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Abstract
Biotemplating has surfaced as an innovative and sustainable approach to designing and synthesizing high-end catalysts by mimicking nature's intricate hierarchical architectures. Employing biological templates such as chitin, collagen, and viral morphologies, the process allows for materials to be synthesized with improved surface area, porosity, and catalytic activity. Both soft- and hard-template strategies enable exquisite morphological control, enabling energy conversion, environmental cleanup, and catalysis. Hierarchical, hollow, periodic, and nanostructured, one of the most important structures achieved by biotemplating, is improving reaction selectivity and efficiency. Challenges notwithstanding, its full potential can be achieved through scale-up manufacture, material stability, and resolution of ethical concerns in using animal templates. There is future potential in integrating biotemplates with genetic engineering and synthetic materials in a bid to overcome the constraints. The heightened international interest, as indicated by a rise in research production, marks the untapped potential of biotemplate catalysts. Elimination of the gap between laboratory research and industrial practice is the most significant factor for making the technique a mainstream standard material science methodology. Lastly, biotemplating can reverse the game in the area of catalyst design by allowing the worldwide agenda for sustainability through cleaner energy and greener chemical production.
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1. Introduction
In biotemplating, researchers have turned to nature for inspiration on how to synthesize highly complex inorganic materials using natural templates to produce hierarchical and complex structures. Biotemplating is a process that entails the incorporation of inorganic compounds with organic templates, mineralization or fossilization, where the organic components are broken down and their inorganic counterparts produced. This process provides a method for the fabrication of highly complex structures that replicate the nanoscale patterns of natural templates (1)(4).
Nature's evolutionary process has provided the development of materials and biological systems with remarkable properties such as toughness, resilience, and complexity. These materials are extremely optimized to function well in their environments, and they are valuable lessons for modern science. Scientists can replicate and engineer these natural materials by studying the structures and mechanisms that have evolved in nature over millions of years. Through this, scientists can create new functional materials with more capability, particularly in catalysis and energy conversion (1-3). 
In biotemplating, researchers have turned to nature for inspiration on how to synthesize very complex inorganic materials with the assistance of natural templates to create hierarchical and intricate structures. Though plants and microbes are extensively researched as potential templates, animal-based templates are under investigation as an excellent alternative due to their unique attributes (1). Insect wings, exoskeletons, or even animal proteins are some of the templates that offer other advantages during catalytic material synthesis. For instance, butterfly wings have been researched due to their complex microstructures and photonic resonances and are excellent candidates for catalysis and electrochemical applications (2). Shells of aquatic animals or animal proteins have also been discovered to be effective in guiding the synthesis of nanoparticles or nanostructured catalysts (1).

Future of biotemplates from animals in catalyst preparation is promising since they can govern the preparation of catalysts with certain characteristics for catalysis. This review considers the use of animal biotemplates in the production of catalysts, benefits, demerits, and prospects of this novel method. Using this bioinspired method, researchers not only can mimic the effectiveness of living systems, but also push the boundaries of catalyst design with potential applications as diverse as energy conversion and clean-up of the environment as well as industrial catalysis (5). The increasing number of papers on biotemplating, as evident in Figure 1, indicates the increasing interest in the use of animal-based templates for catalytic preparation. While microbes and plants have been far the targets of most research efforts, animal templates like aquatic animal shells and insect wings are increasingly being looked at owing to their properties like photonic resonances and nanostructured ability  (5). These templates enable the synthesis of hierarchical catalysts with tailored properties for energy conversion, environmental remediation, and industrial catalysis. Bioresearch still makes biotemplating an eco-friendly and bio-inspired solution to the catalyst design, with a promising future ahead.
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Figure 1. (a) The total accumulated number of publications indexed in the Scopus database from 2000 to June 2025, based on keyword searches for "biotemplating" and "bio-templating," with duplicates removed. (b) The thematic scope of publications on biotemplating indexed in Scopus from 2000 to June 2025

As mentioned above, bioinspired materials have many potential uses (Figure 1b). Early articles on biotemplating described only the process by which the material was synthesized. They were not aimed at any specific application field. These papers were limited to describing the synthetic route and account for about 39% of those published in Scopus. Catalysis (14%) and energy storage and capture (19%) are the main applications of these bioinspired materials in the papers. Among the reviews (13% of all the papers), there were some that were biotemplating specific, i.e., addressing certain templates such as diatoms, polysaccharides, DNA, proteins, fluorescent modified amino acids, or butterfly wings. Sotiropoulou et al. (1) have outlined all the biological templates which had been explored until 2008, while many other publications were interested in the application of this method towards the synthesis of metal oxides (8), ceramics (6), inorganic compounds (6), organic semiconductors (7), optical functional materials (9), and noble metal nanoparticles (10) by other methods and templates.

1-1. Introduction to Biotemplating in Catalysis
1-1-1. Definition and Importance of Biotemplate Catalysts
Biotemplate Catalysts are those that utilize biological templates or architectures to guide the synthesis of metal-based catalysts, often resulting in novel and highly active materials. The catalysts are extremely valuable in energy and environmental technologies such as photocatalysis, fuel cells, and lithium batteries. Use of biotemplates provides numerous advantages such as improved control of the catalyst structure, increased surface area, and improved performance for a variety of catalytic reactions (11).

Biotemplate-based catalysts are very promising due to the inherent functionality and complexity of biological structures. Plant tissues, microorganisms, and other natural systems possess hierarchical complex structures that can be imitated to design high-performance catalysts (11). Utilization of these natural templates facilitates the production of materials with highly defined structure that are not readily available from conventional synthetic approaches (12). By combining biological scaffolds with inorganic compounds, biotemplating combines the design properties of nature's architecture with the tailored properties of synthetic materials (13).

This review accentuates the importance of biotemplating methods in synthesizing metal-based catalysts and their applications in energy and the environment. Biotemplate catalyst synthesis is divided into types based on template structure: hierarchical, hollow, periodic, and nanostructures. All these structures have distinct advantages for specific applications, including greater stability, reactivity, and efficiency in catalytic reactions (13).

