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Hemp-derived carbon nanosheets (HDCNS) represent a groundbreaking advancement in 
sustainable materials science, offering a green alternative for high-performance bulk 
composite applications. These two-dimensional nanomaterials are distinguished by their 
exceptional mechanical, thermal, and electrical properties, akin to graphene but derived from a 
rapidly renewable biomass source. HDCNS are typically composed of a few to many layers of 
self-aligned, sp2-hybridized carbon atoms arranged in a hexagonal lattice structure. Their 
unique structure provides a high surface-to-volume ratio and mechanical robustness, making 
them ideal for enhancing various composite systems.

 
Historical Development and Significance of Hemp as a Precursor
 

The journey of carbon nanosheet production from hemp is rooted in the plant's long history of 
versatile applications, from ancient textiles to modern industrial uses. Hemp, or *Cannabis 
sativa L.*, is a fast-growing, regenerative plant requiring minimal care, which makes it an ideal 
sustainable feedstock for carbon nanomaterial synthesis. A significant milestone occurred in 
2013, when researchers demonstrated that waste hemp bast fibers could be processed to 
yield graphene-like carbon nanosheets through a combined hydrothermal and activation 
process. This pioneering work by Professor David Mitlin and colleagues at the University of 
Alberta showcased the potential for high-performance electrode materials for supercapacitors 
at a significantly reduced cost compared to conventional graphene. The inherent cellulose 
content of hemp, particularly in bast fibers, allows for the formation of well-ordered carbon 
frameworks with high crystallinity, making it a promising organic alternative to petroleum-
based nanocarbons. The evolution of hemp-based nanotechnology has addressed limitations 
associated with expensive and complex synthesis methods of traditional carbon 
nanomaterials, paving the way for scalable and cost-effective production.

 
Synthesis and Processing Techniques for HDCNS
 

The production of hemp-derived carbon nanosheets involves several sophisticated synthesis 
and processing techniques, engineered to control their morphology and properties for specific 
applications. These methods are adaptable for both laboratory and industrial scales, ensuring 
scalability and economic feasibility.
 
Common Synthesis Methods
 

*   Hydrothermal Carbonization (HTC) followed by Activation: This widely reported method 
begins with treating hemp fibers in hot water at elevated temperatures, typically around 
180°C, in a sealed aqueous system. This initial step partially carbonizes the biomass and 



dissolves non-cellulosic components like hemicellulose and lignin. The subsequent activation 
step, often employing chemical agents such as potassium hydroxide (KOH) or zinc chloride 
(ZnCl₂), is performed at high temperatures, usually between 700°C and 1000°C, in an inert 
atmosphere. This process significantly enhances the surface area and porosity, creating a rich 
network of micro and mesopores essential for high performance in supercapacitors and 
composites. The resulting nanosheets are typically 10–30 nanometers thick and are partially 
graphitic, possessing good electrical conductivity.
 

*   Direct Pyrolysis: This technique involves the thermal decomposition of hemp biomass in an 
inert atmosphere, such as nitrogen (N₂) or argon (Ar), at temperatures ranging from 500°C to 
1000°C. This process can yield amorphous to semi-graphitic carbon nanosheets, with 
properties influenced by parameters like heating rate, hold time, and biomass particle size. 
Pyrolysis of folic acid, for instance, can result in porous carbon nanosheets around 900 nm 
thick. The method is straightforward, cost-effective, and does not require environmentally 
harmful surfactants or toxic chemicals.
 

*   Chemical Activation: This technique often involves impregnating hemp biomass with 
activating agents like KOH or ZnCl₂ before pyrolysis, leading to high surface area nanosheets 
with increased conductivity. Phosphoric acid activation at a carbonization temperature of 
400°C has also been used to prepare activated carbon from hemp fibers.
 
Emerging and Advanced Techniques
 

*   Microwave-Assisted Pyrolysis: This method offers rapid and uniform heating, which can 
enhance graphitization at lower temperatures, leading to more efficient production.
 

*   Plasma Treatment: Plasma treatment is used for surface functionalization of nanosheets 
with oxygen or nitrogen groups, which can improve their dispersion in polymer matrices and 
enhance interfacial bonding.
 

*   Template-Assisted Activation: This approach uses sacrificial templates (e.g., MgO, silica) to 
precisely control the dimensions and morphology of the nanosheets, with the template 
removed post-carbonization using acid washing.
 

These methods collectively enable the tailoring of HDCNS properties, including pore 
structures, graphitization degree, and surface functionalities, which are crucial for optimizing 
their performance in various composite applications.

 
Properties of Hemp-Derived Carbon Nanosheets
 

HDCNS exhibit a unique combination of physical, chemical, electrical, thermal, and mechanical 
properties, making them highly versatile for advanced composite materials.
 
