing nickel (Ni) foam as a current collector. The electrode material was characterized for crystallinity and crystal phase purity (pXRD), morphology (FESEM), and surface elemental profiling (XPS). Cyclic voltammetry (CV) for redox behavior analysis, galvanostatic charge–discharge (GCD) for capacitance evaluation, and electrochemical impedance spectroscopy (EIS) for charge transfer resistance were employed to investigate electrochemical performance. The composite active electrode materials NCS/NCM@NF exhibited high specific capacitance (2,150.3 F g−1) at a scan rate of 2 mV s-1, with KOH (6M) as an electrolyte. The fabricated electrode was highly reusable—approximately 89% of capacitance was retained, even after 10,000 cycles of usage (charge–discharge). The composite material has high energy density, Ed (199.6 W h kg−1), and power density, Pd (1,500.2 W kg−1). The charge transfer resistance (Rct, 790 mΩ) and solution resistance (Rs, 1.52 Ω), computed through EIS, being low, show a quick charge transfer at the interface, making the composite material suitable for supercapacitor application.



Keywords: metal–organic frameworks, specific capacitance, supercapacitor, binder free electrode, energy storage


1 INTRODUCTION

The use of fossil fuels negatively impacts the environment and, in turn, impacts human health. Consequently, progress in sustainable energy storage devices that offer low costs together with superior energy and power density has become an emerging area of research. Batteries and supercapacitors are primarily employed for energy storage. The sluggish movement of electrons and ions at fast rates makes batteries capable of producing lower power densities. Furthermore, batteries require long charging times in contrast to supercapacitors (Gao et al., 2023). Supercapacitors exhibit improved power density, suitable charge–discharge functioning, long life span, enhanced effectiveness under adverse circumstances, and eco-benign behavior (Pershaanaa et al., 2022; Khan et al., 2024). They have lower energy density than batteries, making them preferable over the latter for short-term energy storage (Yaseen et al., 2021). Supercapacitors, having a wide operating temperature range, are ideal for transport systems, hybrid electric vehicles, braking systems (regenerative), actuator systems, renewable energy systems, backup power supplies, sensing devices, grid stabilization, flexible screens, portable electronic devices, power quality enhancers, high-efficiency converters, and surge absorbers (Abdel Maksoud et al., 2021; Andrew et al., 2023; Ariyarathna et al., 2023; Bharathi Sankar Ammaiyappan et al., 2023; Bhat et al., 2023; Biswas et al., 2023). Supercapacitors are classified into pseudocapacitors and electrochemical double-layer capacitors (EDLCs) based on their energy storage mechanisms. Pseudocapacitors provide more improved energy density and longer life cycle than batteries and work via reversible reduction and reactions (case I: charge store via faradaic processes at or close to the electrode material’s surface with adsorption or intercalation of ions is the repercussion of electrons being transferred across the electrode and electrolyte in the set up) (Mahala et al., 2023; Seenivasan et al., 2023). EDLCs function only through electrostatic processes (case II: there are no chemical processes supported in the charging process; instead, ions associated with the electrolyte are electrostatically adsorbed onto the large surface area of an active electrode) (Pal et al., 2022; Kim et al., 2019).

The electrode material directly affects the working efficiency of a supercapacitor and hence plays a decisive role in energy storage device fabrication. There are three major categories of electrode materials: (a) carbonaceous materials (graphene, rGO, GO etc.) (Pathak et al., 2022), (b) metal oxides (ZnO, Fe2O3, MnO2 etc.) (Shah et al., 2024), and (c) conducting polymers (PANI, PPy, PTh etc.) (Shah et al., 2024; Xu et al., 2024). Each of these materials has inherent issues such as low capacitance (carbonaceous materials), lack of conductivity (metal oxides), and mechanical disintegration (conductive polymers) (Zou et al., 2013; Wu et al., 2015; Pan et al., 2019). The theoretical specific capacitance and electrochemical performance of metal oxides (transition metal oxides particularly) is relatively higher. Metal oxides, including single and transition double metal oxides, have multiple oxidation states, high conductivity, and low toxicity, and are thus cost-effective (Kumar et al., 2020; Kumar et al., 2024; Ni et al., 2022; Priya M et al., 2023; Shaheen et al., 2023; Mathivanan et al., 2024; Raskar et al., 2024). Spinel-type metal oxides/sulfides (AB2X4; A-divalent metal-and B-trivalent metal, O-oxygen, sulfur), especially Ni- and Co-based binary transition metal oxides (MCo2O4; M = Ni, Cu, Zn, Mg, Fe, Mn etc.), are potential active electrode materials owing to their variable oxidation states, high redox activity, environmentally benign nature, and improved capacitance (Jose et al., 2022; Zulqarnain et al., 2024). Nickel cobalt oxide nanostructures exhibit specific capacitance 2000 F g−1 with energy density (Ed) of approximately 280 Wh kg−1 and power density (Pd) of 55 kW kg−1 (Abdolahi, 2021). Nickel-oxide-anchored CoOx nanoparticles on modified commercial nickel foam (NF) exhibits specific capacitance of 475 Fg−1 at 1 mAcm−2 with an energy density of 2.43 Whkg−1 and power density of 0.18 kWkg−1 (Chen et al., 2020). NiCo binary oxide has a specific capacitance of 1607 F/g, having Ed (28 Wh kg-1) and Pd (3064 W kg−1) (Long et al., 2015). Metal–organic frameworks (MOFs) in combination with metal sulfides enhance stability, performance, and electron-transport capability due to tunable porosity, large specific surface area, and diverse surface chemistry. MOFs, known for their robust framework (Kumar et al., 2020), high porosity (Qian et al., 2020), large surface area (Xiao and Jiang, 2019), and adjustable pore size, are porous materials suitable for electrode preparation (Yang et al., 2020; Li et al., 2023). They have been used in several applications, including gas separation (Lawson et al., 2021), photocatalysis (Kreno et al., 2012), drug delivery (Xie et al., 2020), sensing (Jayaramulu et al., 2022), and energy storage. Nevertheless, the practical application of MOFs in electrochemical energy storage is hindered by their inherently low electrical conductivity and inadequate ion transport to the current collector (Chen et al., 2019; Le et al., 2022). Furthermore, derivatives of MOFs with oxides, sulfides, hydroxides, and selenides offer operative electrochemical sites, extensive electrode–electrolyte interfacial areas, and higher conductivity, making them suitable materials for energy storage. However, the electrochemical properties of MOF derivatives of single metals do not meet the expectation of an active electrode material. The electrochemical properties of MOF derivatives can be enhanced by incorporating metal ions into their frameworks, leading to multi-metal MOFs. This approach exploits the synergistic effects of metal ions to improve the overall electrochemical performance of MOFs. Moreover, the introduction of different metal ions can tailor the electronic structure and optimize the redox sites of materials to improve capacity, stability, and rate capability, fine-tune pore size and distribution, and enhance ion transport and diffusion within the electrode material. Multi-metal MOFs are, therefore, a popular material for fabricating high performance and durable energy storage devices (batteries and supercapacitors).

A number of combinations of metal ions, including bimetallic transition sulfides (BMTS) (Radhika et al., 2020), have been used to identify the most effective combination for intended energy storage requirement. NiCo2S4 hollow spheres grown over nickel foam (NF) were used to fabricate supercapacitor electrodes (specific capacitance: 1036 F g−1; at 1.0 A g−1, energy density: 42.3 W h kg−1, power density: 476 W kg−1 (Gao et al., 2023). The specific capacitance (738 F g−1, at current density of 4 A g−1) was reported to be retained up to 93.4% (after 4000 cycles of usage). However, composites of NiCo2S4 and MOFs deposited over porous texture like Ni foam have rarely been explored for electrochemical energy storage application.

In this research, NiCo2S4 and Ni-Co bimetallic MOF were prepared and deposited over highly porous Ni foam via a facile in situ solvothermal method. The resulting 3D flower-like structure with multiple redox active sites and high surface area improved the charged storage capacity of the as-prepared composite. The novel composite showed high specific capacitance with cyclic stability. Overall, the composite material could be a promising candidate in the scenario of the escalating demand for clean energy alternatives.



2 MATERIALS AND METHODS

Analytical-grade reagents were used directly without any additional purification. Nickel foam featuring a porosity of 96.5%, pore size ranging from 0.2 to 0.8 mm, and a thickness of 1.6 mm was obtained from Hefei Kejing Materials Technology, Hefei, China. Cobalt nitrate hexahydrate (Co(NO3)2·6H2O) (CDH, 99.9%), nickel nitrate hexahydrate (Ni(NO3)2·6H2O) (CDH, 99.9%), trimesic acid (98.0%), potassium hydroxide (KOH) (98.0%), and ethanol (98.0%) were sourced from Central Drug House (P) Ltd. (CDH, New Delhi, India). Thiourea (NH2CSNH2) (98.0%), dimethyl formamide (DMF) (99.8%), and hydrochloric acid (HCl) (0.01M) were purchased from Sisco Research Laboratories Pvt. Ltd. (Mumbai, India). Data processing and presentation were carried out using OriginLab 9.0 (2018) software.


2.1 Fabrication of NiCo2S4-loaded Ni-foam (NF)

A piece of Ni-foam (1 × 1.5 cm2) was cleaned using HCl (37 wt% in H2O) and then ultra-sonicated (25 min) to eliminate the surface oxide layer. The resulting NF surface was dipped into double-distilled water (DDW) and ethanol (four times) to remove acid traces, followed by drying (60°C, 10 h) in a hot-air oven. The NiCo2S4 (NCS) was synthesized hydrothermally. Briefly, nickel nitrate hexahydrate (Ni (NO3)2 .6H2O, 1 mmol) including cobalt nitrate hexahydrate Co (NO3)2.6H2O (2 mmol) was mixed in DDW (70 mL) by 30 min stirring, followed by the addition of thiourea (20 mmol) and magnetic stirring (120 min) until a clear transparent pink solution was obtained. An NF was transferred into 100 mL of hydrothermal autoclave (Teflon-lined stainless steel, Technistro (Autoclave-PTFE-0100)), and the reaction mixture was allowed to proceed (5 h, 150°C) in an oven (Equitron, # 7051-250), followed by cooling to room temperature [40]. NCS-loaded NF (NCS@NF) was separated from the solution and cleaned (with ethanol and DDW) and dried (70°C, 10 h). The loaded NF (NCS@NF) was annealed in a tube furnace (3 h, 350°C, 2°C min−1).



2.2 Fabrication of NiCo-MOF@NF and NiCo2S4@NiCo-MOF @NF electrode

Nickel cobalt MOF-loaded NF (NCM@NF) was also synthesized hydrothermally. Briefly, nickel (II) nitrate hexahydrate (Ni (NO3)2·6H2O, 1.5 mmol) and cobalt (II) nitrate hexahydrate (Co (NO3)2·6H2O, 1.5 mmol) were dissolved in DMF (40 mL) at 26°C (room temperature), followed by the addition of trimesic acid (organic linker) to maintain a pre-decided molar ratio (1:6) relative to the combined moles of Ni2+ and Co2+ ions (Radhika et al., 2020). The vivid purple solution was further stirred (90 min) and poured into a Teflon-lined stainless steel autoclave (100 mL). Nickel foam (NF) was then introduced, and the suspension was subjected to hydrothermal treatment (160°C, 18 h), followed by cooling to an ambient temperature. The loaded NF (NCM@NF) was recovered and rinsed (with ethanol, DMF, and deionized water) to remove traces of solvents. Finally, the material was dried (80°C, 24 h) in a hot-air oven. NiCo2S4@NiCo MOF/NF (NCS/NCM @NF) electrodes were fabricated by following the process used for NCS @NF electrodes (refer to Section 2.2 for fabrication process) instead of bare NF in the above synthesis method (Section 2.3), as shown in Figure 1.


[image: Flowchart illustrating the fabrication of binder-free electrodes. The process is divided into three sections: I, II, III. Section I shows cobalt nitrate and nickel nitrate combined with thiourea on nickel foam (NF) to produce NCS@NF. Section II shows cobalt nitrate and nickel nitrate with H2BDC on NF to create NCM@NF. Section III begins with NCS@NF, adds cobalt nitrate, nickel nitrate, and H2BDC to produce NCS/NCM@NF. The bottom row depicts the transformation from bare nickel foam to the different electrode materials.]


FIGURE 1 | 
Fabrication of binder electrodes of NCS@NF (I), NCM@NF(II), and NCS/NCM@NF(III).