Biotemplate Catalysts also find various applications in contemporary technologies due to their desirable structural and functional features. In photocatalysis, they enable increased solar energy conversion and hydrogen evolution through improved light harvesting and charge carrier separation (11). In fuel cells, biotemplate-templated metal catalysts provide optimally structured surfaces and porosity control, which maximize electrochemical reaction kinetics on the electrodes (15). These catalysts are also used in lithium-ion and lithium-sulfur batteries for energy density and cycling stability improvement by enhancing efficient charge/discharge reactions (16). They also play a critical role in environmental remediation by destroying pollutants through high surface area and active sites (16). Biotemplate Catalysts in chemical synthesis allow for selective and efficient transformations by offering well-defined nano-architectures.

1-1-2. Recent Progress on Biotemplate Catalyst Preparation
Recent advancements in the preparation of biotemplate Catalysts have led to a deeper understanding of the relationship between the template structure and the final performance of the metal-based catalysts. Biotemplating allows for precise control over the morphology and particle size of the catalysts, which directly influences their efficiency and application in energy conversion and storage technologies (11).
Both physical and chemical routes can be utilized for biotemplating. Chemical routes include wet chemical techniques and vapor-phase deposition that are capable of depositing metal or metal oxide precisely onto the biological templates, thus creating catalysts with high surface areas and well-defined structures (14). Evaporation, deposition, and melt infiltration are the physical routes through which biotemplate Catalysts with tailored properties for a particular application can be synthesized. These methods have expanded the range of biotemplate Catalysts that can be synthesized, allowing greater flexibility in terms of material selection and function (14).


2- Overview of Biotemplating Methods
Biotemplating techniques using animal waste, such as slaughterhouse bones, is a highly promising technique for the synthesis of green and low-cost catalysts. The richness of bone tissue in hydroxyapatite (HAp) and calcium makes them an ideal source material for catalytic processes. Through treatment processes such as calcination, in which bones are subjected to high-temperature heat to incinerate organic matter but retain inorganic minerals, such substances can be transformed into stable solid catalysts with extensive catalytic ability (6). Bone-based catalysts that result from this are also potentially valuable for processes such as the creation of biodiesel, organic substrate oxidation reactions, and pollution remediation, with a greener catalyst alternative while also being able to address waste disposal issues simultaneously (6).

The catalytic function of bone-derived materials is regulated by a number of parameters, including chemical composition, dependent on environment and species, and bone morphology. With all the advantages accrued from the use of animal bones as catalysts, there are some problems which are encountered with, primarily variation in catalytic activity and need for more sophisticated preparation methods for the enhancement of their performance (7). 

2-1- Methods for Incorporating Animal Templates in Catalyst Formation
The application of animal templates for the synthesis of catalysts is one of the intriguing approaches in the broader area of templated carbon synthesis. The approach employs templates of organic or biological origin, such as those from animals, to control the morphology of catalyst materials. Naturally occurring animal templates, i.e., chitin, collagen, or keratin, or those processed synthetically from animal-based materials, have been a novel, sustainable alternative to traditional templates. The procedure is typically carried out by replicating the structure of the animal template, then utilizing the replica for synthesizing catalytic materials of well-defined structural and porosity properties.


2-1-1 Methods of Incorporating Animal Templates during Catalyst Synthesis

a) Hard-Template Method: During the hard-template method, an animal-derived protein or biopolymer hard template is initially prepared. These templates have some of the structural properties such as pores or shapes which can be emulated. For instance, chitin of the arthropod exoskeleton as a template is used in an attempt to synthesize mesoporous carbon materials. This method typically involves template filling with a carbon precursor (i.e., sucrose or furfuryl alcohol) and its subsequent pyrolysis at high temperatures. The template is dissolved in the course of pyrolysis, typically through chemical etching, to yield a structure of carbon closely mimicking the native animal template. The as-obtained carbon material possesses a porous architecture with tunable pore size and porosity, which is most desirable for energy storage and environmental purification use (8).

b) Soft-Template Method: The soft-template methods depend on the employment of soluble or extractable materials to guide a shape desired. These often utilized animal-derived materials are gelatin or collagen, among the most utilized templates to be used in this method. These templates are prepared either in desired shape or in mesh form and coated over with a precursor material like metal or carbon. When treated with heat or chemicals, the template is dissolved while a structure of the catalyst is left behind. This is a highly appropriate technique for nanostructured catalyst development with shape control, which has a significant impact on the catalytic activity (7).
The process outlined in Figure 2 (a)  shows micelle formation and can be referred to as making a soft template. The porous template is produced through the concerted effort of micelles (red and blue structure). When the template is taken away, one obtains a mesoporous product—a catalytic material with a regular porous texture, as it is seen from the final product. This is the same as the soft-template strategy outlined in this chapter, where organic molecules like proteins or surfactants act as templates for the synthesis of structured materials. The second side of the picture (Figure 2(b)) indicates nanocasting, a process extensively used in hard-template synthesis. In this process, a mesoporous template (supposedly derived from some substance like silica or metal oxide) is used, and the precursor material is cast in the pores of the template. After template removal, a mesoporous replica is obtained. This parallels the hard-template method emphasized in the above, where templates are derived from animal or inorganic materials to organize catalytic materials and form well-defined constructs with adjustable porosity for improved catalytic activity.