Physical Properties
 

The morphology of HDCNS is typically described as an interconnected network of partially 
graphitic structures. Electron microscopy images reveal sheet-like structures that tend to scroll 
and wrinkle, contributing to an ultra-high surface area. Biochars, in general, are characterized 
by their porous nature and large surface area, with HDCNS demonstrating specific surface 
areas up to 2287 m²/g, especially after activation. They also exhibit significant mesoporosity, 



often reported to be up to 58% or centered at 3.0-4.5 nm after hydrothermal processing and 
activation. The thickness of these nanosheets can vary, commonly reported in the range of 10 
to 30 nm. When derived from hemp fibers through pyrolysis, they can even retain their original 
fibrous morphology.
 
Chemical Properties
 

HDCNS are primarily composed of carbon, with the presence of oxygen and nitrogen 
depending on the synthesis conditions and original feedstock. Techniques like X-ray 
photoelectron spectroscopy (XPS) and Fourier-transform infrared spectroscopy (FTIR) are 
employed to identify surface functional groups such as hydroxyl (-OH), carboxyl (-COOH), and 
carbonyl (C=C/C-C) groups. These surface functionalities are critical for the material’s 
interaction with other substances, particularly the matrix in composite materials. HDCNS also 
demonstrate high thermal stability, capable of withstanding temperatures approaching 1000°C.
 
Electrical and Thermal Conductivity
 

HDCNS possess excellent electrical conductivity, with reported values ranging from 211 S/m to 
226 S/m for interconnected partially graphitic carbon nanosheets derived from hemp bast 
fiber. This conductivity is attributed to the evolution of the biochar microstructure, including 
the development of graphite-like structures during high-temperature carbonization. Even 
though they might not be as conductive as pristine graphite, they are significantly more 
conductive than state-of-the-art activated carbon. Regarding thermal conductivity, while less 
prevalent in literature for intrinsic HDCNS, biochar in general can contribute positively to the 
thermal properties of composites. Their two-dimensional structure allows for efficient 
propagation of thermal energy, with values comparable to other carbon-based materials like 
graphene.
 
Mechanical Properties
 

The mechanical properties of HDCNS are crucial for their role as reinforcing agents in 
composites. While direct measurements for the nanosheets themselves are not consistently 
available, their high tensile strength, exceptional durability, and impressive flexibility have been 
highlighted. These characteristics translate into significant performance enhancements when 
incorporated into composite matrices. For instance, hemp fibers themselves have reported 
tensile strength values from 97.33 MPa to 1110 MPa and Young’s modulus values between 3.77 
GPa and 92.44 GPa. Incorporating biochar into polyvinyl alcohol composites has shown an 
increase in tensile modulus and storage modulus. The ability of HDCNS to bend, twist, and 
deform without breaking makes them highly versatile for various applications, including 
defense.

 
Integration into Bulk Composite Materials
 

Effective integration of hemp-derived carbon nanosheets into bulk composite materials 
requires careful consideration of dispersion strategies, matrix compatibility, and interfacial 
engineering approaches to maximize performance.
 
Dispersion Strategies
 



Achieving uniform dispersion of HDCNS within a composite matrix is a critical challenge due to 
their tendency to agglomerate via van der Waals forces. Various techniques are employed to 
overcome this, including mechanical and chemical methods.
 

*   Mechanical Exfoliation and Mixing: Ball milling or sonication can exfoliate pyrolyzed hemp 
biochar to control nanosheet thickness and lateral size, aiding dispersion. High shear mixing 
and calendering are common for dispersing nanoreinforcements in viscous polymer matrices.
 

*   Chemical Functionalization: Attaching different functional groups (e.g., hydroxyl and 
carboxylic acid groups) to the surface of carbon nanoparticles prevents aggregation due to 
their large size and strong dipole–dipole intermolecular forces. This also helps in dispersing the 
nanosheets evenly in both hydrophobic and hydrophilic solvents, and within the polymer 
matrix. Supercritical water treatment, for example, can activate various functional groups on 
the nanosheet surface, enhancing dispersion.
 

*   Surfactant and Polymer Additives: The use of surfactants or nanocellulose, especially those 
with high surface charge density, can stabilize carbon nanomaterial dispersions in aqueous 
media without the need for additional chemical functionalization.
 
Matrix Compatibility
 

The performance of HDCNS composites largely depends on the chemical affinity between the 
nanosheets and the matrix. Hemp fibers, being hydrophilic, often require surface modification 
to improve compatibility with hydrophobic polymer matrices.
 

*   Surface Treatments: Chemical treatments like alkali treatment (mercerization), acrylation, 
acetylation, and silane treatment are widely used to enhance the properties of hemp fibers 
and their composites. Alkali treatment, involving NaOH solution, reacts with hydroxyl groups in 
amorphous regions, reducing hydrophilicity and exposing short-length crystallites for better 
compatibility.
 

*   In-situ Polymerization: This method involves the dispersion of carbon nanofillers within the 
polymer matrix during the polymerization process, promoting better integration.
 

*   Compatibility with Various Polymers: HDCNS are compatible with biopolymers like polylactic 
acid (PLA) and polyhydroxybutyrate (PHB), and synthetic resins such as epoxy and 
polyurethane. They are also explored in thermoset and thermoplastic polymer matrices, 
including high-density polyethylene, polypropylene, polystyrene, and polyesters.
 
Interfacial Engineering Approaches
 

Strengthening the interface between HDCNS and the matrix is achieved through various 
techniques that enhance load transfer and overall composite performance.
 