2.3 Characterizations

The electrodes fabricated in Sections 2.2 and 2.3 were further investigated for material characterizations such as XRD, FESEM (EDS), and XPS. The crystalline and amorphous characteristics of the materials were analyzed using a powder X-ray diffractometer (XRD, Rigaku Smart Lab 3 kW) equipped with a Cu–Kα radiation source (λ = 1.540 Å). The electrodes were directly mounted onto the sample holder of the instrument as fabricated. The instrument operated at a constant filament intensity of 25 mA and a power of 45 kV. Data collection was performed over a 2θ range of 5° to 80°, employing a slow scan rate of 2°/min with a step size of 0.02°. The surface morphology and topography of the prepared electrodes were examined using FESEM (FE-SEM, Zeiss Gemini SEM 500 Thermal field emission type). Prior to analysis, the electrode samples were attached over the carbon tape and gently air-blown to remove dust particles. Micrographs were captured at various magnifications with an accelerating voltage of 10 kV. The quantitative elemental composition of the materials was then determined through energy-dispersive X-ray spectroscopy (SEM-EDS). The elemental distribution and oxidation states were further investigated using X-ray photoelectron spectroscopy (XPS, SPECS System). The samples were vacuum-dried, mounted onto conductive sample holders using double-sided carbon tape, and then subjected to data acquistion.



2.4 Electrochemical studies

The electrochemical studies were performed on prepared electrodes (NCS/NF, NCM/NF, NCS/NCM@NF) in Sections 2.2 and 2.3 as working electrodes. The electrodes of the control material had a mass loading of 1.070 mg (≈1.0 mg). The clean NF was first weighed to obtain the initial mass of the active mass of NF. After the material’s deposition and drying, the coated NF was weighed again to record the final mass. The difference between initial and material-loaded NF was considered as mass loading and normalized to the coated surface area. The electrodes were electrochemically analyzed at room temperature (26°C) in a three-electrode assembly in a basic medium (2M, 4M, and 6M KOH) with platinum foil (as a counter-electrode) and Ag/AgCl electrode (as a reference electrode). CV, GCD, and EIS studies were performed using an electrochemical workstation (Auto lab PGSTAT 302N).




3 RESULTS AND DISCUSSION


3.1 Powder X-ray diffraction (PXRD) studies

The structural information of all the synthesized samples was investigated using pXRD analysis. The three diffractogram intense peaks at 44.5°, 51.9°, and 76.4°, respectively corresponding to the planes (111), (200), and (220), were of Ni foam (shown by * in Figure 2) having space group (Fm3 m) (JCPDS card no. 00-004-0850) (Yolanda et al., 2020). The X-ray diffraction pattern of the NiCo2S4 material was consistent with JCPDS card No. 20-0782. The characteristic at 31.6°, 38.3°, 50.5°, and 55.3° corresponded to the (311), (400), (511), and (440) planes, respectively, with the Fd-3mspace group and a primitive unit cell a = 9.4177 Å (MadhusudanaRao et al., 2021). The XRD pattern of NiCo-MOF exhibits diffraction peaks which probably have a layered topology crystal structure as a result of connection between central metal ions and BDC ligands to form a 2D layered structure (Radhika et al., 2020). The two sharp peaks (2θ) at 12.9° and 25.8°, corresponding to planes (112) and (134), are due to the presence of Ni/Co-MOF and ZIF-67 (CCDC 671073). In the case of NCM@Ni, small peak splitting was observed in the XRD pattern at 44.5° due to the presence of multiple phases or the influence of strain or preferred orientation within the Ni foam structure.


[image: X-ray diffraction patterns for three samples: NCS/NCM@NF, NCM@NF, and NCS@NF. Peaks are labeled with Miller indices. Intensity varies across 2θ from ten to eighty degrees, showing distinct peaks at specific angles for each sample.]


FIGURE 2 | 
Diffractogram of NCS/NF, NCM/NF, and NCS/NCM@NF (* shows peaks of Ni foam).

Peaks at 31.6° (311), 38.3° (400), 50.5° (511), 55.3° (440), 12.9° (112), and 25.8° (134) are attributed to the composite sample (NCS/NCM). The above results confirm the preservation of the layered structures of both MOF and bimetal sulfide in the composite material.



3.2 Surface morphology

The surface morphology of Ni foam is porous, with an average pore size of 60 ±5 µm (Figure 3a), taking into account the standard deviation value calculated by ImageJ software. NCS has a 3D flower-like morphology with petals (sheet like structure) radiating outward from a central core grown on Ni foam (Jiang et al., 2022) (Figure 3b). The overall morphology of NCS is a cluster of 2D layers (size: 200–400 nm) (Figure 3b). Ni-Co MOF has a nano-layered sheet-like morphology (Figure 3c). The composite material has a mixed morphology (Figure 3d) possibly contributed by NiCo2S4 and NiCo-MOF, where MOF particles cover NCS layers to obtain support for their framework.


[image: A collage of images depicting microscopic and analytical data of a material. (a) Shows a porous structure at 10 micrometers. (b) and (c) Feature surface textures at 1 micrometer with 200 nanometer close-ups. (d) Displays a similar material texture. (e) Presents an elemental composition graph with a table showing percentages of carbon, oxygen, nickel, cobalt, and sulfur. (f) Is a distribution graph of particle diameter with a red curve overlay. (g) Shows a uniform field view. (h) Displays elemental overlays for nickel, cobalt, and sulfur.]


FIGURE 3 | 
Morphology of (a) Ni Foam, (b) NCS@NF, (c) NCM@NF, (d) NCS/NCM@NF, (e) EDS of NCS/NCM@NF, (f) particle distribution curve of NCS/NCM@NF, (g) field of view for elemental mapping of NCS/NCM@NF, and (h) elemental mapping of NCS/NCM@NF.

The flower-like nanoarrays of NiCo2S4 remained structurally intact beneath the NiCo-MOF layer, suggesting that the distinctive surface morphologies of both materials were well preserved. This indicates successful interfacial integration and structural robustness of the resulting hybrid architecture. Energy-dispersive X-ray spectroscopy (EDX) analysis confirmed the presence of elements in the composite, with the following weight percentages: C (23.42%), O (46.37%), Ni (15.34%), Co (11.27%), and S (3.60%); the corresponding atomic percentages were C (36.02%), O (53.54%), Ni (4.83%), Co (3.53%), and S (2.07%) (Figure 3e). Figure 3f represents the particle size distribution curve for NCS/NCM@ NF and the average size of the particles lie between (140-280 nm) Figures 3g,h represents the field of view and elemental mapping of NCS/NCM@NF for composite material.



3.3 X-ray photoelectron spectroscopy (XPS)

The elemental profiling and oxidation states of NCS/NCM@NF were studied by X-ray photoelectron spectroscopy (XPS). The identical peaks corresponded to Ni2p, Co2p, and S2p, respectively, in the XPS spectrum (Figure 4) with additional contributions from O (from water) and C (CO2 or organic substances). The distinct peaks at 856.1 eV and 873.3 eV correspond to Ni2+ (Ni 2p3/2 and Ni 2p1/2) in the Ni 2p spectrum (Figure 4b). These peaks, complemented by shakeup satellites, confirm the presence of Ni2+. Shake-up satellite peaks are due to the excitation of electrons (valence band to a higher energy state) resulting from interaction between an outgoing electron and a valence electron. The presence of Co2+ and Co3+(in Co 2p spectrum (Figure 4c) may be confirmed by peaks at 778.5 eV, 793.8 eV, 780.9 eV, and 796.5 eV, respectively (Gong et al., 2021). The relatively sharp peaks at 161.2 eV and 162.2 eV in the S2p spectrum (Figure 4d) reveal the presence of S2p3/2 and S2p1/2, respectively (Samba, 2013). Overall, the XPS study provides a detailed picture of the chemical environment of NCS/NCM@NF and confirmed the presence of Ni2+, Co2+, Co3+, and partially oxidized sulfur.


[image: The image shows four panels of X-ray photoelectron spectroscopy (XPS) spectra. Panel (a) displays a survey spectrum indicating presence of Zn, C, Co, N, and O elements. Panel (b) details the Ni 2p spectrum with distinct peaks at Ni 2p3/2 and Ni 2p1/2. Panel (c) presents the Co 2p spectrum with marked Co 2p3/2 and Co 2p1/2 peaks. Panel (d) shows the S 2p spectrum highlighting peaks at 2p3/2 and 2p1/2 with a satellite feature. Each spectrum illustrates intensity versus binding energy.]


FIGURE 4 | 

(a) Survey spectra of X-ray photoelectron spectroscopy (XPS) showing all main elements of NCS/NCM@NF, (b) Ni 2p, (c) Co 2p, and (d) S 2p spectra.




4 ELECTROCHEMICAL STUDIES

The electrochemical performance of NCS@NF, NCM@NF, and NCS/NCM@NF electrodes was studied with the changing molarity of KOH (2M, 4M, and 6M) as the electrolyte. The basic (KOH) electrolyte was used as it enhances the conductivity and ensures ion transfer for specific electrochemical reactions.

Peaks in the CV research of NCS material in composite may be attributed to redox reactions. NCS/NCM@NF exhibits larger peak value current and higher enclosed surface area compared to its counterparts, possibly due to high electrochemical activity and specific capacity. The electrochemical property of active materials was evaluated on a three-electrode assembly system at different scan rates (2, 5, 10, 20, 50, and 100 mVs−1). On the other hand, redox peaks in CV research are attributed to faradic redox reactions (Wang et al., 2019). The anodic and cathodic peaks shift toward higher and lower voltages, respectively, with an increase in the scan rate (Keithley et al., 2011) due to the insufficient insertion of hydroxyl ions (OH−) in the basic electrolyte into the center of the NCS material. A higher specific capacitance Cs was achieved with 6M KOH because the concentration number of ions increased due to the high ionic mobility of K+ and OH− ion in aqueous media (Zhang et al., 2012). The molarity beyond 6M was avoided to avert the negative impact of corrosiveness, electrode degradation, and the hindrance of ion transfer due to higher viscosity. High molarity leads to the crystallization of base (KOH), which blocks ion pathways and impacts the electrode structure. The high molarity (6M) of KOH maintains a balance between efficient ion transfer and compatibility with materials to meet the requirements of electrochemical studies (Zhang et al., 2012). The capacitance of NCS/NCM@NF was relatively higher due to the synergistic effect of NiCO2S4 and Ni Co MOF in which NiCO2S4 nano sheets facilitate efficient electron transport and Ni Co MOF offers pathways for rapid ion diffusion, reducing resistance and enhancing overall conductivity.


4.1 Cyclic voltammetry studies (CV)

The specific capacitance (CS) of materials was determined using the formula of Wang et al. (2013) as given in Equation 1:
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We used the data from the third cycle (n = 3) to calculate the specific capacitance because the first cycle often shows some initial changes such as surface activation or electrolyte wetting. The second cycle starts to stabilize and, by the third cycle, the current response becomes steady and more reliable. This approach is widely used to avoid early-stage variations (Han et al., 2017). The electrochemical stability of an electrolyte solution is intrinsically related to its potential window. In supercapacitors, the high potential window defines the maximum safe operating voltage range within which the device can undergo charge and discharge cycles without substantial degradation or failure (Shrestha, 2022). This upper voltage limit is critical as it determines the capacity of the device to maintain structural and functional integrity over prolonged use. The potential windows of NCM@NF, NCS@NF, and NCS/NCM@NF are 0.45 V, 0.95 V, and 1.0 V, respectively. Higher potential windows of the composite indicate that the material effectively facilitates redox reactions and ionic transport within the electrolyte, leading to overall advancement in energy storage applications.

The specific capacitance of composite at 6M KOH (at 2 mV s−1) was relatively higher (2,150.3 F/g) than NCM@NF (393.1 F g−1) and NCS@NF (1,542.2 F g−1) (Figures 5a,c,e (Table 1). The increase in the closed area of the CV curve with rising scan rates, while maintaining its shape, indicates that the as-synthesized electrode material undergoes highly reversible redox reactions (Figure 5b,d,f; Table 2). Moreover, at high scan rates, the limited contact time between the electrode and electrolyte hinders ion diffusion into the deeper active sites of the electrode. This restricted interaction reduces the effective utilization of these sites, ultimately leading to a decrease in the charge storage capacity.


[image: Set of six graphs labeled a to g, depicting electrochemical performance. Graphs a, c, and e show current versus voltage for NCS, NCS@NF, and NCS@NC@NF in 2M and 6M KOH. Graphs b, d, and f illustrate current versus voltage at scan rates from 2 to 50 mV/s. Graph g displays capacitance retention over 5,000 cycles, around eighty-six percent.]