The hard-template approach, as Figure 2 (b) depicts via nanocasting, uses hard templates like chitin to fabricate porous materials through precursor filling and pyrolysis. The soft-template approach, as figure a depicts via cooperative assembly, uses soluble phases like proteins or surfactants to control material assembly. Both approaches involve dissolution of the template to produce tunable mesoporous structures. These organized materials enhance catalytic activity, a necessity for applications in energy storage and environmental purification. They provide concurrent flexible ways of functional nanostructure design with optimum porosity.
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Figure 2. Comparison of soft-template and hard-template strategies for mesoporous catalyst synthesis. (a) Cooperative Assembly and Template Removal. (b) Nanocasting


2-2. Role of Animal-Derived Templates in Catalyst Synthesis
Utilization of animal template waste, particularly bone waste, for catalyst synthesis is a promising step towards the production of low-cost and eco-friendly catalysts. Slaughterhouse bone waste is abundant in richness and is an environmental issue owing to its lengthy decomposition period (17). However, it can be upcycled to develop catalysts that are eco-friendly and catalytically active for various chemical conversions.
Bone, containing valuable materials like hydroxyapatite (HAp) and calcium, is transformed into active catalysts via simple methods like calcination. High-temperature calcination of bone waste generates a recoverable, stable solid catalyst with less loss of catalytic activity (17). The fact that there are compounds such as hydroxyapatite in bone makes bone a suitable substance for heterogeneous catalysis, wherein it is utilized for reactions such as the production of biodiesel, oxidation of organic compounds, and organic compound synthesis, among others (17).
The catalytic activity of bone catalysts is much sought after in biofuel production, and it is a low-cost and environmentally friendly alternative to traditional catalysts. Bone catalysts have been utilized in biodiesel, oxime, and other bioactive compound synthesis (17-19). The reaction is reconciled with green chemistry protocols through the reduction of the use of expensive and environmentally hazardous catalysts and also providing a solution to the global waste management problem of animal bones.
Animal bones represent an inexpensive, renewable source of hydroxyapatite, which is a calcium-phosphorus compound that suits catalytic uses. Bone morphological features vary with species and are influenced by different inorganic constituents such as zinc, silicon, and magnesium, which vary the catalytic activity. These variations are based on parameters like health status, gender, and age and thus affect the surface area and active site arrangement, thereby having a significant effect on the efficiency of the catalyst. The acid-base nature of the catalyst depends on its calcium-to-phosphorus (Ca:P) ratio, which also affects its activity in catalysis for various reactions (17-18).
Bone-derived catalysts are generally prepared by calcination, hydrothermal synthesis, precipitation, and sol-gel processes, which have their own merits for hydroxyapatite synthesis with specific characteristics such as mesoporosity and narrow pore size distribution (19). Calcination is actually a method wherein the bones are calcined at elevated temperatures, organic content is removed, and inorganic minerals like HAp remain behind, which are used for catalytic reactions. Use of animal bones, especially by-products like fish, mollusks, and meat, provides a green alternative to artificial catalysts that are typically costly and less environmentally friendly (20). Bone-derived hydroxyapatite has proved useful in catalytic applications in processes including biodiesel production, oxidation reactions, and the removal of pollutants. Its excellent chemical and heat stability, in addition to enormous surface area, makes it well-suited to such processes (21). The major advantage of using bone waste as a catalyst is that it is cost-saving, reusable, and contributes to the sustainability of industrial processes. However, the problems of the variability of catalyst performance and the need for improved preparation methods still remain to be addressed.
The inorganic nature of animal bones, as presented in the Table 1, extracts major elements like calcium (Ca) and phosphorus (P), playing a major role in preparing bone-derived hydroxyapatite (HAp) for catalyst synthesis. The higher content of calcium in bones makes them suitable for synthesizing environmentally friendly and stable catalysts used in biodiesel and pollutant treatment. The bone composition heterogeneity caused by age and species influences the activity of the catalyst, as well as surface area, catalytic efficiency. Calcination processes transform bones into efficient catalysts with the advantage of low-cost, environmentally safe over man-made catalysts. Hence, bone catalysts offer an environmentally safe solution and waste disposal.







 Table 1. Inorganic composition of animal bones, highlighting major extracted elements involved in the synthesis of bone-derived hydroxyapatite (HAp) for catalytic applications.
	
Inorganic Element

	Calcium (Ca)
	52.5 ± 3.4

	Phosphorus (P)
	23.5 ± 2.1

	Boron (B)
	7.6 ± 0.4

	Silicon (Si)
	5.5 ± 0.4

	Sodium (Na)
	3.0 ± 0.2

	Chlorine (Cl)
	1.8 ± 0.1

	Sulfur (S)
	1.7 ± 0.1

	Potassium (K)
	1.6 ± 0.2

	Magnesium (Mg)
	1.4 ± 0.3

	Aluminum (Al)
	0.4 ± 0.1

	Zinc (Zn)
	0.3 ± 0.1

	Iron (Fe)
	0.3 ± 0.1

	Copper (Cu)
	0.2 ± 0.1

	Manganese (Mn)
	0.2 ± 0.1






2-3. Types of Animal-Based Templates: Marine and Terrestrial Sources
Templates of animal origin for the synthesis of catalysts may be obtained from marine or land sources, each of which would impart distinct characteristics to modulate the catalytic activity. Sea-derived sources such as chitin and microalgae are particularly abundant and unexploited. Chitin derived from crustacean shells has a high nitrogen content (approx. 7 wt%) that can be harnessed in the synthesis of nitrogen-doped carbon (N-doped C) materials for catalysis, energy storage, and biomedical applications (22). Microalgae with high proteins, lipids, and carbohydrates are also potential marine biomass due to their high growth rate and low environmental impact. Nitrogen in microalgae, present largely in the form of proteins, has value in the synthesis of nitrogenous chemicals (NCCs) that find broad uses in industries (23).
On the other hand, terrestrial resources like animal bones provide an alternative route to catalyst preparation. The animal bones contain high amounts of phosphorus and calcium and are primarily composed of hydroxyapatite (HAp). These are used in synthesizing good-quality catalysts for various industrial processes. The variability in composition of animal bones depending upon species of animal, age, and diet is responsible for the diversity in catalyst properties, and this helps in tailoring catalytic operations (24). Both marine and terrestrial animal-based templates are useful in the manufacture of environmentally friendly, sustainable catalysts, offering an alternative to more conventional, petroleum-based catalyst materials.
From the perspective of transformation and use, ocean-based biomass, including chitin and microalgae, is very promising in the synthesis of nitrogen-doped carbon materials, which are outstanding candidates for a variety of catalytic processes. The natural nitrogen fixation in these biomass materials reduces the need for energy-demanding synthetic ammonia, thereby rendering the overall process more sustainable. Furthermore, the nitrogen content in such marine templates is highly significant in boosting the catalytic activity of carbon materials, particularly in applications such as bioimaging, energy storage, and environmental remediation (25-27).       Table 2 introduce the use of aquatic (microalgae and chitin) and land (bone-derived HAp) animal-based templates for the synthesis of green catalysts. Aquatic sources such as microalgae and chitin, which are nitrogen and protein-rich, help prepare nitrogen-doped carbon materials and nitrogenous chemicals with zero environmental impact. Land sources such as bone-derived HAp, which are phosphorus and calcium-rich, provide catalysts whose properties can be modulated. Both classes offer eco-friendly alternatives for petroleum-based catalysts, leading to more effective catalysis and sustainability in processes.