*   Functional Group Introduction: The incorporation of functional groups on the nanosheet 
surface can increase electrical conductivity, tensile strength, and capacity, and enable the 
production of new polymer nanocomposites.
 

*   Nanoparticle Anchoring: Anchoring metal or metal oxide nanoparticles onto the carbon 
nanosheets can improve interfacial interactions and introduce new functionalities like catalytic 
activity.
 

*   Conductive Networks: The formation of a conductive network by HDCNS within the matrix 



enhances electrical conductivity and allows for improved dissipation of electromagnetic 
energy through mechanisms like electron migration and hopping.
 
Resulting Composite Properties
 

The integration of HDCNS profoundly impacts the properties of bulk composites.
 

*   Mechanical Enhancement: Incorporating pyrolyzed hemp fibers into an epoxy matrix 
significantly increases the storage modulus, indicating a reinforcing effect. Hemp fiber-
reinforced polymer composites exhibit satisfactory mechanical properties, including high 
strength and stiffness. The addition of a small amount of nano-inorganic fillers, typically less 
than 5 wt%, can bring about considerable improvement in mechanical properties due to the 
large surface area to volume ratio of fillers.
 

*   Electrical Conductivity: HDCNS incorporation leads to a significant increase in electrical 
conductivity in composites. For instance, composites containing 10 wt% hemp-derived carbon 
fibers reached 6 mS/m. Reduced graphene oxide (RGO) composites, with a conductivity of 64 
S/m at 2.7 vol% RGO, demonstrate the potential for conductive polymer nanocomposites.
 

*   Thermal Properties: HDCNS can enhance thermal conductivity and stability. For example, 
polyamide-6/exfoliated graphite composite reached a thermal conductivity of 4 Wm⁻¹ K⁻¹ at 20 
vol% graphite loading, compared to 0.25 Wm⁻¹ K⁻¹ for control polyamide-6.
 

*   Tribological Behavior: Hemp-derived carbon fibers can improve the wear resistance of 
epoxy resins, resulting in lower friction coefficients and wear rates.

 
Applications of HDCNS Composites
 

Hemp-derived carbon nanosheet composites are being explored across diverse industrial 
sectors, driven by their unique properties and sustainability benefits.
 
Energy Storage
 

HDCNS are revolutionizing energy storage solutions, particularly in supercapacitors and 
batteries.
 

*   Supercapacitors: Hemp-derived carbon nanosheets serve as highly efficient electrode 
materials for supercapacitors due to their high specific surface area and excellent electrical 
conductivity. These supercapacitors offer ultra-fast charge/discharge behavior, high specific 
capacitance (up to 103 F g⁻¹), and excellent cycle life (more than 10⁴ cycles), outperforming 
commercial counterparts. They can also operate under wider temperature margins, from 0°C 
to 100°C, and provide high energy densities up to 12 Wh/kg, which is two to three times higher 
than commercially available supercapacitors.
 

*   Batteries: HDCNS are explored as anode materials for lithium-ion and sodium-ion batteries, 
showing promising potential due to their sustainable nature and scalable production.
 
Automotive Industry
 

HDCNS composites are highly attractive for the automotive sector due to their lightweight and 
high-strength properties. They contribute to manufacturing lighter, more fuel-efficient 



vehicles, which in turn helps reduce greenhouse gas emissions. Hemp fiber-reinforced polymer 
composites were historically used in the body of a Henry Ford automobile in 1941, 
demonstrating early potential for impact resistance. Germany has been a leader in 
incorporating natural fibers into automotive composites, and the market share of natural fiber-
reinforced composites in the EU's automotive sector grew significantly.
 
Aerospace Industry
 

The aerospace industry benefits from HDCNS composites for their ability to create lightweight 
and durable components for aircraft and spacecraft. The high strength-to-weight ratio and 
excellent dimensional stability make them ideal for structural and non-structural applications in 
this sector. Epoxy/CNT nanocomposites, for example, are used in aerospace engineering due 
to their thermal resistance and high specific strength, with HDCNS offering similar benefits as 
reinforcements.
 
Construction
 

In the construction sector, hemp-derived carbon nanosheets enhance the performance and 
durability of building materials like concrete and other bio-based panels. Hemcrete, a material 
made from hemp hurd, lime, and water, offers high thermal efficiency and has strong claims to 
being carbon negative, making it an environmentally friendly alternative.
 
EMI Shielding
 

HDCNS composites provide effective electromagnetic interference (EMI) shielding capabilities 
due to their excellent electrical conductivity. Composites of Fe₃O₄ nanoparticles on carbonized 
hemp fibers have demonstrated excellent microwave absorption performance, covering entire 
X-band (8–12 GHz) and Ku-band (12–18 GHz) frequencies, making them promising for 
electromagnetic protection.
 
Environmental Applications
 

Hemp-derived carbon nanosheets have significant potential in environmental applications, 
including water and air purification, and carbon capture technologies. Their high surface area 
and porosity make them effective in filtering contaminants from water and removing pollutants 
from air. Furthermore, HDCNS can be utilized in technologies designed to capture and store 
carbon dioxide, contributing to climate change mitigation.
 