FIGURE 5 | 

(a) Cyclic voltammetry curves of NCM@NF, (c) NCS@NF, and (e) NCM@NF at varying base (KOH) concentrations (2M, 4M, and 6M) at 2 mV/S; (b) cyclic voltammetry curves of NCM@NF, (d) NCS@NF, and (f) NCS/NCM@NF at different scan rates at 6M KOH; (g) cyclic stability of composite NCS/NCM@NF over 10,000 cycles.


TABLE 1 | Specific capacitance of NCM@NF, NCS@NF, and NCS/NCM@NF at different molarities of KOH (2M, 4M, and 6M) as electrolyte at 2 mV/s scan rate.




	Specific capacitance (F/g) @ 2 mV/s



	Molarity (KOH)
	NCM@NF
	NCS@NF
	NCS/NCM@NF





	2
	361.1
	1,311.5
	1,400.2



	4
	373.3
	1,465.7
	1,480.5



	6
	393.1
	1,542.1
	2,150.3









TABLE 2 | Specific capacitance of NCM@NF, NCS@NF, and NCS/NCM@NF at different scan rates with a fixed molarity of electrolyte KOH (6M).




	Specific capacitance (F/g)



	Scan rate (mV/s)
	NCM@NF
	NCS@NF
	NCS/NCM@NF





	2
	393.1
	1,542.1
	2,150.3



	5
	317.2
	1,459.7
	1926.2



	10
	224.4
	1,205.6
	1,694.4



	20
	122.2
	1,015.7
	1,472.6



	50
	66.4
	524.2
	600.4



	100
	54.2
	515.5
	551.3








The durability of the electrode material plays a crucial role in ensuring its suitability for practical applications. The capacitance of the as-synthesized composite electrode material (NCS/NCM@NF) retained 89%, even after 10,000 cycles of usage; the same demonstrates the electrode material’s excellent stability and suitability for extended use (Figure 5g). These results highlight the effectiveness of the core-shell structure, which provides a robust and stable framework for energy storage. The enhanced capacitance of NiCo2S4 and NiCo MOF composite may be attributed to the unique structural properties of NiCo2S4, which facilitate rapid ion diffusion pathways and electron transport, thus leading to increased charge storage capacity. Furthermore, the presence of Ni-Co MOF contributes additional active sites for electrochemical reactions and enhanced capacitance. There is also the satellite reduction peak in the CV curve of the NCS/NCM@Ni composite, which is absent in the bare NCM and NCS electrodes. This is due to the synergistic effect between NiCo2S4 and MOF, not only improving energy density but also enhancing the cyclic performance, rendering the composite ideal for energy storage applications.



4.2 Galvanostatic charge/discharge analysis (GCD)

Galvanostatic charge–discharge (GCD) is a widely used approach in electrochemistry for charge and discharge characteristic assessment of energy storage devices (such as batteries and supercapacitors). This approach involves the application of a constant current to charge and discharge a material followed by the measurement of parameters like Cs, Ed, and Pd.

The GCD curves of NCM@NF, NCS@NF, and NCS/NCM@NF electrodes, with reference electrode (Ag/AgCl) at constant current densities (0.5 A/g, 1 A/g, 2 A/g, and 3 A/g), are depicted in Figures 6a–f. The performance of the composite material electrode was better than that of the precursor material electrode, possibly due to ionic transport capabilities in the former. The results underscore the composite material’s potential as a favorable candidate for advanced energy storage applications.


[image: Six graphs display temperature and pressure changes over time for two samples, labeled NCS@Ni3S2 and SCN@Ni3S2. Graphs (a) to (c) show various KOH concentrations, while (d) to (f) compare ionic solutions LiOH, NaOH, and KOH. Each graph has distinct color-coded lines for clarity.]


FIGURE 6 | 
GCD curves of NCM@NF (a), NCS@NF (b), and NCS/NCM@NF (c) with varying KOH molarities (2M, 4M, and 6M) at 0.5 A/g and GCD curves of NCM@NF (d), NCS@NF (e), and NCS/NCM@NF (f) with changing current densities and 6M electrolyte.

The CS, Ed, and Pd of the electrode materials were calculated (Pal et al., 2021) using Equations 2–4 to provide a comprehensive understanding of the performance of electrode materials.
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where I is current density (A g−1), ∆t is discharging time (s) as calculated from the GCD curve, m is mass (mg) deposited on the electrode, and ∆V is potential window (V).

The noticeable nonlinear behavior seen in the GCD patterns can be linked to quasi-reversible Faradaic reactions occurring within the system. These reactions cause fluctuations in the charge–voltage ratio, leading to dynamic variations throughout the discharge process. As a result, calculating the specific capacitance under such conditions requires an integration method that considers the changing charge–voltage relationship influenced by these Faradaic processes. The specific capacitance at different molarities (2M,4M and 6M KOH) at 0.5 A g-1 is shown in Table 3. and higher capacitance is acheived in case of 6M KOH. The specific capacitance (F g-1), at a current density of 0.5 A g−1, were 340.2 F g−1 (NCM@NF), 1,607.4 F g−1 (NCS@NF), and 1970.2 F g−1 (NCS/NCM @NF) at 6M KOH shown in Table 4. The significant rise in the capacitance of the composite (particularly at elevated current densities) offers the composite as a potential material for energy storage applications under diverse operational conditions. The increased current density restricts ion diffusion and reduces exposure to the electrode surface, thereby restricting efficient charge storage. Higher current densities can lead to polarization effects, non-uniform ion distribution, and increased internal resistance that impedes the efficient movement of ions and decrease overall capacitance. Furthermore, elevated current may instigate undesirable Faradaic reactions, altering the structural and electrochemical properties of electrode material and diminishing their capacitance. This phenomenon accounts for the reduction in CS with increasing current densities. The hiked Ed (199.6 W h kg−1) and Pd (1,500.2 W kg−1) at 6M KOH shows the composite to be viable for high-performance energy storage applications, particularly in meeting rapid charge and discharge requirements. The NCS/NCM@NF composite exhibits exceptional electrochemical performance, attributable to several key factors.


TABLE 3 | Specific capacitance of NCM@NF, NCS@NF, and NCS/NCM@NF at 2M, 4M, and 6M concentration.




	Specific capacitance (F g-1) @ 0.5 A g-1




	Molarity (KOH)
	NCM@NF
	NCS@NF
	NCS/NCM@NF





	2
	296.4
	1,281.3
	1,553.5



	4
	328.3
	1,439.7
	1774.3



	6
	340.2
	1,607.4
	1970.2









TABLE 4 | Specific capacitance of NCM@NF, NCS@NF, and NCS/NCM@NF with varying molarity of electrolytes (2, 4, and 6M).




	Specific capacitance (F g-1)



	Current density (A/g)
	NCM@NF
	NCS@NF
	NCS/NCM@NF





	0.5
	340.2
	1,607.5
	1970.2



	1
	256.4
	1,494.7
	1782.3



	2
	230.3
	1,042.3
	1,464.4



	3
	188.5
	651.4
	1,437.2








The active material was directly grown on nickel foam to eliminate the need for binders and conductive additives, which shortens the diffusion path of ions and relatively decreased internal and diffusion resistance. Moreover, the core-shell structure enhances the electrode–electrolyte interface, improves contact, increases active sites, and initiates accelerated electron transfer. The Ni-Co MOF serves as a core layer, providing abundant Faradaic redox reaction sites, while NiCo2S4 as a shell material enhances electron conductivity and contributes additional pseudo capacitance. The synergistic effect of these three materials further improved the capacitance of the electrode. This combination provides structural advantages and improved material properties as composite (NCS/NCM@NF), making it a suitable candidate for advanced energy storage applications. The comparison of different electrode materials with NCS/NCM @NF over Specific capacitance and capacitive retention is shown in Table 5.


TABLE 5 | Comparison of capacitance of materials reported herein with materials reported in the literature.




	Electrode material
	Substrate
	Electrolyte
	Scan rate/current density
	Specific capacitance
	Capacitance retention
	Ref.





	NiCo2S4 hollow spheres
	Ni foam
	6.0 M KOH
	1 A g−1

	1,036 F g−1

	87% after 2000 cycles
	
Shen et al. (2015)




	NiCo2S4 nanotubes
	Ni foam
	6.0 M KOH
	4 A g−1

	738 F g−1

	93.4% after 4,000 cycles
	
Pu et al. (2014)




	NiCo2S4 nanorods
	Ni foam
	1.0 M KOH
	12 mAcm-2

	800 F g−1

	57.1% after 1,000 cycles
	
Xiao et al. (2018)




	Ni-Co-S nanosheets
	Ni foam
	1.0 M KOH
	0.5 A g−1

	1,406.9 F g−1

	88.6% after 1,000 cycles
	
Tao et al. (2018)




	Ni-Co-S@Ni-W-O nanosheets
	Ni foam
	6.0 M KOH
	2 A g-1

	1988 F g-1

	91.7% after 6000 cycles
	
He et al. (2018)




	NCS/rGO/CNT hierarchical layers
	Ni foam
	PVA/KOH gel
	1 A g−1

	1,102 F g−1

	72% after 1,600 cycles
	
Chiu and Chen (2018)




	Ni-Co-S Hollow nanocolloids
	Ni foam
	2.0 M KOH
	4 A g−1

	852 F g−1

	96% after 3000 cycles
	
Chen et al. (2016)




	NiCo2S4 sponge-like sheets
	Ni foam
	2.0 M KOH
	15 mA cm−2

	11.97 Fcm−2

	80.1% after 5000 cycles
	
Ren et al. (2021)




	ZnS/NiCo2S4 nanostructure
	Ni foam
	
	1  mA cm−2

	2,604 mf cm−2

	90% after 6000 laps at 8 mA cm−2

	
Chen et al. (2021)




	NCS/NCM@NF
	Ni foam
	
6.0 M KOH

	
0.5 A g

−1


	
1970 F g

−1


	
89% after 10,000 cycles

	This work







Bold is done because work is done in this paper highlighting the maximum capacitance.




4.3 Electrochemical impedance spectroscopy (EIS)

Electrochemical impedance spectroscopy (EIS) is a powerful technique that evaluates a system’s electrical response by applying an alternating current (AC) signal across a wide frequency range, typically from 0.01 Hz to 106 Hz. Through detailed analysis of the resulting impedance spectrum, crucial electrochemical parameters such as the solution resistance (Rs), charge transfer resistance (Rct), and interfacial properties can be extracted. This method provides valuable insights into ion transport kinetics, electrode–electrolyte interfaces, and overall electrochemical performance (Wu et al., 2010). The data obtained were fitted using an equivalent circuit model in NOVA 2.1 software. The Nyquist plot, which represents the imaginary (Zʺ) versus the real impedance (Z′), illustrates the system’s overall electrochemical behavior. Typically, Nyquist plots initiate at high frequencies due to restricted sample diffusion, influencing the impedance characteristics. The fitted circuit included several components such as Rs, Rp, a constant phase element (CPE), and a Warburg element (W) shown in (Figure 7b). The composite material NCS/NCM@NF exhibited a solution resistance of 1.52 Ω, indicating minimal resistance contribution from the electrolyte to the current flow. The Rp reflects the resistance at the electrode–electrolyte interface, which was found to be 790 mΩ, suggesting efficient charge transfer kinetics.


[image: Graph and circuit schematic. Panel a) presents a Nyquist plot with original data in black and fitted data in red, showing a linear relationship between Z'' and Z' with increasing values. Panel b) illustrates an equivalent electrical circuit with resistors \(R_s\), \(R_p\), a Warburg element \(W\), and a constant phase element \(CPE\) arranged in series and parallel.]


FIGURE 7 | 

(a) Nyquist plot for NCS/NCM@NF (6M KOH); (b) fitted circuit.

The presence of a constant phase element (CPE) highlights the system’s non-ideal capacitive behavior. CPE is frequency-dependent and provides insights into factors such as surface roughness, porosity, and material heterogeneity on the electrode surface. The Warburg element (W) is a crucial component in EIS analysis that characterizes ion diffusion behavior within the electrochemical system, exhibiting a frequency-dependent response proportional to √ω, where ω denotes the angular frequency of the applied AC voltage. In the Nyquist plot (Figure 7a), which represents the real (Z′) versus the imaginary (Zʺ) impedance, this diffusion behavior is typically observed as a linear region at low frequencies. The Nyquist plot is widely employed to extract key electrochemical parameters such as solution resistance (Rs), charge transfer resistance (Rct), and diffusion-related characteristics, providing comprehensive insights into the system’s ionic transport and interfacial properties. The accuracy of the fit has been evaluated using the chi-squared (χ2) value, which was found to be 0.848, as provided by software. This value reflects a reasonable agreement between the experimental and the fitted data.