Table 2: Animal-based templates for  catalyst synthesis: sources, composition, applications, and sustainability

	Animal-Based Template
	Source
	Primary Composition
	Key Applications
	Sustainability

	Chitin
	Marine (crustacean shells)
	Nitrogen (7 wt%), polysaccharides
	Nitrogen-doped carbon materials, catalysts, biomedical
	High (utilizes marine waste)

	Microalgae
	Marine
	Protein, lipids, carbohydrates
	N-containing chemicals, biofuels, energy storage
	High (fast growth, low land use)

	Bone-derived HAp
	Terrestrial (animal bones)
	Calcium, phosphorus
	Catalysts, biofuels, pollutant treatment
	Moderate (depends on animal source)




3. Animal-Based Biotemplates for the Fabrication of Bioinspired Catalysts
Bioinorganic chemistry is the field of chemistry concerned with interaction between metal ions and biological systems, but more precisely with how biomolecules that occur naturally—are they plants or animals—act with biomolecules, like biomolecules in animals, to catalyze material (28). One of the more hopeful approaches is the use of animal-derived biotemplates taking advantage of the hierarchical organization and biochemical pathways of animal tissue or biomolecules to direct the formation of bioinspired catalysts.

These nature-occurring biotemplates of metal ion systems—shells, proteins, collagen fibers, or chitinous lattices—are offering a novel template of metal ion assembly that can result in the assembly of bioinorganic supports with programmed catalytic activity. Employing the inherent stability of the transition metals and their naturally occurring ligands, researchers can evolve hybrid catalysts that replicate the coordination architecture of native metalloproteins. These hybrid systems have distinctive oxidation states and molecular geometry, enabling them to optimize the control of catalytic reactivity and selectivity (28).

Synthesis of transition metal complexes with protein-like ligands or structural motifs allows for the creation of biomimetic catalysts with enzyme activity mimicked not only by structure but also with enhanced thermal and chemical stability. These complexes are adjustable by modification of protein-like binding sites to control thermodynamic and kinetic parameters to accomplish redox catalysis, oxygen activation, and small-molecule transformation breakthroughs (28–29).

For therapy and environmental catalysis also promises biotemplates derived from animals. For instance, use of gelatin (protein in gelatin) or egg-shell membrane as supports has enabled one to design catalysts for site-directed drug delivery and pollutant degradation. Also, biologically active metal-based probes synthesized with these templates have been utilized for DNA mismatch detection and for measuring reactive oxygen species (ROS), providing potential for highly sensitive diagnostic and therapeutic applications (30).

In addition to single molecules, whole functional assemblies isolated from animal tissues—such as nacre (mother-of-pearl) or sponge skeletons—have been utilized to create inorganic-organic hybrids with remarkable electrocatalytic and photocatalytic performance. These bioinorganic interfaces enable redox-active metal complexes to become competent to adequately dialogue with solid supports, and this has been associated with developments in energy conversion, microbial fuel cells, and biosensor development (28-34). Being an interdisciplinarity frontier field, the bioinspired catalyst synthesis using animal-derived biotemplates not only highlights nature's design in application but also aligns with sustainable chemistry and material science of biocompatibility aims.


4. Scaling Strategies in Bio-Templated Catalysts Using Animal-Derived Structures

Animal templates have emerged as potent scaffolds for the synthesis of bio-templates in catalysts due to their hierarchical structure, intrinsic biocompatibility, and ease of functionalization. In this chapter, the structural and functional features accounting for the applicability of these templates in catalytic functions and dealing with advanced techniques for upscaling them by new methods and modelling approaches are presented.


4-1. Structural and Functional Properties

Animal templates have an extremely complicated hierarchical structure that closely resembles biological systems. One of the best examples is skin-derived scaffolds, which are composed of differentiated layers—epidermis, dermis, and hypodermis—and have specialized functions in protection, regulation of nutrients, and structural support (35).
. These scaffolds are typically collagen-based and other extracellular matrix (ECM) components such as glycosaminoglycans (GAGs) and proteoglycans, which all synergistically enhance mechanical strength, flexibility, and cellular bioactivity (36). Biodegradability is one of their greatest advantages, which enables these scaffolds to degrade with time, making them most suitable for short-term biomedical or catalytic use and minimizing material build-up over time (35). In addition, porosity supports effective diffusion of wastes and nutrients, and in catalytic reactions, optimal mass transfer. Scaffolds derived from bone, for example, provide porosity that is tunable and supports vascularization and reactive species infiltration (37).

Structurally, the animal-derived templates are highly biocompatible due to structural homology with native tissues, which is stem cell adhesion- and growth-friendly as well as directionally differentiated for tissue engineering and bio-catalysis (38).The matrices are capable of adsorption and slow release of growth factors, cytokines, and enzymes and to promote controlled modulation of biological or chemical micro-environments (38). Besides that, some of these biomaterials of animal origin have immunomodulatory activities such as inhibiting inflammation and wound healing—activities that are beneficial in catalytic and regenerative uses (39). In order to boost their performance even further, the scaffolds can be functionalized with synthetic peptides, nanoparticles, or bioactive molecules that enhance their specificity, catalytic activity, and structural stability in industrial and biomedical applications (40).

________________________________________
4-2. Scaling Methods and Modelling Approaches

It is the integration of sophisticated engineering with complex biological architectures in scaling up animal template-derived bio-templated catalysts. Scalability and economic viability of the material are largely controlled by factors like reproducibility, structural integrity, and their function under industrial process conditions. Sol-gel processing, freeze-drying, and casting are common methods employed to replicate intricate microstructures of animal tissues without disturbing their hierarchical structure (41). Also, 3D bioprinting and additive manufacturing processes provide precise replication of nature geometries and enable uniform and scalable catalyst template fabrication (42). Surface modification processes such as Atomic Layer Deposition (ALD) and Chemical Vapor Deposition (CVD) are used to functionalize in order to coat the catalytic material on animal-derived scaffolds, rendering them stable and consistent for high-performance applications (43).