Sensors and Flexible Electronics
 

The excellent electrical conductivity and flexibility of HDCNS make them suitable for use in 
flexible electronic devices, sensors, and wearable technology. Graphene-based nanoparticles, 
similar to HDCNS, have been used in various imaging and sensing applications due to their 
versatile surface functionalization and high surface area.

 
Comparative Analysis with Other Carbon Nanomaterials
 

HDCNS offer a compelling alternative or complement to traditional carbon nanomaterials like 
graphene and carbon nanotubes (CNTs) in composite applications.



 
HDCNS vs. Graphene
 

*   Cost and Sustainability: A primary advantage of HDCNS is their significantly lower 
production cost, estimated at $500 to $1,000 per tonne, which is about one-thousandth the 
cost of graphene. This is due to hemp being an inexpensive, fast-growing renewable resource, 
unlike graphene, which often requires costly mining of graphite and complex, polluting 
chemical processes.
 

*   Performance: While graphene possesses exceptional mechanical (tensile strength up to 130 
GPa, Young's modulus 1.0 TPa) and electrical properties (around 2 x 10⁵ S/m), HDCNS offer 
comparable performance in terms of energy storage and reinforcement at a fraction of the 
cost. The crumpled and porous morphology of hemp-derived nanosheets can even be 
beneficial for supercapacitor electrodes by preventing stacking and increasing accessible 
surface area, addressing a common limitation of pristine graphene.
 

*   Ease of Processing: Hemp-derived nanosheets are often easier to process due to their 
inherent structural characteristics.
 
HDCNS vs. Carbon Nanotubes (CNTs)
 

*   Structure and Properties: CNTs are one-dimensional tubular structures with exceptional 
tensile strength (50–250 GPa) and Young’s Modulus (1.0 TPa), offering excellent electrical and 
thermal conductivity. HDCNS, on the other hand, are two-dimensional nanosheets.
 

*   Synergy in Hybrid Composites: Hybrid composites combining HDCNS (or hemp fibers) with 
CNTs can yield superior performance by leveraging the distinct advantages of each material. 
For example, the addition of carbon nanotubes to hemp/vinyl ester/carbon fiber laminated 
hybrid composites has been shown to improve mechanical properties significantly. A high-
performance fiber-shaped electrode using hierarchical NiCo₂O₄@polypyrrole core–shell 
nanowires on hemp-derived carbon microfibers demonstrates ultrahigh specific capacitance.
 

*   Dispersion: Like HDCNS, CNTs also face challenges in achieving homogeneous dispersion 
within polymer matrices due to their tendency to entangle.
 
Overall Advantages and Limitations of HDCNS
 

*   Advantages: HDCNS are sustainable, cost-effective, and derived from an abundant 
renewable resource. They possess high specific surface area, excellent electrical conductivity, 
and good mechanical properties, making them competitive with or superior to other carbon 
nanomaterials in certain applications, especially energy storage.
 

*   Limitations: Challenges remain in achieving optimal uniform dispersion of HDCNS within 
highly viscous polymer matrices to prevent agglomeration and fully realize their potential. The 
quality and consistency of HDCNS can also vary depending on the specific synthesis 
conditions and feedstock variability.

 
Scalability and Economic Feasibility
 

The production of hemp-derived carbon nanosheets for bulk composite manufacturing is 
highly scalable and economically feasible, presenting a significant advantage over many 



conventional nanomaterials.
 
Production Costs and Comparison
 

The cost-effectiveness of HDCNS is a major driving factor for their adoption. Production costs 
are estimated to be between $500 and $1,000 per tonne, significantly lower—approximately 
one-thousandth—than that of graphene. This substantial cost reduction is largely attributed to 
the low cultivation and processing costs of hemp, a fast-growing plant that requires minimal 
inputs.
 
Supply Chain Considerations
 

The industrial hemp industry is characterized by its robust and increasingly established supply 
chain, which supports the consistent availability of raw materials for HDCNS production. Hemp 
is cultivated globally, with growing interest and legalization trends further boosting its supply. 
The use of waste hemp fibers as a starting material, which are often by-products of other 
hemp industries, further enhances the economic viability by valorizing waste streams.

 
Environmental and Sustainability Aspects
 

The use of hemp-derived carbon nanosheets in composites offers significant environmental 
and sustainability benefits, aligning with principles of circular material economies.
 
Life Cycle Assessment (LCA) and Carbon Footprint
 

Hemp cultivation is inherently sustainable, growing quickly with minimal resource requirements 
such as pesticides and fertilizers. It is a strong carbon sequester, capable of capturing large 
amounts of CO₂ per acre, more than most plants, thus helping to mitigate climate change. 
LCAs consistently show that hemp-based materials, including those derived from hemp straw, 
hemp hurd, and hemp fiber, have a lower environmental footprint compared to conventional 
materials. This makes HDCNS composites potentially carbon-negative, effectively acting as 
carbon sinks.
 