5 CONCLUSION

Double-metal NiCo-MOF, NiCo2S4 spinel material, and their composite (namely: NCS/NF, NCM/NF, and NCS/NCM@NF) were successfully synthesized using a simple method and immobilized onto nickel foam to eliminate binder-related issues. The NCS/NF composite serves as an effective and uniform base platform, facilitating the predominant surface formation of the NCS/NCM@NF composite material. The overall electrochemical performance of the active materials was tuned by varying the KOH molarity (2M, 4M, and 6M). The binder-free NCS/NCM@NF composite electrode, which incorporates both Ni and Co, exhibited enhanced electrochemical performance in a 6M KOH electrolyte. The composite material achieved a remarkable CS of 2,150.3 F g−1 at a scan rate of 2 mV s−1, demonstrating its exceptional energy storage capability. The electrode’s durability was confirmed through cyclic stability tests, retaining approximately 89% of its capacitance even after 10,000 cycles. Furthermore, the composite delivered a high Ed of 199.6 Wh kg−1 and a Pd of 1,500.2 W kg−1, demonstrating its capability for practical energy storage device applications. EIS studies revealed efficient ionic and electronic transport within the electrodes, attributed to minimal charge transfer and solution resistance. Consequently, the Ni-Co MOF- and NiCo2S4-based electrodes hold significant promise for advanced energy storage systems.
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This study reports the isolation of four bacteria from metal-enriched sites and rhizosphere soil and evaluated their tolerance (to 9 mM) toward iron (ferric chloride) and zinc (zinc sulfate). Among all the four isolates, AW5 exhibited plant growth-promoting (PGP) traits, namely, siderophores, indole-3-acetic acid, and increased solubilization of zinc and phosphorus. AW5 efficiently synthesized iron and zinc nanoparticles (NPs) of size 135 nm and 197 nm, respectively. The biologically synthesized iron and zinc NPs (20 ppm) enhanced the bacteria (AW5) growth, production of indole-3-acetic acid and siderophore, and solubilization of phosphate and zinc. A combination of plant growth-promoting rhizobacteria (PGPR) and NPs (seed priming) significantly improved shoot (up to 9%) and root length (up to 35%), wheat dry biomass (up to 96%), 100-grain weight (up to 28%), iron content (14%), and zinc content (4%) versus the recommended dose of fertilizer (RDF) control under a pot experiment. A foliar spray of NPs combined with PGPR seed priming showed a significant increase in shoot length (7%) and root length (up to 14%), wheat dry biomass (up to 59%), 100-grain weight (up to 34%), iron content (27%), and zinc content (53%) versus the RDF control under a pot experiment. Nanoparticle treatment through seed priming or foliar spray enhanced plant growth hormones (auxin, 59%) and chlorophyll A and B (51% and 107%) and soil microbial enzymes (dehydrogenase up to 53% and fluorescein diacetate up to 164%), and increased grain fat (65%) and ash content (42%). The synthesized NPs improved root morphology, photosynthesis, and soil enzymatic activities that enhanced the availability of micronutrients from soil to plant for its growth and biofortification. The synergistic impact of NPs bolstered plant–bacteria interactions, hence increasing nutrient uptake by improving the root architecture and facilitating the availability of FeNPs and ZnNPs. This study provides valuable insights into employing bacteria-assisted NPs in biofortification and crop productivity to achieve agricultural sustainability.
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Bacterial synthesis, characterization and application of Fe and Zn NPs for wheat crop biofortification and productivity.
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1 INTRODUCTION

Modern agricultural practices have rendered the soil deficient in organic carbon and resulted in the poor availability of nutrients. Cereal crops are widely cultivated and consumed as a staple food to ensure food security and nutrition for the ever-increasing global population. Innovative organic formulations rich in available nutrients must be devised. Nanotechnology can play an important role in formulating and developing sustainable agri-inputs for prolonged release to provide nutrients to plants for better growth, quality, and yield (Kumar et al., 2025). The synthesis of NPs through biological methods has become attractive due to their environmentally friendly nature versus chemical approaches (Campaña et al., 2023).

A biological approach involving microorganisms for nanoparticle (NP) synthesis provides biocompatible material. A diverse range of NPs (geometric and metallic) was biosynthesized using organisms like bacteria, fungi, yeasts, and plants (Shankar et al., 2016; Rana et al., 2020). The microbial synthesis of NPs is mediated by enzymes, proteins, and other biomolecules secreted by the microorganism. These biological agents reduce metal salts to oxides to attain compatibility via active, passive, or combined mechanisms (Khan et al., 2020). The approach of NP synthesis and modification via microbial agents is simple, sustainable, and economically viable (Mukherjee et al., 2001; Ahmad et al., 2003) with a possibility to achieve controlled size and shape (Iqtedar et al., 2020; Guardiola-Márquez et al., 2023). Zinc oxide and iron oxide nanoparticles have been widely used in the agricultural and allied sectors (Chatterjee et al., 2011; Zhang et al., 2021; Guardiola-Márquez et al., 2023).

Nanoparticles significantly impact the interactions between microorganisms and plants, leading to improved plant growth, nutrient uptake, and stress tolerance. The integration of NPs into agricultural systems holds great promise for enhancing microbial growth and promoting plant–microbe interactions (Shukla et al., 2015). Iron (Fe) and zinc (Zn) oxide NPs have stimulated the growth and activity of plant growth-promoting rhizobacteria (PGPR). They have also served as carriers for PGPR, protecting them in harsh environmental conditions and facilitating their attachment to plant roots (Chatterjee et al., 2011; Liu et al., 2013; Timmusk et al., 2018). Nanotechnology-based delivery methods have improved the efficacy of agricultural inputs, alleviated environmental concerns, and enhanced sustainability in agriculture (González-Melendi et al., 2008). They enhance targeted delivery, reduce waste, and lower environmental impacts. Nanoparticles can be used via foliar application on plants, seed treatments, and soil amendments with other fertilizers (González-Melendi et al., 2008; Shelar et al., 2023; Takeshita et al., 2023).

In this study, Fe and Zn NPs were synthesized using PGPR and then characterized to ensure uniformity, polarity, morphology, crystallinity, and compatibility. The impact of NP delivery methods was assessed on the growth and nutritional content of wheat (WH 1105). Furthermore, the mechanism of the microbe–NP interaction was studied via growth kinetics, bacterial activity, and production of metabolites.

A broad array of bacterial metallic NPs has been used in the agriculture sector. These include oxide nanoparticles of gold (Tikariha et al., 2017), cobalt (Eltarahony et al., 2018), silver (Gopinath et al., 2017), copper, zinc (Zaki et al., 2021), titanium (Kumaravel et al., 2021), and iron (Crespo et al., 2017). Bacterial isolates from maize roots were screened based on their plant growth-promoting (PGP) traits, and five bacterial isolates were used for maize growth enhancement (Prischl et al., 2012). Similarly, Maheshwari et al. (2022) isolated 355 bacteria from the root and nodules of Pisum sativum and Cicer arietinum and checked their effect on the leguminous plant growth and development, taking 25 selected isolates. The selection of bacteria based on PGP traits is crucial as it indicates their significant potential to enhance plant growth. This study reports the application of bacteria having plant growth-promoting abilities for the synthesis of FeNPs and ZnNPs and evaluates their effect in combination with bacteria on wheat growth and nutritional content. This could be a sustainable approach in nanotechnology via enhancing the efficacy of existing PGPR toward the biofortification of agricultural products and alternatives to agrochemicals.



2 MATERIALS AND METHODS


2.1 Bacterial isolation and its tolerance toward Fe and Zn


2.1.1 Bacterial isolates

A total of 10 bacteria (SL1–SL10) were isolated from wastewater treatment, slug (site), and slag (site) Fe-enriched sites from Hisar (Haryana, India) using a serial dilution method (Rana et al., 2011). Soil samples were diluted up to 10–8 with sterilized water, and 100 µL from final dilutions was spread on Luria Bertani (LB) agar plates, followed by overnight incubation at 28 ± 2°C. The bacteria were isolated on the basis of distinguished colony shape, pigmentation, and other morphological features. Furthermore, six plant growth-promoting isolates (RP24, TMG3, WF, WH, WD, and AW5) were obtained from the Microbial Genomics Laboratory (115A), Department of Microbiology, College of Basic Sciences and Humanities, Chaudhary Charan Singh Haryana Agricultural University, Hisar, Haryana (India). The bacteria were grown on an LB agar medium and stored at 4°C for further use.



2.1.2 Salt tolerance of bacterial isolates

The isolates were evaluated for their Fe and Zn tolerance on nutrient agar media supplemented with different concentrations of ferric chloride (FeCl3) and zinc sulfate (ZnSO4) (3 mM, 6 mM, 9 mM, and 12 mM). The iron and zinc solutions were added to the growth media via syringe filtration before being poured onto a Petri plate. The bacteria were grown on the prepared media at 28 ± 2°C, and colony growth diameter was observed after 48 h of incubation.




2.2 Plant growth-promoting (PGP) traits of bacteria

The selected four bacterial isolates (AW5, WH, SL5, and SL9) were screened for a wide array of PGP traits. Phosphate solubilization was analyzed using Pikovskaya medium (Hi Media). The bacteria were grown in LB medium (12 h at 28 ± 2°C). The grown bacterial cell culture (10 µL) was spotted on solid medium and also inoculated in liquid Pikovskaya medium to estimate the phosphate solubilization activity via observing a clear zone around the spot on the solid medium. For the liquid assay, bacteria were grown for 5 days, followed by analysis using a molybdenum blue colorimetric assay to measure solubilized phosphate (Pikovskaya, 1948).

Zinc solubilization estimation was performed by supplementing 1% zinc sulfate in LB medium, and the zone was measured for zinc solubilization on the solid medium as performed for phosphate solubilization. The zinc quantification in liquid medium was performed by growing bacteria for 4–5 days, followed by zinc analysis using Atomic Absorption Spectroscopy (AAS) (Di Simine et al., 1998).

The Salkowski colorimetric method was used to detect the production of indole-3-acetic acid (IAA) by growing bacteria in yeast extract mannitol broth supplemented with 100 μL/mL concentration of tryptophan for 3–7 days at 28 ± 2°C. A pink/red color formation through the mixing of Salkowski reagent solution indicated the formation of IAA, followed by analysis using a spectrophotometer (530 nm) (Tang and Bonner, 1948; Rana et al., 2011; Kumar et al., 2022). Siderophore production was detected using Chrome Azurol S dye in an agar plate with a modified method (Schwyn and Neilands, 1987). The bacterium was grown on CAS agar medium, and a zone was observed with yellow pigmentation by chelating iron from the CAS dye for siderophore-producing bacteria.



2.3 Bacterial synthesis of Fe and Zn nanoparticles

The four selected bacterial isolates (AW5, WH, SL5, and SL9) were grown in Luria Bertani (LB) broth in an incubator shaker (150 rpm, 5 days, 28 ± 2°C). The bacterial cells were harvested through centrifugation (6,000 rpm, 10 min), and the supernatant was collected. The supernatant was mixed with FeCl3 (1mM) or ZnSO4 (1mM) in a 1:1 ratio and mixed via stirring at 800 rpm (at 50°C for 3 h) and kept overnight for shaking at 150 rpm (28 ± 2°C). The mixture was centrifuged (8,000 rpm, 10 min), followed by washing (three times) with sterile distilled water. Following washing with ethanol (70%), nanoparticles were dried at 50°C. LB broth without bacterial growth was used as a control by following the mixing of FeCl3 or ZnSO4 under the same conditions as described above. The following synthesis methods were adopted with modifications (El-Naggar and Abdelwahed, 2014; Omajali et al., 2015; Majeed et al., 2021).