For successful scale-up and operation, advanced computational tools are increasingly employed. Computational Fluid Dynamics (CFD) and Finite Element Analysis (FEA) simulations of the process allow one to predict the heat and mass transfer behavior, structural response to stresses, and the activity of the catalyst in the templated materials (44). Kinetic modeling is also employed in optimizing reaction mechanisms and operating conditions for maximum catalytic performance without compromising scale (45). In addition, artificial intelligence (AI) and machine learning (ML) algorithms are being implemented in the design process for the prediction of catalyst behavior and the optimization of fabrication efficiency, based on large datasets from experimental and simulated studies (46). Finally, sustainability is always the foremost concern; scaling strategies must adhere to the principles of green chemistry and undergo strict lifecycle analyses to ensure that the use of animal-derived scaffolds remains ethically and ecologically acceptable (47).



5. Challenges in Scaling and Economic Aspects of Animal-Derived Bio-Templated Catalysts
Large-scale production of animal-based bio-templated catalysts is an economically, logistically, and technologically demanding task. Reproducibility of the template structure on an industrial scale is one of the biggest challenges. Biological heterogeneity of animal sources is translated into morphology of structure, biochemical composition, and mechanics variation, which makes standardization for biomedicine or catalysis difficult (48). Hierarchical structure fidelity in porous structures, i.e., bone scaffolds or collagen matrices, becomes more difficult to maintain at scale-up at the expense of deformation on drying, processing, or functionalization (49). Furthermore, conventional manufacturing routes, e.g., freeze-drying, sol-gel processing, or casting, are not directly scalable to large-scale processing without sacrificing accuracy or efficiency (49). Further, use of more sophisticated coating technologies, such as Atomic Layer Deposition (ALD) or Chemical Vapor Deposition (CVD), is often size-limited by equipment cost, batch-size limitation (43). Economically, large-scale production of animal-based bio-templated catalysts depends on various factors like availability of the starting material, processing cost, and means of waste disposal. Procuring animal tissue under ethically controlled and sterilized conditions is very costly, especially if it needs to be of pharmaceutical- or catalyst-grade purity (50). Additional downstream processing—decellularization, sterilization, and chemical functionalization—adds to capital and operating costs. Poor manufacturing channels and demands for specialist equipment or man power further enhance cost of production, thereby rendering economic feasibility uncertain for commercial use. Additionally, lifecycle analysis evermore takes center stage in assessing environmental footprint and to be feasible within the context of sustainability requirements, and in so doing, can introduce additional regulatory barriers and operational constraints (47, 51). Such difficulties would be overcome by the possible future directions: application of hybrid bio-synthetic templates, robotic fabrication methods, and machine learning-optimized methods to reduce variability and production cost and maintain fidelity in performance (46).


6. Nanostructure and Morphology Control via Biotemplating
Biotemplating, a biospired technique, is an important strategy to synthesize materials with complicated and well-defined nanostructure and morphology. By mimicking the structural templates in nature, particularly in the organisms that have evolved to withstand extreme environments, biotemplating employs simple biological building blocks to synthesize complex, functional materials under mild temperatures (45). This approach presents an energy-efficient and green alternative to traditional fabrication methods, which are often beset by high expenses, complex processes, and energy inefficiencies (46-47).

In particular, biotemplating has been given consideration because of the special mechanical properties of nature's materials such as nacre (mother of pearl) to obtain excellent mechanical strength through its complex "brick-and-mortar" structure (47). Biomacromolecules such as collagen, cellulose, and viruses are being utilized as templates now to achieve specifically designed nanostructures in end-products since biomolecules themselves have distinctly defined hierarchical structure (48).

In addition to the potential to reproduce the structure and function of biological materials, biotemplating is also employed for the creation of new artificial materials with new or enhanced properties. Biological templates such as collagen fibrils and cellulose fibers exhibit restricted microenvironments that facilitate the deposition of inorganic or organic species, thereby forming new nanostructures with excellent strength, toughness, and functionality.

6.1 Key Roles of Biotemplating
a) Confinement for Crystallization: Biotemplates provide a confined environment that directs the crystallization of inorganic materials. For example, in the case of collagen, the confined spaces within its fibrils guide the formation of oriented hydroxyapatite (HAP) nanocrystals in bones (49).
b) Functional Surfaces for Nucleation and Growth Control: The surfaces of biotemplates, such as proteins in cellulose or the surface of viruses, offer functional groups that can control nucleation and crystal growth. This interaction leads to precise structural alignment of nanomaterials, allowing for the design of materials with highly organized and specific properties (50).
c) Self-Assembly of Biomacromolecules: Biomacromolecules such as collagen and cellulose have intrinsic self-assembly properties, which contribute to the formation of hierarchically structured materials. These materials can exhibit complex, multiscale organization, such as chiral nematic structures in cellulose or the “brick-and-mortar” structures in nacre (51).

6.1.1 Examples of Biotemplating Systems

a) Collagen: Collagen, the most widespread protein of the animal, is a leading biotemplating agent due to its fibrillar structure and ability to catalyze inorganic compound mineralization. Collagen is a template for hydroxyapatite inorganic compound formation in bones, in which mineralization is achieved through liquid precursors infiltrating into collagen fibrils and their recrystallization into oriented crystals under confinement (51).
b) Cellulose: As a natural polymer with filamentous structures, cellulose is often used as a biotemplate to guide the synthesis of materials with chiral nematic structures, which exhibit unique optical properties (50). The self-assembly of cellulose-based structures has been explored for applications in advanced materials such as nanocomposites and functional films.
c) Viruses and Bacteria: Filamentous viruses such as the M13 bacteriophage are increasingly being utilized as biotemplates for the creation of multiscale and multidimensional materials. The ability of the viruses to self-assemble and be genetically modified to facilitate functionalization offers a promising pathway to the creation of new materials with defined properties (51). Even rod-shaped bacteria, with their potential for functional protein display on surfaces, have been used to trigger functional material synthesis.