End-of-Life Considerations
 

Hemp-derived composites generally offer improved end-of-life options compared to synthetic 
counterparts. Hemp fibers are biodegradable, and the composites can be designed for 
recyclability. While carbonized nanosheets themselves pose similar recycling challenges to 
other carbon materials, ongoing research into the recovery of carbon fibers from polymeric 
composite waste is advancing. The ability to use hemp as a sustainable precursor helps 
reduce reliance on harmful synthetic materials, decreasing overall pollution and waste.

 
Regulatory, Safety, and Standardization Issues
 

While the potential of HDCNS is vast, their widespread adoption hinges on addressing complex 
regulatory, safety, and standardization issues.
 



Regulatory Landscape for Hemp
 

The cultivation and processing of industrial hemp are subject to varying legal frameworks 
globally, impacting the consistency and availability of raw materials. Regulatory bodies dictate 
aspects like licensing, permitted hemp varieties, and allowable cannabinoid (e.g., THC) 
concentrations. These regulations directly influence the quality and safety of the hemp 
biomass used for nanosheet production. Establishing clear, international regulatory 
frameworks and guidelines is crucial for ensuring product safety, quality, and consumer trust.
 
Safety Considerations for Nanomaterials
 

The handling and manufacturing of nanomaterials like HDCNS require careful consideration of 
potential health hazards, particularly inhalation risks during production and processing. 
Adherence to stringent industrial hygiene practices and the implementation of appropriate 
protective measures are essential to mitigate these risks.
 
Standardization Challenges
 

Achieving consistent quality in HDCNS, regarding their thickness, purity, and defect density, is 
a significant challenge that impacts composite performance. Developing standardized quality 
metrics, testing methods, and product labeling protocols is vital for batch-to-batch 
consistency and widespread market acceptance. This includes standardizing methods for 
characterization techniques such as X-ray diffraction (XRD), Raman spectroscopy, and X-ray 
photoelectron spectroscopy (XPS) to ensure reliable data on composition, crystallinity, and 
morphology.

 
Future Trends and Research Directions
 

The field of hemp-derived carbon nanosheet composites is dynamic, with future trends 
focusing on advanced production, diversified applications, and overcoming existing challenges.
 
Optimization of Synthesis and Properties
 

Ongoing research aims to further optimize efficient, low-energy synthesis techniques to 
precisely tailor the nanosheet morphology and properties. This includes refining hydrothermal 
carbonization and chemical activation methods to yield materials with enhanced 
characteristics, as well as exploring novel approaches such as catalytic carbonization. 
Emphasis is placed on engineering interfacial bonding to maximize load transfer and functional 
performance within composite matrices.
 
Expansion of Applications
 

Future research will continue to expand the application domains of HDCNS composites. This 
includes continued development in:
 

*   Multifunctional Composites: Exploring advanced functionalities such as smart materials, 
self-healing composites, and materials with integrated sensing capabilities.
 

*   Bio-composites and Green Plastics: Developing fully organic matrices reinforced with 
HDCNS to yield biodegradable, high-performance materials for construction panels, 



packaging, and automotive interiors.
 

*   Next-Generation Energy Storage: Advancements in supercapacitors and batteries, including 
solid-state devices, with higher energy and power densities, and improved cycle stability 
across broader temperature ranges.
 

*   Environmental Remediation: Expanding their use in water and air purification, and exploring 
new avenues for carbon capture and conversion technologies.
 
Addressing Technological Challenges
 

Key challenges that research endeavors will address include:
 

*   Uniform Dispersion: Developing robust and scalable methods to achieve homogeneous 
dispersion of nanosheets in highly viscous polymer matrices to prevent agglomeration.
 

*   Quality Consistency: Ensuring batch-to-batch consistency in nanosheet quality, 
morphology, and functional properties during large-scale production.
 

*   Balancing Properties: Optimizing the trade-off between various properties such as electrical 
conductivity, mechanical strength, and cost-effectiveness while maintaining sustainability.
 

The advent of global hemp legalization, as envisioned in the "Hemp Rush of the 2020s," is 
expected to further accelerate innovation and commercialization of hemp-derived carbon 
nanosheet composites, driving significant economic and environmental opportunities.

Sources
 

[1] Synthesis of highly porous hybrid nanocomposite of hemp derived ..., https://
www.sciencedirect.com/science/article/abs/pii/S0254058423013858
[2] Guide to Hemp-Derived Carbon Nanosheets (HDCNS) Production ..., https://
www.scribd.com/document/848686520/Guide-to-Hemp-Derived-Carbon-Nanosheets-
HDCNS-Production-for-Composite-Materials
[3] A Review on the Synthesis, Properties, and Utilities of ..., https://pmc.ncbi.nlm.nih.gov/
articles/PMC8538275/
[4] Synthesis of highly porous hybrid nanocomposite of hemp derived carbon nanosheet/
carbon nanotube/manganese cobalt oxide for asymmetric supercapacitor, https://
www.sciencedirect.com/science/article/pii/S0254058423013858
[5] Hemp Derived Carbon Nanosheets for Advanced Composite Materials, https://
www.scribd.com/document/853824739/Hemp-Derived-Carbon-Nanosheets-for-Advanced-
Composite-Materials-Synthesis-Properties-and-Validation
[6] Hemp-derived carbon nanosheets help build cheap, high ..., https://newatlas.com/hemp-
high-performance-supercapacitor/33435/
[7] The Advent of Hemp-Derived Carbon Nanosheets in Modern Defense, https://
www.marielandryspyshop.com/2024/05/the-advent-of-hemp-derived-carbon.html
[8] Preparation of an Fe3O4 Nanoparticle/Carbonized Hemp ..., https://pmc.ncbi.nlm.nih.gov/
articles/PMC11635500/
[9] Hemp Reinvented Revolutionary Uses of Carbon Nanosheets ..., https://www.scribd.com/
document/738929962/Hemp-Reinvented-Revolutionary-Uses-of-Carbon-Nanosheets-
Composites
[10] Hemp-Based Efficient Energy Storage Solutions, https://cannabistech.com/articles/