2.4 Characterization of Fe and Zn nanoparticles

The size, morphology, surface functionality, elemental composition, and crystallinity of the synthesized FeNPs and ZnNPs were studied using particle size analysis (PSA), zeta potential analysis, scanning electron microscopy (SEM), energy dispersive X-ray spectroscopy (EDX), X-ray diffraction (XRD), and Fourier transform infrared spectroscopy (FTIR). FTIR analysis was performed using a PerkinElmer Spectrometer Spectrum 3 (USA) to study the surface chemistry of FeNPs and ZnNPs. The dried NPs were analyzed using the KBr pellet method in the range of 400–4,000 cm−1. The particle size and zeta potential of the nanoparticles were assessed using dynamic light scattering (DLS) techniques (Malvern Panalytical Zeta Sizer Pro). A fixed concentration (1 mg/mL) of NPs was suspended in distilled water and sonicated (30 min) with a probe sonicator (SONICS) prior to analysis in a polystyrene cuvette. The morphology of the synthesized NPs was examined using field emission scanning electron microscopy (FESEM; JEOL, version 2). The FeNPs and ZnNPs were immobilized onto a conductive sticky carbon disk, followed by gold coating to enhance the conductivity of the specimens. The coating thickness was carefully controlled (∼ 10 nm) to ensure adequate conductivity while allowing detailed surface observation. The elemental composition of the FeNPs and ZnNPs was analyzed using EDX coupled with the FESEM (JEOL, version 2). The crystallinity of FeNPs and ZnNPs was investigated using a powder X-ray diffractometer. This analysis helped get the average dimensions of the scattering regions within the NPs and enabled the accurate identification of crystalline phases. Annealing of amorphous BioNPs was done by keeping them in a tubular furnace at 500°C (2 h) under a nitrogen environment. Furthermore, the annealed NPs were characterized using pXRD (Nandhini et al., 2019; Majeed et al., 2021; Mathur et al., 2021).



2.5 Effect of Fe and Zn nanoparticles on bacterial growth and PGP traits

The bacterial isolate AW5 was grown in LB broth supplemented with biosynthesized Fe and Zn amorphous nanoparticles individually at different concentrations (1 ppm, 5 ppm, 10 ppm, 20 ppm, 30 ppm, 40 ppm, and 50 ppm) to check the effect of NPs on bacterial growth. The growth of bacteria was measured at OD600 nm after 12 h and 24 h. The optimized concentration, which shows a significant effect on bacterial growth enhancement, was compared with standard chemically synthesized (Sigma Aldrich Chemicals Pvt. Ltd.) and crystalline (after annealing of biologically synthesized NPs) Fe and Zn NPs. The effect of the optimized dose of NPs was checked on PGP traits of AW5, namely, IAA production, siderophore production (Butaite et al., 2017; Maheshwari et al., 2019; Payne, 1994; Shang et al., 2019), and zinc and phosphate solubilization, by following quantitative assays using modified methods (Rana et al., 2011; Bhutani et al., 2021).



2.6 Evaluation of the combined effect of NPs and bacteria on wheat growth and nutritional value

The optimized concentrations of Fe and Zn NPs that enhanced microbial growth under in vitro study were applied in combination with bacteria for the treatment of wheat seeds.


2.6.1 Pot experiment

The effects of synthesized Fe and Zn NPs, individually as well as in combination with PGPR (AW5), were tested on wheat. Wheat seeds were primed with the suspension of NPs and bacterial culture before sowing. The optimized doses of Fe and Zn NPs, which showed enhanced effects on the growth bacteria and PGP traits, were selected to evaluate their effect on growth, yield, and nutritional content of wheat under pot house conditions. A total of 18 treatments were designed, and the recommended dose of fertilizer (RDF) N120P60K60 was added in all the treatments, except the absolute control following two split doses of nitrogen as follows: T1: Absolute control; T2: RDF control; T3: RDF + PGPR; T4: RDF + PGPR + FeNPs (20 ppm); T5: RDF + PGPR + FeNPs (100 ppm); T6: RDF + PGPR + ZnNPs (20 ppm); T7: RDF + PGPR + ZnNPs (100 ppm); T8: RDF + PGPR + ZnNPs and FeNPs (20 ppm); T9: RDF + PGPR + ZnNPs and FeNPs (100 ppm); T10: RDF + PGPR + Foliar treatment (FeCl3), T11: RDF + PGPR + Foliar treatment (ZnSO4); T12: RDF + PGPR + ZnSO4 and FeCl3, T13: RDF + PGPR + Foliar treatment (FeNPs-20 ppm); T14: RDF + PGPR + Foliar treatment (FeNPs-100 ppm); T15: RDF + PGPR + Foliar treatment (ZnNPs-20 ppm); T16: RDF + PGPR + Foliar treatment (ZnNPs-100 ppm); T17: RDF + PGPR + Foliar treatment (ZnNPs and FeNPs-20 ppm); T18: RDF + PGPR + Foliar treatment (ZnNPs and FeNPs-100 ppm).



2.6.2 Seed priming

Surface sterilization of wheat seeds was performed with sodium hypochlorite (4%), followed by washing with sterilized distilled water (DW) and drying. The sterilized seeds were primed with FeNPs (20 ppm, 100 ppm) or ZnNPs (20 ppm, 100 ppm) or a combination of both nanoparticles (20 ppm; 100 ppm), followed by PGPR or combination (PGPR and NPs) for a 1-h treatment. The nanoparticle stock (1,000 ppm) was prepared by dispersing it in double-distilled water by sonication. Working concentrations (20 ppm and 100 ppm) were prepared by dilution of stock solution and employed for seed priming and foliar application. A foliar spray was performed on the crop at the three-leaf stage and the milking head stage.



2.6.3 Soil microbial enzymatic activity and plant biochemical analysis

The soil mix (5 g) with solution A (3% TTC (2,3,5 triphenyl tetrazolium chloride) and distilled water 1:2) was used to determine the dehydrogenase activity. Samples were incubated at 37°C for 24 h (in dark) after vigorous mixing. After incubation, methanol (10 mL) was added to the reaction and filtered (Whatman No. 1 paper). The absorbance of the filtrate was recorded at 485 nm using a spectrophotometer with methanol as a blank (Thalmann, 1968). The potassium phosphate buffer (5 mL, pH 7.6, 60 mM) was mixed with soil (1 g), followed by the addition of fluorescein diacetate (FDA) solution (10 µL) and incubation (37°C, 1 h). After incubation, acetone (200 μL, 5% v/v) was added to stop the reaction and filtered. The absorbance was recorded at 485 nm using a spectrophotometer method (Green et al., 2006).

After harvesting the crop, different parameters like auxin (Manna et al., 2024) and chlorophyll content (Wellburn, 1994) were analyzed. Fresh plant tissues were weighed 0.1 gm and crushed after freezing in deep at −20°C for 2 h. An aliquot of ethanol (∼2 mL) was added to the powdered sample before thawing, followed by thorough grinding. The homogenate (1 mL) was transferred to an Eppendorf tube and centrifuged at 10,000 × g for 2 min at 4°C. The supernatant (100 μL) was mixed with 900 μL of the reagent (mixture of water: concentrated sulfuric acid: 0.5 M FeCl3 (25:15:0.75) and incubated at room temperature for 30 min. Absorbance was recorded at 540 nm, and the auxin concentration was calculated using a standard curve (Manna et al., 2024). The chlorophyll content was analyzed following the modified method of Wellburn (1994). Fresh tissue (0.1 g) was crushed using a chilled mortar and pestle, followed by the addition of methanol (5 mL). The homogenate was incubated at 65°C for 30 min in the dark. The mixture was centrifuged at 10,000 × g for 10 min, and the supernatant was analyzed using a spectrophotometer at 666 nm and 653 nm wavelengths. Total chlorophyll content, chlorophyll a, and chlorophyll b were calculated using the following equations: Chlorophyll a (µg/g) = (15.65 × A666–7.34 × A653) × 50; chlorophyll b (µg/g) = (27.05 × A653–11.21 × A666) × 50 (Wellburn, 1994).



2.6.4 Plant physiological parameters

The pots were filled with water overnight before harvesting the plants with their roots intact. The plant roots were washed to remove excess soil and dried before measuring biomass and shoot and root length (cm). Plant biomass (g) was measured with spikes, followed by grain harvesting and grain weight (100 seeds per treatment). All experiments were performed in triplicate, and the average was reported.



2.6.5 Nutrient analysis

The plant samples were prepared using a standard protocol. In brief, plant straw and grain fine powder (0.5 g) were added with diacid (HNO3+HClO4, 4:1, 10 mL) and heated until a clear, colorless solution (reduced up to 3–4 mL) was obtained. The solution was cooled, filtered, and transferred to a volumetric flask, followed by analysis (Huang et al., 2004). In the case of P, the analysis digested plant material (1–5 mL) was taken in a volumetric flask, followed by the addition of 2,4 di-nitrophenol indicator (2–3 drops). Ammonia solution was added until a yellow color appeared. Furthermore, HCl (6 N) was drop-wise added up to a colorless appearance, followed by the addition of the vanadomolybdate solution (5 mL) and diluted up to 25 mL with distilled water, mixed well, and analyzed using a spectrophotometer (440 nm wavelength). The soil sample (2.0 g) was taken in a glass bottle (100 mL), to which was added a pinch of activated charcoal (Darco G-60). Sodium bicarbonate (NaHCO3) solution (40 mL of 0.5 M) was added to the soil sample, agitated for 30 min, and filtered for analysis of nutrients (Alban and Kellogg, 1959).


2.6.5.1 Analysis of phosphorus in soil and plant

The soil filtrate was transferred to a volumetric flask, followed by the addition of ammonium molybdate solution (5 mL), and gently agitated to flush out CO2. Furthermore, distilled water was slowly added to make up the volume (20 mL), 1.0 mL of freshly prepared tin chloride (SnCl2) solution was added, and the volume was made up with double-distilled water (DDW), followed by analysis (at 660 nm) using a spectrophotometer.



2.6.5.2 Analysis of potassium in soil, plant, and grain

The samples for soil (5.0 g) and plants/grains (0.5 g) were transferred to a conical flask (100 mL), followed by the addition of NH4OAc solution (25 mL), mixed well, and filtered for analysis. The analysis of K in the digested samples was performed using a flame photometer.



2.6.5.3 Analysis of iron, zinc, manganese, and copper

The digested and extracted samples discussed above were used for micronutrient analysis using Atomic Absorption Spectroscopy (AAS) with reference standards of Fe, Zn, Mn, and Cu.




2.6.6 Proximate analysis of wheat grains

Proximate analysis of wheat grain was performed using standard laboratory protocols. Moisture content in wheat grain samples (5 g, dried for 15 min, 100°C) was estimated. The moisture content was calculated using the following formula: Moisture (%) = (W2/W1) × 100, where W1 is the initial weight of the sample (g), and W2 is the weight loss (g) after drying. To determine the ash content, a grain sample (5.0 g) was placed in a silica crucible and heated in a muffle furnace (550°C, 15 min). The crucible was then removed, cooled in a desiccator for 1 hour, and weighed. The sample was heated on a hot plate until smoking ceased and thoroughly charred until it became white. The ash content was calculated using the formula: Ash (%) = (W2/W1) × 100, where W1 and W2 are the weight of the sample (g) and the loss of weight (g) in the sample after drying, respectively.

To determine the crude fat content, a finely ground wheat grain sample (5.0 g) was placed in an extraction thimble. The thimble was placed in an extractor and connected to a weighed flask containing petroleum ether (100 mL). The extractor was connected to a reflux condenser, and the sample was extracted under reflux for 2 h. After extraction, the petroleum ether extract was evaporated to dryness, and 2 mL of acetone was added. Air was gently blown into the flask to remove the last traces of the solvent. The flask containing the fat residue was dried in a hot air oven (100°C, 10–15 min), then cooled in a desiccator, and weighed. The crude fat content was calculated using the formula: Crude Fat (%) = ((W3 − W2)/ W1) × 100, where W1 is the weight of the sample before drying (g), W2 is the weight of the empty flask (g), and W3 is the weight of the flask with the fat residue (g).


2.6.6.1 Crude fiber (%)

To determine crude fiber content, a fat-free dried wheat grain sample (1–2 g) was placed in a beaker containing H2SO4 (200 mL of 1.25%), followed by the addition of a few drops of antifoam. The mixture was heated to boil (1 min) using a crude fiber apparatus and kept for boiling (30 min) with intermittent stirring. The content was filtered and washed with 200 mL of sodium hydroxide (1.25%). The solution was boiled for 30 min, and the insoluble matter was transferred to a sintered crucible and washed using boiling water until acid-free, followed by washing with alcohol and acetone. The sample was then dried at 100°C to constant weight and converted to ash in a muffle furnace at 550°C for 1 h, followed by cooling in a desiccator and weighing. The crude fiber content was calculated using the formula: Crude fiber (%) = ((W2 − W3)/W1) × 100, where W1 is the weight of the sample (g), W2 is the weight of the insoluble matter (g) (weight of crucible + insoluble matter − the weight of crucible), and W3 is the weight of the ash (g) (weight of crucible + ash).



2.6.6.2 Carbohydrate (%)

Carbohydrate was calculated by subtracting the sum of the other proximate components (crude protein, crude fat, crude fiber ash, and moisture) from 100.