7. Properties and Performance of Biotemplated Catalysts
    7-1.   Catalytic Activity of Animal-Based Templates
Animal-template biotemplate Catalysts are growing in popularity for their potential in augmenting catalytic activity, with specific mention of renewable energy. The templates, which may be viruses, bacteria, or fungi, all have unique structural features, which can be redesigned for specific energy application. The animal templates, such as the Tobacco Mosaic Virus (TMV) and M13 bacteriophage, offer a template for self-assembly under which nanomaterials of desired sizes are created, which are required for the improvement of catalytic activity (52). The nanomaterials have the potential to be used in a variety of catalytic reactions, such as water splitting to form hydrogen or in fuel cells, for the development of improved and sustainable energy technologies (52).

One of the greatest advantages of animal-based templates is that it is possible to design and control the structures at the molecular level to enhance their catalytic activities. TMV nanorods, for example, have been gold-nanoparticle-functionalized in order to increase their compatibility with metal electrodes in energy storage devices, i.e., batteries (52). This modification increases the surface area and stability of nanorods, which are accountable for greater electrochemical properties, and they are thus highly promising for application in battery electrodes and other energy conversion devices. Structural homogeneity and self-assembly of viral templates also allow one to replicate nanomaterial synthesis, a parameter of utmost importance for scaling up their application in industrial processes (53).

Aside from viruses, other bacteria like E. coli and fungi like yeast have been explored for their abilities to produce varied nanostructures, including nanowires and nanospheres. Microorganisms can be genetically engineered to produce nanomaterials that are not only catalytically active but also low in cost. For example, E. coli was used to produce nanomaterials with the prospect of application in enhancing hydrogen production through photocatalysis, an essential process in the creation of hydrogen-based energy devices. Such biological templates are used extensively due to ease of culture and handling, and they provide a scalable and sustainable route for nanomaterial synthesis relative to other routes (54-57).

Some of the interesting areas of study are uses of biotemplated nanomaterials for renewable energy devices such as solar cells and fuel cells. TiO2 and CuInSe2 nanomaterials using animal templates are being explored for uses in photocatalytic water splitting, which is expected to mitigate the energy crisis for hydrogen production. Though the developments have been achieved, the efficiency of such materials is still an ongoing research field because the majority of such systems are beset by low conversion efficiency and exorbitant production cost currently. However, having the ability to accurately tune the properties of biotemplated nanomaterials offers the prospect of being able to overcome these issues and make renewable energy systems cost-competitive in the future (54-57).

In addition, animal-based template biotemplate Catalysts have proved to be superior in the development of renewable energy technologies. They are scalable, tailor-made, and structurally precise, thus very efficient in catalysis reactions, for example, hydrogen production, fuel cells, and energy storage devices. While ever-evolving research continues to strive to reveal the highest potential of such bio-templated materials, they have the potential to be a key factor in the development of more efficient and sustainable energy systems, leading the way towards a greener, energy-harmonious future. Such developments go a long way in suppressing the environmental footprint of conventional energy sources as well as promoting the ongoing development of renewable energy sources (58).

Animal-template biotemplate Catalysts are being fabricated as a highly viable alternative for conventional catalysts, particularly for use in renewable energy processes. The novel catalysts take advantage of the unique structural properties of biological templates such as viruses, bacteria, and fungi to create nanomaterials that are optimized for topnotch catalytic performance. For instance, biotemplates like Tobacco Mosaic Virus (TMV) and M13 bacteriophage enable nanoscale self-assembly to form materials for use in crucial catalytic reactions like water splitting and fuel cells (59). Biotemplating enables molecular-level control over nanomaterial structure with high accuracy, thereby improving their efficiency in catalytic processes toward sustainable energy technology.
In contrast to traditional catalysts, which are typically founded on costly and ecologically unsuitable materials, biological templates from animals offer scalable and sustainable pathways to the synthesis of nanomaterials. The E. coli and yeast organisms can be biogenetically engineered to produce catalytic and multifunctional nanostructures, such as nanowires and nanospheres, with the potential to deliver enhanced efficiency for photocatalytic hydrogen production (59). While the advances in biotemplate nanomaterials are promising for application in solar cells and fuel cells, conversion efficiency and production cost remain issues. However, the capability to architect the properties of such biotemplate materials makes them serious contenders in seeking economically competitive and environmentally friendly renewable energy systems that ultimately move away from traditional energy sources with less environmental impact.

Biotemplate Catalysts are a new field in green chemistry where natural templates from biological structures are used in the design of high functionality materials for effective energy and green environmental processes. The hierarchical complex structures available in nature, including those encountered in plant tissue and animal tissue, are harnessed through the use of biotemplate Catalysts to produce highly effective properties materials that are applied in various green processes (59). One of the greatest benefits of biotemplate Catalysts is the possibility of replacing toxic synthetic templates so that greener, non-toxic, and sustainable processes can be brought in.
In green chemistry, biotemplate Catalysts have good prospects in view of enhancing the efficiency of energy conversion and environment remediation. Solar energy harvesting, for example, photocatalytic hydrogen production, and CO2 reduction are being utilized with biotemplated material (59). These materials, which are created from nature-based forms such as plant photosynthetic systems or the optical properties of butterfly wings, contain inherent properties that make them well adapted for energy harvesting and conversion. Through the replication of these structures, biotemplate Catalysts are able to significantly maximize the efficiency of photocatalytic processes, which play a crucial role in renewable energy harvesting and pollution abatement (59).

In particular, biotemplated materials are applied in photocatalytic hydrogen evolution and CO2 reduction, two of the most promising fields to address the energy issue of the world. The ability to transform sunlight into hydrogen or liquid fuel with high efficiency through photocatalysis would be a revolution in clean energy production (59-60). Biotemplated catalysts, through their well-controlled nanostructure, enhance the light harvesting and catalytic activity of materials, which renders them more efficient in these fields. For instance, the unique diatom or other microbial form, evolved naturally for maximum light capture and conversion, can be utilized as templates to produce artificial material, which mimics these properties to generate hydrogen or fight CO2 emissions (60).