efficient-energy-storage-solutions/
[11] US10170251B2 - Carbon nanosheets, https://patents.google.com/patent/US10170251B2/
en
[12] The Hemp Rush of the 2020s: A Once in a Lifetime Opportunity, https://
www.marielandryspyshop.com/2024/07/the-hemp-rush-of-2020s-once-in-lifetime.html
[13] Hemp as a Supercapacitor: Changing Energy Storage Forever, https://
www.getforevergreen.com/blog/2023/6/21/hemp-as-a-supercapacitor-changing-energy-
storage-forever
[14] Mechanical properties of hemp fiber‐reinforced thermoset and ..., 
https://4spepublications.onlinelibrary.wiley.com/doi/full/10.1002/pls2.10173
[15] Hemp-Derived Carbon Nanosheet Composites ..., https://www.scribd.com/
document/741622311/Hemp-Derived-Carbon-Nanosheet-Composites-Transforming-Defense-
and-Industrial-Applications
[16] Hemp-Derived Carbon Nanosheets - Applications in Industry and ..., https://
www.marielandryspyshop.com/2023/03/hemp-derived-carbon-
nanosheets_01959230399.html
[17] Characterisation of Carbon Nano Tube Reinforced with hemp/vinyl Ester/Carbon Fiber 
Laminated Hybrid Composite, https://www.semanticscholar.org/
paper/8472b3e589d79b26c158a96c9b4fc5586b357545
[18] Studies on Mechanical and Flexural Strength of Carbon Nano Tube Reinforced with Hemp/
Vinyl Ester/Carbon Fiber Laminated Hybrid Composite, https://www.semanticscholar.org/
paper/ee9b2b793aca8798c1778d3c1102df1eb4d6d4a8
[19] Validation: Hemp-Derived Carbon Nanosheets (HDCNS) - Scribd, https://www.scribd.com/
document/847001897/A-Comprehensive-Framework-and-Call-for-Collaborative-Validation-
Hemp-Derived-Carbon-Nanosheets-HDCNS-HDCNS-Composites-100-Organic-Diamond-
Compo
[20] Interconnected carbon nanosheets derived from hemp for ultrafast supercapacitors with 
high energy., https://www.semanticscholar.org/
paper/1451c2c0a209abd9032d6bffad715bf1fc9ff924
[21] Interconnected Carbon Nanosheets Derived from Hemp for Ultrafast ..., https://
pubs.acs.org/doi/abs/10.1021/nn400731g
[22] From Hemp to High-Tech: The Journey of Carbon Nanosheets, https://
www.marielandryspyshop.com/2024/06/from-hemp-to-high-tech-journey-of.html
[23] Hemp straw carbon and Ni/NiO embedded structure composites as ..., https://
www.sciencedirect.com/science/article/abs/pii/S0925838821031856
[24] Fabrication of Conductive Polymer Composites from Turkish Hemp-Derived Carbon 
Fibers and Thermoplastic Elastomers, https://www.semanticscholar.org/paper/
a99ae7fd0d8163e38ea7a8ff6e9dd38164662382
[25] Mechanical, electrical, thermal and tribological behavior of epoxy resin composites 
reinforced with waste hemp-derived carbon fibers, https://link.springer.com/article/10.1007/
s10853-022-07550-9
[26] Revolutionizing transportation composite structures: Lightweight, sustainable, and multi-
scale hybrid design through waste tire-driven graphene, hemp fiber, and bio …, https://
journals.sagepub.com/doi/abs/10.1177/08927057231222821
[27] US20140328006A1 - Carbon nanosheets - Google Patents, https://patents.google.com/
patent/US20140328006A1/en
[28] Comparisons between some composite materials reinforced with hemp fibers, https://
linkinghub.elsevier.com/retrieve/pii/S2214785319305140
[29] Advancement in hemp � bre polymer composites: a comprehensive review, https://