2.7 Statistical analysis

All experiments were performed in triplicate and expressed as mean values and standard deviations (mean ± SD). One-way analysis of variance (ANOVA) was conducted at a 95% confidence level (p < 0.05). The Tukey’s honestly significant difference (HSD) test was performed for multiple comparisons to determine statistically significant differences and represented with different alphabets in figures. For graphical representation and data visualization, OriginPro 2024b (OriginLab Corporation, USA) and SigmaPlot version 11.0 (Systat Software Inc., USA) were utilized to construct charts and figures.




3 RESULTS AND DISCUSSION


3.1 Fe and Zn tolerance of bacterial isolates

The bacterial isolates (SL5, AW5, and WH) were tolerant to iron (FeCl3) up to 9 mM on growth media. Isolates RP24, TMG3, WD, and WF were tolerant up to 6 mM, while other isolates showed no tolerance to FeCl3-containing media (Supplementary Figure S1). The isolates, namely SL5, SL9, AW5, and WH, were tolerant up to 9 mM on growth media containing zinc (ZnSO4). Other isolates showed tolerance up to 6 mM against ZnSO4-supplemented growth media, except TMG3, SL6, and SL7, which showed zero tolerance or up to 3 mM only.



3.2 PGP traits of selected bacterial isolates

Bacterial isolates (AW5, WH, SL5, and SL9) having maximum tolerance to FeCl3 or ZnSO4 salts were tested for PGP traits (IAA and siderophore production, zinc and phosphate solubilization). AW5 produced maximum IAA (10.5 μg/mL) and showed the highest solubilization index of iron (1.3), zinc (2.0), and phosphate (2.0). WH, SL5, and SL9 showed IAA production up to 7.5 μg/mL, 1.5 μg/mL, and 5.0 μg/mL, respectively. Moreover, the iron solubilizing index of WH was 1.5 (Figure 1). The bacteria having the ability to produce these traits have been successfully used to increase crop productivity and biofortification in a sustainable manner (Rana et al., 2011; Rana et al., 2012; Guardiola-Márquez et al., 2023).


[image: Bar charts and petri dish images showing bacterial isolates' activities. (A) Indole-3-acetic acid (IAA) levels for AW5, WH, SL5, SL9, with AW5 highest. (B) Solubilization index for AW5, WH, SL5, SL9, with notable zinc and phosphate solubilization in AW5. Petri dishes show zones of solubilization for zinc, phosphate, and siderophore production.]


FIGURE 1 | 
Plant growth-promoting traits of bacterial isolates (AW5, WH, SL5, and SL9) (A) Indole-3-acetic acid production and (B) Zinc and phosphate solubilization index and siderophore production index.



3.3 Synthesis of nanoparticles

FeNPs and ZnNPs were synthesized using bacterial isolates AW5, WH, SL5, and SL9. The hydrodynamic diameters (nm) of synthesized bacterial (amorphous) nanoparticles (Fe, Zn) were (135, 197), (572, 471), (411, 524), and (468, 430), respectively. AW5-mediated FeNPs and ZnNPs were the smallest, showed PGP traits, and were therefore selected for further synthesis and application (Supplementary Table S1; Supplementary Figure S2). There are a number of studies where bacteria have been used for NP synthesis, for example, Bacillus licheniformis, Alishewanella sp. WH16-1, and Mycobacterium sp. MRS-1 were employed for the synthesis of Au, Se, and Co3O4 NPs, respectively (50–220 nm) using inorganic salts (Tikariha et al., 2017; Xia et al., 2018; Sundararaju et al., 2020).



3.4 Characterization of FeNPs and ZnNPs

The standard Fe and Zn oxide nanoparticles were used as reference material with bacterial (amorphous and annealed) NPs. Sharp peaks in pXRD patterns indicate purity and well-defined crystal structure of standard nanoparticles (Figures 2A,B). The amorphous nature of synthesized nanoparticles was confirmed by no discernible peaks. However, after annealing, distinct peaks emerged, possibly due to the crystallization of bacterial nanoparticles (Figures 2C,D). This underscores the influence of experimental conditions on the nucleation and growth of crystals, elucidating the dynamic nature of nanoparticle formation.


[image: X-ray diffraction (XRD) patterns are displayed in four panels: (A) shows Fe-NPs standard, with prominent peaks at (220), (311), (400), (422), (511), and (440). (B) shows Zn-NPs standard, with peaks at (100), (002), (101), (102), (110), (103), (200), (112), and (201). (C) compares Fe-NPs before and after annealing, highlighting peak shifts. (D) compares Zn-NPs before and after annealing, showing peak changes due to annealing. Intensity is measured in arbitrary units against 2θ degree values.]


FIGURE 2 | 
The diffractogram of standard FeNPs (A), standard ZnNPs (B), bacterial FeNPs (C), and ZnNPs (D).

The diffractogram of standard FeNPs closely matches with an inverse spinel structure with corresponding peaks (2θ) at 31.64°, 36.29°, 47.75°, and 69.23° and Miller indices that correlate to the plane (220), (311), (511), and (440) (Figure 2A). The pXRD patterns of standard ZnNPs show noticeable peaks (2θ), 31.64°, 34.43°, 36.29°, 47.75°, 56.51°, 62.90°, 67.98°, and 69.23° with corresponding Miller indices to the planes (100), (002), (101), (102), (110), (103), (112), and (201), closely matching with the wurtzite structure (Figure 2B). After annealing, the diffractogram of bacterial FeNPs displays an inverse spinel structure with peaks (2θ) at 31.64°, 36.29°, 47.75°, and 69.23°, corresponding to Miller indices of the plane (220), (311), (511), and (440) (Figure 2C). Similarly, annealed ZnNPs exhibited peaks (2θ) at 31.64°, 34.43°, 36.29°, 47.75°, 56.51°, 62.90°, 67.98°, and 69.23°, corresponding to plane (100), (002), (101), (102), (110), (103), (112), and (201), confirming the wurtzite structure (Figure 2D).

The sharp and narrow peaks in p-XRD patterns of standard NPs exhibit their purity and well-defined crystal structure. The X-ray diffraction analysis revealed no peaks for bacterial NPs because they exist as an amorphous material. Several research studies indicate that biological Fe and Zn NPs have an amorphous structure (Kouhbanani et al., 2019; Menazea et al., 2021). Amorphous NPs exhibit liquid-like properties at the molecular level and solid-like properties at the macroscopic level. Annealing of amorphous nanoparticles was performed to prepare the crystalline phase and its effect on biological activity. However, the biological activity of annealed bacterial NPs was reduced. The crystallinity enhancement in reports has also been observed with increased temperature (400°C–600°C) (Dehkordi et al., 2015; Farahmandjou and Soflaee, 2015; He et al., 2019). The bacterial FeNPs and ZnNPs after annealing exhibited inverse spinel and wurtzite structures, respectively, similar to the available reports (Kalpana et al., 2018; Shukla et al., 2015)). The surface morphology of amorphous NPs was smooth, and that of annealed NPs was similar to standard FeNPs and ZnNPs in terms of average size. The size of the Fe and ZnNPs (50–200 nm) varied, and a flaky structure was observed for both.

The presence of functional groups on standard and bacterial NPs was investigated using Fourier transform infrared spectroscopy (FTIR). The peaks at 550–600 cm−1, 1,096 cm−1, 1,644–1,651 cm−1, and 3,350–3,401 cm−1 correspond to the functionalities Fe-O, C-O, C=C, and O-H, respectively, both in standard and bacterial FeNPs (Figure 3A). The lower wavenumber observed for bacterial NPs may be attributed to organic compound capping. The broad band corresponding to the stretching vibration of the hydroxyl peak is associated with polyphenols or flavonoids, which act as reducing and stabilizing agents. Peaks of C-O, C=C denote the existence of a carbohydrate ring of polysaccharides from bacterial metabolites. Similarly, peaks at 560–580 cm−1, 1,040–1,050 cm−1, 2,880–2,900 cm−1, and 3,350–3,501 cm−1 correspond to Zn-O, Zn-OH, C=O, -CH2-CH3, and O-H, respectively, in bacterial and standard ZnNPs (Figure 3B). Peaks corresponding to hydroxyl groups of alcohols or phenolics in standard NPs are broader and shifted in bacterial ZnNPs, validating the biochemical involvement. Bands corresponding to–CH2 and–CH3 stretching vibrations suggest the presence of fatty acids or proteins with organic molecule capping, which may improve colloidal stability in biological nanoparticles. The slight downshift of Zn-O in biologically synthesized ZnNPs may be attributed to organic capping agents, typically contributed by bacterial metabolites. The FTIR spectra of FeNPs and ZnNPs distinctly validate the presence of metal–oxygen bonds (Fe–O and Zn–O), showing successful nanoparticle synthesis. The biological pathways have extra and slightly shifted peaks corresponding to hydroxyl, carbonyl, alkene, and aliphatic groups that are not present or less intense in standard nanoparticle counterparts. These additional peaks suggest the occurrence of bioorganic molecules like phenolics, proteins, flavonoids, or polysaccharides, which serve as significant reducing, capping, and stabilizing agents in green synthesis. Thus, enhanced biocompatibility and functionality may be the result of nanoparticle functionalization in biological synthesis pathways, as demonstrated by FTIR analysis.


[image: Two graphs labeled A and B show transmittance versus wavenumber for standard and biological samples. Graph A highlights peaks for O-H, C=C, C-O, and Fe-O groups. Graph B identifies similar peaks along with CH<sub>3</sub>CH<sub>3</sub>, Zn-O, and Zn-OH. The biological line is red, and the standard line is black in both graphs.]


FIGURE 3 | 
Surface chemistry of standard and bacterial (AW5) FeNPs (A) and ZnNPs (B).

The morphology, shape, and size of standard and bacterial FeNPs and ZnNPs were analyzed using SEM. The shape of the particles was spherical and highly agglomerated. The size of standard FeNPs and ZnNPs was 50–200 nm and <100 nm, respectively. After annealing, the size of bacterial Fe and ZnNPs was 50–150 nm and <100 nm, respectively. However, before annealing, the bacterial (amorphous) NPs (100–200 nm) showed agglomeration due to their amorphous nature (Figure 4). Energy-dispersive X-ray analysis (EDX) revealed that standard FeNPs contained 74.1% Fe and 25.9% oxygen, while standard ZnNPs contained 73.1% Zn and 26.9% oxygen. Before annealing, bacterial (amorphous) FeNPs contained 56.4% Fe, 42.4% oxygen, and traces of Ti and S. Bacterial ZnNPs had 43.5% Zn, 30.3% oxygen, and traces of C and P. After annealing, bacterial FeNPs showed 68.1% Fe and 31.4% oxygen; ZnNPs had 65.9% Zn and 34.1% oxygen (Supplementary Figure S3). The research on nanoparticle dimension provides information about the effect of types and size of NPs and their formulations on plant–microbe interaction, nutrient dynamics, and modulation on their biological activity (Kumar et al., 2025). The charges on bacterial FeNPs (−45.21 mV) and ZnNPs (−25 mV) provide stability for better plant uptake and make them suitable to be used as a biostimulant. NPs get colloidal stability due to strong inter-particle repulsion and moderate negative zeta potential. The stable NPs in colloidal form interact effectively with plants for extended periods.


[image: (A) Scanning electron microscope (SEM) image showing spherical particles densely packed together. (B) SEM image of a rough, granular surface with smaller particle aggregation. (C) SEM image displaying irregularly shaped, layered particles. (D) SEM image highlighting a coarser surface texture with larger, uneven particles. (E) SEM image of larger spherical particles with smaller particles attached to the surface. (F) SEM image illustrating a dense, non-uniform granular surface. Each image provides a detailed view of different microstructural textures.]


FIGURE 4 | 
Morphology of standard FeNPs and ZnNPs (A,B) before annealing (C,D) and after annealing (E,F), respectively.



3.5 Effect of Fe and Zn NPs on bacterial growth and their PGP traits

The synthesized NPs were tested to optimize their dose on bacterial growth in a liquid medium and analyzed their effect on plant growth-promoting traits of bacteria.


3.5.1 Effect on the growth profile

The impact of amorphous Fe and Zn NPs on the growth of AW5 in a liquid medium was dependent on the concentration (1 ppm, 5 ppm, 10 ppm, 20 ppm, 30 ppm, 40 ppm, and 50 ppm). The maximum growth of AW5 was observed at 20 ppm for Fe (2.3 × 108 CFU/mL) and Zn (2.1 × 108 CFU/mL), with an increase in bacterial growth (up to 19%) versus control without NPs (Figures 5A,B). The effect of standard and annealed Fe and Zn NPs on the growth of bacteria was compared with their amorphous form in a liquid medium at an optimized concentration (20 ppm) of NPs. The amorphous bacterial nanoparticles (BNPs) significantly increased bacterial count with the amendment of Fe (12%–18%) and Zn (15%–17%) versus standard NPs and crystalline (annealed) BNPs, respectively. However, the standard (S) and annealed (A) nanoparticles did not show any significant effect on bacterial growth enhancement (Figure 6). The positive impact of amorphous Fe and Zn nanoparticles on bacterial growth showed their better compatibility and employability in sustainable agriculture.