Also, biotemplate Catalysts find applications in solar cells, where natural biotemplates could be employed for improving the light-harvesting efficiency of solar cells or photovoltaic devices. Hierarchical structures of biological systems can realize improved energy absorption and charge conduction and thus more efficient solar cells (61). Biotemplate materials have been studied in the case of lithium-ion batteries to enhance the efficiency of the cathode and anode by fabricating nanoscale pores and channels to achieve better surface area for ion storage and increased charge/discharge cycles.

Application of biotemplate Catalysts is also of great importance in the degradation of environmental contaminants. Biotemplates such as proteins or polysaccharides may be used to develop catalysts that degrade organic contaminants such as dyes and other poisonous chemicals in water (60). The fact that high surface area catalysts with suitably tailored pore structure can be created allows for efficient adsorption and degradation of pollutants and hence a clean technology for water purification.

Biotemplate Catalysts stand out in renewable energy technology and environmental remediation, showing the convergence of material science and biology. Through natural templates of biological organisms—plants, animals, and microbes—scientists are able to synthesize highly functional materials with improved performance in green applications (60). One of the most significant advantages of utilizing biotemplating procedures is that they are capable of creating renewable, nontoxic materials as substitutes for their toxic synthetic equivalents. Such a shift is of paramount significance in the realm of renewable energy wherein the process requires highly proficient catalysts to perform efficiently on procedures like photocatalytic hydrogen evolution and CO reduction. The distinctive characteristics of biotemplated catalysts, motivated by nature's extremely efficient energy conversion systems, yield improved light absorption, high surface area, and improved catalytic activity, paving the way for the development of clean energy production.

In the remediation of the environment, biotemplate Catalysts hold the key to solving pollution and water contamination issues (61). The catalysts can be designed to degrade organic pollutants—such as dyes and other toxic chemicals—using enhanced adsorption and destruction mechanisms. Biotemplated materials can tap into higher efficiency in capturing and disintegrating toxic chemicals, thus making bodies of water cleaner and purer (61). As an instance, the use of green templates like proteins or polysaccharides allows the creation of catalysts that are degrading pollutants and also sustainable. Biotemplate Catalysts in general are one very promising field in green chemistry, driving applications in renewable energy as well as pollution control, and leading the world towards an environmentally friendly and sustainable tomorrow.

8. Challenges and Opportunities in Animal-Based Biotemplating
Animal biotemplating is faced with a special series of challenges that restrict its general use to catalyst synthesis. The process is narrowly restricted by ethics in the isolation of templates from threatened species or the utilization of unsustainable processes. Additionally, the inherent structural sophistication of animals might cause widespread template variability themselves, which is propagated to product unreliability in the resulting nanomaterials produced from them. These differences can be the cause of problems for reproducibility and scalability of biotemplating processes as a pre-requisite for industrial use (64). Moreover, the organic nature of animal templates implies that they will be unstable under stressful conditions, for instance, high temperature or aggressive chemical environments. This non-durability is undesirable for the long-term and operation of biotemplated materials, particularly in demanding applications for catalysis where durability and reliability are essential.

Despite these challenges, the potential for animal biotemplating toward the synthesis of new catalysts is highly prospective. The nanoscale morphology of animal templates, including the intricate patterns in the wings of butterflies and resilient shells, can be utilized for the synthesis of catalysts that have higher surface areas, active sites, and activity. The secret to the future of biotemplated catalysis is the blend of animal template with high-performance synthetic material, like nanomaterials or metal-organic frameworks. Perhaps this biotic-synthetic hybrid pathway could offer superior catalytic capability through the convergence of the best excellences of nature and synthetic worlds (64). Moreover, advances in synthetic biology and genetic engineering could offer the potential for mass-producing biotemplating processes, such that they could be commercially feasible on a large scale. While material and ethical stability problems continue to dominate, inter-disciplinary advances can contribute to the creation of high-performance, specialist, and sustainable catalysts through global efforts towards green technologies and solutions for energy, pollution, and sustainability challenges.

9. Limitations of Using Animal Templates
Animal biotemplating has challenges of its own as well, e.g., ethical concerns in utilizing animals for materials synthesis. It might be problematic obtaining animal templates if it involves utilizing endangered species or unsustainable practices. Complexity of animal templates, i.e., highly sophisticated structures, might also cause difficulties in attaining uniformity batch to batch (64). Discrepancies in the characteristics of the templates may result in discrepancies in products, which can affect reproducibility and scalability of biotemplating operations (64). Instability and degradation of templates of animal origin is a disadvantage. Organic templates of animal origin are easily degradable under aggressive conditions such as high temperature under mineralization conditions. This instability can jeopardize the quality and functionality of the end material, especially for applications with high performance such as catalysis (65). Furthermore, biotemplates derived from animals might not be as durable or reproducible as plant-based or synthetic counterparts, which could represent a constraint to industrial adoption at scale.
In spite of these restrictions, animal biotemplating possesses enormous potential in the design of novel catalysts with improved properties. The nanoscale morphology of the animal template, such as the intricacy of patterns on butterfly wings or the strength of shells, allows for the development of catalysts with improved surface areas, active sites, and reactivity (66). They are potentially more selective, efficient, and sustainable than traditional catalysts, particularly for environmental and energy applications like renewable energy harvesting or pollution cleanup.

10. Future Directions and Innovations in Biotemplated Catalyst Development

In the future, there is huge potential for coupling animal templates with other synthetic advanced materials, such as nanomaterials or metal-organic frameworks, to enhance the functionality of catalysts. The hybrid approach is able to combine the biological virtues of animal templates and the exceptional properties of synthetic materials, opening up new opportunities for more effective catalytic reactions (66). Furthermore, the field can see progress in terms of scaling up biotemplating processes, which will enable the synthesis of these bioinspired catalysts at an industrial level, through methods such as genetic engineering or synthetic biology.