www.semanticscholar.org/paper/59860232d00b86da88e594cba9415bbd7a98399b
[30] Comparison of the effective conductivity between composites reinforced by graphene 
nanosheets and carbon nanotubes, https://pubs.aip.org/apl/article/92/24/243121/131413/
Comparison-of-the-effective-conductivity-between
[31] Characterization and Preparation of Nano-porous Carbon Derived ..., https://
pmc.ncbi.nlm.nih.gov/articles/PMC6838265/
[32] Recent progress in the development and properties of novel metal matrix nanocomposites 
reinforced with carbon nanotubes and graphene nanosheets, https://www.sciencedirect.com/
science/article/pii/S0927796X13000776
[33] Graphene Reinforced Natural Fiber Nanocomposites for Structural Applications, https://
validate.perfdrive.com/fb803c746e9148689b3984a31fccd902/?ssa=b02b0d07-65de-466f-9
4b5-5619e6c6613e&ssb=60099287063&ssc=https%3A%2F%2Fiopscience.iop.org%2Farticl
e%2F10.1088%2F1757-899X%2F376%2F1%2F012072&ssi=df74c5fd-cnvj-4653-b6e0-ceeda
29d638c&ssk=botmanager_support@radware.com&ssm=802535720633942093126368412
67211&ssn=fbf77de76946c18d540a97aed39712ae0055ab3cc36b-20cb-4f47-
bfb5b8&sso=918b84f3-d316bbf00146421e52ba7f0b234bf15f6362b0c2ee2fc8db&ssp=7765
2513831754882301175480201763253&ssq=4441611311186844286982580458444039897
9755&ssr=MzQuNDUuMTYuOTc=&sst=python-httpx/0.27.2&ssu=&ssv=&ssw=&ssx=eyJ1em14I
joiN2Y5MDAwOWRlMWY5MzQtNGU4MC00MzlkLTlhYWItYmMwODQwZDgwN2E5MS0xNzU0
ODI1ODA0ODUwNTMxNDc2NS05NTYxNzUwNGZjMDMzOWNjMzEiLCJfX3V6bWYiOiI3ZjkwM
DBhYjNjYzM2Yi0yMGNiLTRmNDctYjRmMy1kMzE2YmJmMDAxNDYxLTE3NTQ4MjU4MDQ4NT
A1MzE0NzY1LTAwMDhiYzg2YjRkZjMxYzM5ZmUzMSIsInJkIjoiaW9wLm9yZyJ9
[34] Cannabis as a feedstock for the production of chemicals, fuels, and materials: a review of 
relevant studies to date, https://pubs.acs.org/doi/abs/10.1021/acs.energyfuels.0c04121
[35] Construction of FeP Hollow Nanoparticles Densely Encapsulated in Carbon Nanosheet 
Frameworks for Efficient and Durable Electrocatalytic Hydrogen Production, https://
onlinelibrary.wiley.com/doi/10.1002/advs.201801490
[36] Anode Performance of Sustainable, Hemp-derived, Flexible, Binder-free, Carbon Fabrics 
in Lithium-Ion Batteries, https://www.semanticscholar.org/paper/
a9d263053baf3aaabc3d4bea42fa44d9e8fc1dac
[37] Novel hemp biomass-derived activated carbon as cathode material for aqueous zinc-ion 
hybrid supercapacitors: Synthesis, characterization, and electrochemical …, https://
www.sciencedirect.com/science/article/pii/S2352152X23032772
[38] Thin Hybrid Hemp/Carbon Fiber Composites: Manufacturing, Flexural, and Impact 
Behavior, https://link.springer.com/article/10.1007/s11665-023-07992-5
[39] Hemp-derived Activated Carbon Supported Zero-valent Iron as a Heterogeneous Fenton 
Catalyst for the Treatment of Pulping Effluent, https://www.semanticscholar.org/
paper/51de622350f4218cf363d75608d7c3f5142a881f
[40] Enhanced adsorption of organic pollutants using N-doped porous carbon derived from 
hemp stems: Insights into the mechanism, https://www.sciencedirect.com/science/article/pii/
S1383586623027867
[41] Durability of Naoh-Treated Hemp Fabric and Calcined Nanoclay-Reinforced Cement 
Nanocomposites, https://link.springer.com/chapter/10.1007/978-3-319-56588-0_6
[42] Interface engineering of carbon‐based nanocomposites for advanced electrochemical 
energy storage, https://onlinelibrary.wiley.com/doi/abs/10.1002/admi.201800430
[43] Waste hemp hurd as a sustainable precursor for affordable and high-rate hard carbon-
based anodes in sodium-ion batteries, https://pubs.acs.org/doi/abs/10.1021/
acs.energyfuels.3c01040
[44] Hydrothermal preparation of highly porous carbon spheres from hemp (Cannabis sativa 