[image: Bar graphs comparing growth at twelve hours and twenty-four hours for FeNPs and ZnNPs. (A) FeNPs show growth at concentrations from control to fifty ppm, with twenty ppm showing highest growth at twenty-four hours. (B) ZnNPs depict similar trends, with the peak growth at ten ppm during twenty-four hours. Both graphs use CFU per milliliter units.]


FIGURE 5 | 
Effect of bacterial Fe and Zn nanoparticles (amorphous) on AW5 growth at different concentrations (ppm) (A) FeNPs; (B) ZnNPs. Error bars represent standard deviation, and different letters on the bar show significant differences (p < 0.05, n = 3).


[image: Bar chart displaying CFU per milliliter for various nanoparticle treatments over time (3, 6, 9, 12, and 24 hours). Bars are color-coded for each time point. Treatments include Control, Annealed FeNPs, Annealed ZnNPs, Bacterial FeNPs, Bacterial ZnNPs, Standard FeNPs, and Standard ZnNPs. Error bars and statistical annotations are included.]


FIGURE 6 | 
Effect of annealed Fe/ZnNPs (bacterial synthesized), bacterial Fe/ZnNPs (amorphous), and standard Fe/ZnNPs (chemical) on AW5 growth at different times (h). Error bars represent standard deviation, and different letters on the bar show significant differences (p < 0.05, n = 3).



3.5.2 Effect of nanoparticles on PGP traits of bacteria

The effect of amorphous FeNPs and ZnNPs on the PGP traits of AW5 was checked with optimized doses of NPs (10 ppm, 20 ppm, and 30 ppm) supplemented with a liquid medium. The NP treatment enhanced IAA production significantly (up to 39%) with ZnNPs (20 ppm) versus control (without NPs). However, IAA production in the case of FeNP treatment was not significant. Phosphate and zinc solubilization were increased in the case of FeNPs (60%) and ZnNPs (35%) with a 20 ppm dose. Moreover, siderophore production significantly improved by up to 10% with FeNPs (20 ppm) (Figure 7).


[image: Four bar charts display the effects of different concentrations of zinc and iron nanoparticles on various parameters. The first chart shows Indole-3-acetic acid (IAA) levels, with the highest at zinc nanoparticles 30 ppm. The second chart displays phosphate levels, highest at iron nanoparticles 10 ppm. The third chart illustrates zinc levels, peaking at zinc nanoparticles 20 ppm. The fourth chart depicts siderophore production, with the maximum at iron nanoparticles 20 ppm. Each chart includes alphabetical annotations indicating statistical significance.]


FIGURE 7 | 
Effect of bacterial (amorphous) FeNPs and ZnNPs on plant growth-promoting traits of AW5. Error bars represent standard deviation, and different letters on the bar show significant differences (p < 0.05, n = 3).

The enhanced growth and PGP traits of AW5 in response to NPs indicate the improved dynamics of nutrients leading to the enhancement of biochemical activity in bacteria for soil health and plant growth promotion. In this study, we have observed for the very first time the effect of bacterial Fe and Zn NPs on the PGP traits of rhizobacteria. It is pertinent to mention that the studies have generally reported the toxicity of NPs towards bacteria. For example, Chatterjee et al. (2011) reported a declined effect of different concentrations (50–200 μg/mL) of chemically synthesized iron oxide NPs on the growth of Escherichia coli at 6-h incubation due to reactive oxygen species (ROS) superoxide, hydroxide radical, and singlet oxygen (Chatterjee et al., 2011). Chemically synthesized FeNPs (10–100 ppm) showed a negative effect on the Serratia growth and reduced production of biosurfactants, while a positive effect of bacterial NPs on the growth of PGPR and activity thereof was noticed in our study within the same concentration range. Similar to our study, Kaur et al. (2024) reported an enhanced effect of titanium NPs (20 ppm) on the PGP traits of Rhizobium, namely, IAA, siderophore production, and phosphate solubilization.




3.6 Combined effect of NPs and bacteria on wheat growth and nutritional value

Bacterial FeNPs and ZnNPs have an advantage over chemical NPs, acting as biocompatible nutrient sources for bacterial growth. The improved PGP characteristics, including IAA production together with phosphate solubilization mechanisms, allowed plants to develop stronger roots, which enhanced their ability to acquire nutrients that led to increased wheat biofortification and yield. The effects of NPs and bacteria were analyzed by observing plant growth attributes and other nutritional parameters as described below.


3.6.1 Soil microbial enzymatic activity

The effect of NPs on soil enzymes (dehydrogenase and fluorescein diacetate) was studied. The FDA activity ranged from 11.43 to 20.4 µg fluorescein/g soil/h. Foliar applications of ZnNPs (100 ppm) with RDF and PGPR showed a maximum increase (64%) in T16 versus the RDF control (T2). It was up to a 53% increase compared to other treatments containing NPs (Figure 8A). The dehydrogenase activity ranges from 1.49 µgTPF/g soil/d to 2.2 µgTPF/g soil/d. The maximum increase (53%) was observed in T7 (seed-primed with RDF + PGPR+ ZnNPs, 100 ppm) versus the RDF control (T2). Moreover, dehydrogenase activity was also increased in other NP treatments up to 42% (Figure 8B). Soil microbial enzymatic activities of dehydrogenase and FDA were enhanced due to the interaction of NPs with bacteria that promoted the growth of microorganisms, leading to the mobilization of nutrients and the breakdown of soil organic matter for maintaining soil fertility and nutrient recycling. The findings suggest that FeNPs and ZnNPs may act as co-factors for soil microbial enzymes, enhancing their metabolic activity, organic matter decomposition, and nutrient dynamics, which ultimately contribute to improving soil health and plant growth (Ameen et al., 2021; Ahmed et al., 2023).


[image: Two bar graphs labeled (A) and (B) compare different treatments. Graph (A) shows fluorescein levels with T14, T15, and T16 having the highest values around 18. Graph (B) displays dehydrogenase levels, with T6 and T7 reaching the highest values around 2.2. Each treatment (T1 to T18) has different bar colors.]


FIGURE 8 | 
Effect of NP seed priming and foliar treatments on the soil microbial enzymatic activity: (A) Fluorescein diacetate and (B) dehydrogenase). Error bars represent standard deviation, and different letters on the bar show significant differences (p < 0.05, n = 3).



3.6.2 Biochemical parameters

The effect of Fe and Zn NPs individually and in combination was observed on plant biochemical parameters, namely, chlorophyll and auxin (Figure 9). The chlorophyll content (µg/g) in leaf tissue ranged from 90.6 µg/g to 136 µg/g (Chl A) and from 42.2 µg/g to 87.4 µg/g (Chl B). The maximum increase was observed in treatment T9 (PGPR + ZnNPs + FeNPs, 100 ppm). Chl A and Chl B were increased by 51% and 107%, respectively, in T9 versus the RDF control (T2). The auxin content (µg/gm) ranged from 5.14 µg/gm to 8.16 µg/gm with a maximum increase in T15 (seed priming with PGPR + foliar application of ZnNPs-20 ppm). Auxin amount was increased by 59% in T15 versus the RDF control (T2), followed by T9 and T6 (up to 50%).


[image: Three bar charts labeled A, B, and C showing the effects of 18 treatments on Chlorophyll A, Chlorophyll B, and Auxin levels in micrograms per gram of leaf tissue. Each chart displays varying levels, with treatment T9 showing the highest Chlorophyll A in chart A, treatment T14 having the highest Chlorophyll B in chart B, and treatment T14 also leading in Auxin in chart C. Each bar is marked with letters indicating statistical significance.]


FIGURE 9 | 
Effect of NP seed priming and foliar treatments on wheat biochemical parameters: (A) chlorophyll A; (B) chlorophyll B; and (C) auxin. Error bars represent standard deviation, and different letters on the bar show significant differences (p < 0.05, n = 3).

In a study performed by Seyed Sharifi et al., 2020, foliar application of FeNPs, ZnNPs (1,500 ppm), and their combination improved chlorophyll and auxin content in the plant via inducing the photosynthetic and plant metabolic pathways and significantly increased grain yield (22%, 11%, and 40%, respectively). A similar enhancing effect was recorded in our study using Fe and Zn NPs with increased chlorophyll levels and plant growth hormone (auxins). FeNP- and ZnNP-induced molecular pathways participate in electron transport chains, which especially involve photosystems I and II, thus improving ATP synthesis and overall energy efficiency for better plant growth and enhancement (Fallah et al., 2024; Qu et al., 2024). Auxins play an important role in plant growth, influencing cell elongation and division, and their enhancement is likely to contribute to the observed improvements in plant biomass and other growth traits. NPs generally showed a positive effect; the specific outcomes are dependent on the combination and concentration of NPs. Similarly, a significant enhancement in photosynthetic parameters (chlorophyll A, 45%, and B, 117%) was observed as a result of seed priming with FeNPs and ZnNPs (Rizwan et al., 2019). A dose-dependent effect of ZnNPs was reported via improving chlorophyll A (55%) and chlorophyll B (133%) at 50 ppm; a higher concentration (100 ppm) did not show a significant effect (Amooaghaie et al., 2017). The results are in line with our study, where an enhanced effect in plants treated with a 20 ppm dose of NPs versus 100 ppm was observed.



3.6.3 Plant physiological parameters

Wheat plants were uprooted after maturity, and physiological parameters (root and shoot length, plant biomass) were recorded (Figure 10). The shoot length ranged from 64.4 cm to 74.9 cm, with a maximum of 74.9 cm for treatment T4 (PGPR + FeNPs, 20 ppm) applied through seed priming, followed by T13 and T18. Shoot length was increased up to 8% in combination with NPs and PGPR versus the RDF control (T2). The root length ranged from 7.6 cm to 12.7 cm, with the maximum for T12, followed by T9, T10, and T11. There was an increase in root length (19%) in NP-treated seeds versus the RDF control (T2). The maximum plant biomass (14.9 g) was recorded in treatment T18 with an increase of 56% versus control (T2), followed by T10. The maximum 100 grains weight (6.4 g) was recorded in treatment T17 (seed priming with PGPR + foliar spray of Fe and Zn NPs (20 ppm), followed by T18 (6.02 g) versus the RDF control (T2). The grain weight was increased by 34% (T17) and 25% (T16).


[image: Four bar charts display plant growth data across 18 treatments. Chart A: Root length in centimeters, ranging from 5 to 13. Chart B: Shoot length in centimeters, ranging from 50 to 75. Chart C: Plant biomass in grams, ranging from 3 to 12. Chart D: Weight of 100 grains in grams, ranging from 3 to 6. Each chart uses distinct colors for different treatments and includes statistical annotations.]


FIGURE 10 | 
Effect of Fe and Zn NPs applied through seed priming and foliar treatments on wheat physiological parameters: (A) shoot length; (B) root length; (C) plant biomass; and (D) 100 grain weight. Error bars represent standard deviation, and different letters on the bar show significant differences (p < 0.05, n = 3).

The results of the present study, in the context of plant growth parameters, are similar to previous findings that demonstrated significant enhancement in key growth parameters with NP application. The interaction between bacteria and plant roots with NPs depends upon their characteristics, such as amorphous or crystallinity nature. The stability of crystalline NPs impacts the microbial community, whereas amorphous NPs discharge ions to modify bacterial functions and enzymatic processes. A similar effect with different doses of FeNPs and ZnNPs on plant growth attributes was reported. For example, seed priming of FeNPs and ZnNPs (20 ppm and 100 ppm) enhanced plant height by 37% and 35%, respectively, and other parameters such as shoot biomass (53%) and grain weight (74%) in all treatments containing NPs compared to the control (Rizwan et al., 2019). In another study, soil application with ZnNPs (20 ppm and 50 ppm) increased biomass (63%) and grain yield (56%) (Du et al., 2019). Similarly, ZnNPs and zinc oxide (ZnO) increased wheat shoot fresh weight (up to 21% and 28%) with 100 ppm and 50 ppm, respectively. The application of bulk ZnNPs (50 ppm and 200 ppm) also increased root and shoot weight (Amooaghaie et al., 2017).