Overall, though biotemplating using animals is confronted with limitations such as ethical issues and material instability, its possibility to develop very specialized and efficient catalysts is very promising. Such limitations can be overcome in the future with developments in biotechnology and inter-disciplinary work, resulting in greener and high-performance materials (67). While the world moves towards greener technologies, nature-mimic biotemplate Catalysts may find their niche in the spotlight in solving complex issues that are intertwined with energy, pollution, and sustainability.


12. Ethical and Environmental Considerations

12-1. Ethical Implications of Using Animal Materials

There are certain ethics issues with the use of animal materials in biotechnological and biomedical applications concerning animal welfare, consent, and methods of animal-based approaches that bring about environmental implications. Of the most critical ethical concerns is the treatment of animals in their harvesting of such materials and inducing injury in their collection of cells or tissues for biotemplating. The ethical concern applies to the larger industrial animal agriculture context as well, where systems of factory-based production, the ethics of animal use, and how animal agriculture helps ecosystems along with diversity are all legitimate questions (67).
Another serious ethical issue is the use of animals to research and exploit their biological resources for profit. Although the biotechnology industry takes a stance in defending the use of animal tissues on the grounds of their ability to improve human health and wellbeing, the ethical cost of exploiting animals remains something of a contentious debate (67). Also, the exploitation of animals in biotechnology raises the question of whether it is right to subject animals to harm for the sake of technological progress, especially considering that the use of plant or synthetic biotemplating materials can be employed as alternatives (67).
In that respect, the current controversy within the "clean meat" sector about growing animal cells in a bottle in vitro is an interesting example of how ethics and technology are balanced through consumer demand. For all the merit it has as some kind of ethical alternative to traditional animal farming, it too has such a thing as animal-derived media, which somewhat adds a spin to the ethical issue (68). With the growing demand for cell-based meat, ethical animal cell sourcing and animal growth medium alternatives will be central to resolving the ethical concerns of animal material use in biotechnology.




12-2 Sustainability of Animal-Based Biotemplating

Animal-based biotemplating, involved the use of animal-derived materials for various biotechnological applications, is riddled with numerous sustainability challenges. Even though animal-derived templates have appealing structural and functional properties for uses in tissue engineering and regenerative medicine, their environmental impact is high. Animal agriculture, particularly livestock farming, is responsible for a significant percentage of global greenhouse gas emissions, resulting in climate change, water depletion, and deforestation (69). The water and land usage in animal agriculture also contribute to sustainability issues.

From a sustainable perspective, increasing demand exists for animal-based material substitutes. Cellular agriculture, culturing animal cells in controlled environments to produce goods such as meat, proteins, or biotemplating materials, is extremely promising. This technology, however, is currently under development and poses significant problems of scaling up and reducing the environmental footprint associated with animal cell culture. The energy-intensive nature of the bioreactor systems and the incorporation of growth mediums of animal origin are the major influencing factors that limit the sustainability of current animal-based biotemplating processes (69).

Making animal-based biotemplating sustainable would require future studies to focus on optimizing cell culture processes, reducing the consumption of animal-derived products, and searching for plant-based or synthetic alternative growth mediums (70). Even further adoption of more sustainable approaches in the supply and processing of animal-derived material, such as utilization of byproducts from other industries or recycling of waste material, can further increase the sustainability of such biotechnological approaches.


13 . Conclusion and Future Outlook
 
In summary, the production of biotemplate Catalysts using animal templates is a viable path toward the material engineering of new catalysts. Through the utilization of the outstanding structural features of biological molecules such as chitin, collagen, and viruses, scientists are capable of creating catalysts not only with enhanced activity but also allowing for the realization of sustainable approaches in material production.

Both soft-template and hard-template methods are valid ways of introducing nature-inspired templates into catalyst design, each having various degrees of control over nanoparticle porosity and morphology. To have the ability to take ideas from nature's very own solution to mechanical issues has enormous application in the field of energy production as well as cleaning the environment. Despite the possible benefits, challenges exist in the area of ethical issues, material stability, and reproducibility of the quality of production. The ability to address issues of animal welfare, environmental sustainability of animal rearing, and reproducibility of biotemplate materials will be important for broader adoption and integration of these techniques into industrial practice.

Future directions in biotemplate catalyst research are to be directed towards new hybrid approaches combining the merits of animal-derived templates and synthetic materials. This can lead to catalysts that are not only highly efficient and specifically tailored towards a particular reaction but also more sustainable in their production. Further, more advanced biotechnology and genetic engineering can help sidestep the ethical dilemmas of obtaining animals.

As the area of biotemplate Catalysts has yet not reached its potential, there remains huge potential to set out creating cleaner technologies in order to realize the world sustainability agenda. With the potential to copy and amplify nature's sophisticated patterns, there is an opportunity into record-breaking materials that have the potential to be a critical factor in alleviating some of the world's most pressing challenges such as harvesting renewable energy and pollution. Lastly, the successful utilization of biotemplate Catalysts to applications will require ongoing commitment to innovation, sustainability, and moral practice.

Biotemplating is a technique whereby biological material or templates are used to produce functional synthetic structures. The strength of biotemplating lies in the fact that it has the ability to utilize nature and technology. Unlike traditional material synthesis techniques, biotemplating need not be done using high-tech equipment, high temperature, or high pressure and therefore it is inexpensive, biocompatible, and scalable. This technique is particularly valuable in the synthesis of materials with intricate, highly organized structures such as mesoporous, hollow, and nanostructured forms, prevalent in nature's biological systems. The structures not only have useful applications in material property enhancement such as surface area and reactivity but are also found to have excellent applications in energy conversion, storage, and catalysis.

The rising level of research in biotemplate materials is a pointer to increased interest and potential in the field. As evidenced by recent works published in countries like China, America, and India, biotemplating is nowadays a highly "hot" topic in the realm of material science. The rate at which scientific articles on biotemplating are published has significantly risen in the recent years, especially as regards its utilization in energy and environmental applications. However, with the large volume of work that has been put into the synthesis and characterization of such materials, most of their potential applications, especially in catalysis, remain to be fully investigated. The gap between laboratory studies and real application therefore highlights the need to further investigate the properties, performance, and scalability of biotemplate materials for catalytic uses.
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