3.6.4 Effect of NPs on the nutritional content of wheat

The NP-induced micronutrient profiling of wheat and soil was studied (Figure 11). Iron (mg/kg) in wheat grains ranged from 40.4 mg/kg to 54.5 mg/kg (Figure 11A). The maximum increase of 27% was observed in the case of T17 (ZnNPs-20 ppm + FeNPs, 20 ppm foliar application + RDF and PGPR), followed by T13 (17%) versus the RDF control (T2). The iron content (ppm) in wheat straw ranged from 119 mg/kg to 276 mg/kg. The maximum increase of 82% was observed in T6 (seed priming-ZnNPs, 20 ppm, + RDF + PGPR), followed by T17 (63%) versus the RDF control (T2, Figure 11C). There was no significant increase in iron content in NP-treated soil versus the RDF control (T2, Figure 11E). The zinc content (mg/kg) in grain ranged from 15.8 mg/kg to 26.9 mg/kg (Figure 11B). The foliar application of NPs increased zinc content up to 53% (T16) versus the RDF control (T2). There was no significant increase of zinc in straw (Figure 11D). The zinc content (mg/kg) in soil ranged from 1.25 mg/kg to 2.32 mg/kg with a maximum rise of 48% in T14, followed by T3 (40%) and T9 (30%) versus the RDF control (T2, Figure 11F).


[image: Six bar graphs labeled A to F. Graphs A, C, and E depict iron levels in mg/kg across treatments T1 to T18, with varying heights showing differences in iron content. Graphs B, D, and F illustrate zinc levels in mg/kg across the same treatments, similarly displaying variations. Each graph uses colored bars for different treatments, with detailed labels and error bars indicating data variability. Treatment effects on mineral content are highlighted through the varying bar heights.]


FIGURE 11 | 
Effect of NP seed priming and foliar treatments on the nutritional content of wheat grain (A,B), straw (C,D), and soil (E,F). Error bars represent standard deviation, and different letters on the bar show significant differences (p < 0.05, n = 3).

The manganese content in wheat grain increased up to 38% (T4 seed treatment) and 23% (T18 Foliar application) versus the RDF control (T2, Supplementary Figure S4B). Moreover, in the case of straw, an increase in Mn content was 47% (T4) and 55% (T6) applied via NP seed treatment and up to 15% (T17) through foliar application (Supplementary Figure S4D). NP treatments did not show any significant effect on soil manganese content versus the RDF control (T2, Supplementary Figure S4F). Copper content was increased up to 17% (T16) in wheat grains without any significant difference among the treatments (Supplementary Figure S4A). Moreover, Cu in soil (Supplementary Figure S4E) increased up to 83% (T14), followed by 46% (T3).

The combination of bacteria and NP could biofortify wheat crops to address the global challenge of hidden hunger. The biofortification of micronutrients (Fe, Cu, Zn, and Mn) and protein content in wheat under field conditions was reported in our previous study (Rana et al., 2012). Similarly, seed priming with FeNPs and ZnNPs enhanced the Zn and Fe content in plants and grains in other studies. Seed priming with Fe (10 ppm) and Zn (20 ppm) nanoparticles increased Fe and Zn in roots (28%), followed by shoots (18%) and grains (29%) versus the control (Rizwan et al., 2019). A distinct effect of bulk ZnO and ZnO NPs was reported on the increment of micronutrient content in wheat grain, straw, and soil (Amooaghaie et al., 2017).



3.6.5 Macronutrients

The phosphorus content in grains was significantly increased up to 25% (T16) and 7% (T4) when applied via foliar treatment and seed treatment, respectively, versus the RDF control (T2, Supplementary Figure S5A). In the case of straw, the P content increased to 32% (T8 and T16) when applied through seed and foliar treatment of NPs versus the RDF control (T2, Supplementary Figure S5C). The soil P content was increased up to 47% (T9) and 40% (T14) through seed and foliar treatment, respectively, versus the RDF control (T2, Supplementary Figure S5E). The K content in grains was significantly increased up to 54% (T8) and 53% (T7) via seed treatment of NPs versus the RDF control (T2, Supplementary Figure S5B). In straw, the K content was increased up to 17% (T8 seed treatment) and 12% (T13 foliar spray, Supplementary Figure S5D). The soil K content was increased up to 12% (T9) and 16% (T14) through seed and foliar treatment of NPs, respectively, versus the RDF control (T2, Supplementary Figure S5F). FeNPs and ZnNPs enhanced translocation of metal ions through transport proteins combined with vascular sequestration processes, resulting in increased accumulation of nutrients in edible parts of the plant (Khan et al., 2021; Koç and Karayiğit, 2021; Sánchez-Palacios et al., 2023).



3.6.6 Proximate analysis of wheat grains

Seed carbohydrate and fat content in combination of PGPR and NPs increased up to 16% (T16) and 33% (T3), respectively, versus the RDF control (T2, Supplementary Figures S5A–C). The ash content in wheat grain increased up to 65% (T18-foliar spray) versus the RDF control (T2, Supplementary Figure S6B).

These results demonstrate the efficiency of NPs with PGPR to enhance nutrient content and metabolic pathways in bacteria for their better interaction with plants, leading to the biofortification of wheat in a sustainable manner. Wheat crop growth and yield were increased with the application of NPs (20 ppm and 100 ppm) through foliar application and seed priming. Moreover, wheat biofortification (nutrient content in wheat straw and grains) was achieved with NP treatment in combination with PGPR and correlated with all parameters and other studies (Figure 12; Supplementary Table S2). To explore the feasibility of the technology under field application, these NPs can be used with PGPR as a nanobiofertilizer through the seed treatment method. PGPR performed well in the root region, and their interaction with NPs bolsters plant growth hormones and the activity of bacterial soil enzymes that led to the mobilization of nutrients in the soil, making them available to the plant and biofortifying the crop.


[image: Heatmap showing normalized feature values per treatment on a zero to one scale. Treatments T1 to T18 are on the y-axis, and features like shoot length, root length, and others are on the x-axis. The color gradient ranges from dark blue indicating low values to light yellow for high values.]


FIGURE 12 | 
A correlation heatmap was generated using the seaborn library in Python to visualize the strength and direction of relationships between normalized features. The dataset was processed in the Google Colab, where leading and trailing whitespaces were removed and values normalized using Min−Max scaling (0−1 range). This ensured consistency across features and enhanced interpretability. The heatmap revealed both positive and negative correlations, aiding in feature selection and guiding further multivariate analysis.





4 CONCLUSION

Herein, the bacteria-assisted synthesis of iron and zinc nanoparticles (FeNPs and ZnNPs) was successfully performed in a sustainable manner. The NPs were biocompatible and showed negative polarity and colloidal stability. These bacterial FeNPs and ZnNPs proliferated the growth of PGPR and induced plant growth-promoting metabolites. The effect was significant at the optimized dose of Fe and Zn NPs (20 ppm). The results are corroborated by the increase in plant physiological parameters and biochemical properties, including biofortification of Fe and Zn in wheat. The NP treatment boosted soil health by multiplying soil microbial enzymatic activity and plant growth traits of PGPR. The impact of NPs on bacterial growth was dependent on type (bacterial/chemical), dose, and nature (crystalline and amorphous). Therefore, the optimization of the above-mentioned properties must be considered before any kind and scale (lab, pot, or field) of application in the agriculture sector to ensure safety and maximum impact on plant growth.

Our study demonstrates that bacterial FeNPs and ZnNPs can solve the toxicity issues associated with chemical NPs and agrochemicals (fertilizers). These characteristics strengthen the plant–microbe relationships through better nutrient acquisition and enhanced physiological traits of plants. These findings show together the biocompatibility and synergistic effects of FeNPs and ZnNPs on the biological activities of plant-beneficial rhizobacteria, emphasizing their possible use to support sustainable agricultural practices. The study addresses the sustainability development goals pertaining to zero hunger, sustainable growth, and food security.
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Biomass Source Reduction Steps Application Reduction

Time
Green tea extract 1. Green tea extract was added to GO. Electrochemical detection of sunset 6h Vatandost et al.
2. The mixture was refluxed, and the rGO yellow in food products (2020
gradually precipitated.

3. The product was centrifuged and dried in an
oven overnight.

Sugarcane bagasse 1. Sugarcane bagasse was dried in an oven, Adsorption of methyl blue dye 2h Gan et al. (2019)
Caesalpinia sappan L. ground into fine particles and sulfuric acid  Cyclic voltammetric study showed good 6h Destiarti et al.
was added into the bagasse solution at 60°C. electrochemical properties (2024)

2. The obtained solution was added into GO
dispersion, followed by stirring and reaction
for 2 h.

3. The resulting dispersion was centrifuged and
washed with water.

1. C. sappan was extracted by maceration using
96% ethanol.

2. The extract was mixed with GO, sonicated,
transferred into a hydrothermal autoclave
and heated in an oven.

3. The 1GO was separated by centrifugation and
the residue was washed and finally dried in an

oven.

Palm oil leaves 1. Grinded and dried palm oil leave was added | Electrochemical studies concluded a 3h Amir Faiz et al.
into distilled water, heated using magnetic  better voltage-current response of rGO (2020)
stirrer at 70°C for 30 min and at room in comparison to GO

temperature for 3 h.

2. The solution was centrifuged and mixed with
GO solution.

3. The suspension was refluxed at 100°C for 3 h,
centrifuged and dried in the oven for 24 h.

Date palm fruit 1. Na;MoO, Zn (NO5)z, and graphene oxide Anticancer activity and 4h Ahamed et al.
was added to date palm extract. cytocompatibility (2022)
. After stirring, the reaction mixture was heated
in a water bath at 60°C and then dried at
120C.
. The resulting precipitates was heated to 500°C
for 1 h.

N

w

Date palm fruit 1. Copper sulfate solution was added to Antibacterial and cytotosic 1h Athinarayanan
graphene oxide solution while stirring. performance etal. (2018)
2. After adding date palm syrup, the reaction
mixture was incubated at 85°C for 1 h while
stirring.
3. After cooling to room temperature, the
obtained precipitate was centrifuged, washed,
and dried in an oven.

Date palm (Phoenix dactylifera L), | 1. The four plants were washed, dried at room 2h Ousaleh et al.

Cannabis Sativa L, Citrus lemon L, | temperature, and crushed into fine powder. (2020)
and Punica granatum L 2. The powder was added to a solution of

methanol/water, extracted using microwave-
assisted and the extracts were filtered.

3.GO powder was dispersed in distilled water,
maintained under ultrasonic and natural
extract solution was added.

4. The solution was agitated, centrifuged, and
washed.
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Carbon Source Graphene Material Surface Area

(m?/g)
Graphite Graphene 2,630 Abdellah et al. (2023)
Populus wood Graphene 1,317.1 Ekhlasi et al. (2018)
Copperpod Graphene oxide 76.448 ‘ Mishra et al. (2023)
Subabul Graphene oxide ‘ 72653 ‘ Mishra et al. (2023)
Pine Graphene oxide 69296 Mishra et al. (2023)
Oil palm Graphene oxide ] 280.122 Yaqoob et al. (2021)
Banana peel Graphene oxide 345.79 Allende et al. (2024a)
Nettle (Urtica dioica L) Graphene oxide 3549 Tondro et al. (2021)
Areca nut husk | Graphene oxide 142.369 Barooah et al. (2024)
Sugarcane dry leaves Reduced graphene oxide 15.46 Thangaraj et al. (2024)
Date-palm seeds Graphene oxide 287 Al-Zahrani et al. (2022)
Tea waste Graphene-like [ 2,407 Beissenov et al. (2024)
Coffee waste Graphene-like 3,486 Beissenov et al. (2024)
Date-palm seeds Graphene-like 17 ‘ Bin Sharfan et al. (2024)
Low-quality dates | Graphene 224 Khan et al. (2019)
Low-quality dates Graphene 175 Abd Ali (2019)
Low-quality dates Graphene 105 Graimed and Tark Abd Ali (2022)
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(cm™) (Chua et al., 2015)
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C = O stretching carbonyl group 1,645 1751 1720
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1 (Papageorgiou et al,,
2017)
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(484 +0.44) X 10° 10 (5.30 + 0.48) x 10° | 6,500 (Joshi et al,, 2023) 97.7% (Joshi et al,, 2023)
(Balandin et al,, 2008)
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(Chen and Li, 2020)

1187 1,481 75% (Sharma et al., 2021)
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TST spiked (nM) TST detected (nM) Recovery (%)* RSD (%, n = 3)
‘ Serum 1 100 103 1030 |22
‘ Serum 2 150 us 987 32
‘ Serum 3 200 197 985 25
‘ Serum 4 250 238 992 38
Serum 5 300 311 1037 29

*Recovery (%) = ([Found]/[Added]) x 100.
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