L.) stem hemicellulose for use in energy-related applications, https://linkinghub.elsevier.com/
retrieve/pii/S0926669014007730
[45] Waste Hemp Hurd as a Sustainable Precursor for Affordable and ..., https://pubs.acs.org/
doi/10.1021/acs.energyfuels.3c01040
[46] Pre-oxidation and catalytic carbonization strategies of hemp-derived ..., https://
www.sciencedirect.com/science/article/abs/pii/S2352152X23014792
[47] Structural Changes of 2D FexMn1−xO2 Nanosheets for Low‐Temperature Growth of 
Carbon Nanotubes, https://onlinelibrary.wiley.com/doi/10.1002/adfm.202003849
[48] Carbon/hemp bio-hybrid composites: Effects of the stacking sequence on flexural, 
damping and impact properties, https://linkinghub.elsevier.com/retrieve/pii/
S026382231933346X
[49] Fabrication of nanocelluloses from hemp fibers and their application for the reinforcement 
of hemp fibers, https://www.semanticscholar.org/paper/
e468795e31e273dda5c527e034749288dc907f13
[50] Novel hemp biomass-derived activated carbon as cathode ..., https://
www.sciencedirect.com/science/article/abs/pii/S2352152X23032772
[51] Poly(cannabinoid)s: Hemp-Derived Biocompatible Thermoplastic Polyesters with Inherent 
Antioxidant Properties., https://www.semanticscholar.org/
paper/4faf3436b4b9e043e21daa2c8462a7ae718b28e4
[52] Understanding the Dispersive Action of Nanocellulose for Carbon Nanomaterials., https://
pubs.acs.org/doi/10.1021/acs.nanolett.6b04405
[53] Optimum Dispersion Technique of Carbon Nanotubes in Epoxy Resin as a Function of the 
Desired Behaviour, https://www.semanticscholar.org/
paper/4e40ac9266b06f5053e18887805314f096665c83
[54] Amphiphilic mesoporous silica composite nanosheets, https://pubs.rsc.org/en/content/
articlelanding/2009/jm/b900078j
[55] Preliminary Insights into Challenges in Electrospun Nanofibers from Hemp-Derived 
Cellulose, https://sciencecon.org/ch2405-preliminary-insights-into-challenges-in-electrospun-
nanofibers-from-hemp-derived-cellulose-karaduman-et-al/
[56] An approach for homogeneous carbon nanotube dispersion in Al matrix composites, 
https://www.sciencedirect.com/science/article/pii/S0261306915000412
[57] Porous carbon materials with different dimensions and their applications in 
supercapacitors, https://iopscience.iop.org/article/10.1088/1361-6463/ad6671/meta
[58] Data from: A Comparative Life Cycle Assessment of Hemp-based ..., https://
agdatacommons.nal.usda.gov/articles/dataset/
Data_from_A_Comparative_Life_Cycle_Assessment_of_Hemp-
based_and_Polylactide_PLA_Composite_3D_Printing_Filaments/28098122
[59] An Attributional Life Cycle Assessment of Hemcrete, https://www.semanticscholar.org/
paper/3c0407c07d1b400f6defc908d2ef14f66a4fc443
[60] Environmental Life Cycle Assessment of a Novel Hemp-Based ..., https://
pubmed.ncbi.nlm.nih.gov/38005138/
[61] Sustainability assessment of industrial hemp enabled by Industry 4.0 technology–
Industrial Hemp 4.0, https://www.sciencedirect.com/science/article/pii/S2212827125002719
[62] Study of Structural Morphology of Hemp Fiber from the Micro to the Nanoscale, https://
www.semanticscholar.org/paper/17453e7697411f60dbc89e44855bd2192e73e583
[63] A flexible fiber-shaped supercapacitor utilizing hierarchical NiCo2O4@polypyrrole core–
shell nanowires on hemp-derived carbon, https://www.semanticscholar.org/paper/
b26d5bbde102fbc67d759d00bc6e17a1c0f8b770
[64] Nano-Enhanced Polymer Composite Materials, https://pmc.ncbi.nlm.nih.gov/articles/



PMC11991163/
[65] AC conductivity, dielectric and thermal properties of hybrid composite: bagasse cellulose 
carbon nanofibers composite, https://www.semanticscholar.org/
paper/7a777518c6669c6b7d2e81a9ce031e0798e48c7b
[66] Nanocellulose and its derived composite electrodes toward ..., https://
www.sciencedirect.com/science/article/pii/S2369969822000366
[67] Forensic Authentication of Hemp-Derived Products Using Mass Spectrometry, https://
www.semanticscholar.org/paper/8209443df9b252b3b68191cfc56dfca3dc1d76bc
[68] Scaled-up process for producing longer carbon nanotubes and carbon cotton by macro-
spools, https://linkinghub.elsevier.com/retrieve/pii/S0925963517305265
[69] FIRE TESTS OF AUTOMOTIVE GRADE CARBON FIBER COMPOSITES, https://
www.semanticscholar.org/paper/db39d1d741074480bc55804004b180579cff8a33
[70] THERMAL DECOMPOSITION ANALYSIS OF HIGH END APPLICATION WASTE CURED 
CARBON FIBRE REINFORCED POLYMER FOR SECONDARY INDUSTRIAL APPLICATION, https://
www.journalimcms.org/special_issue/thermal-decomposition-analysis-of-high-end-
application-waste-cured-carbon-fibre-reinforced-polymer-for-secondary-industrial-
application/
[71] Hemp's Environmental Impact, https://hempgrowersofamerica.org/education/
environmental-impact/
[72] Laser (cid:3) Fabrication (cid:3) of (cid:3) Holograms (cid:3) on (cid:3) Carbon (cid:3) Fiber 
(cid:3) Reinforced (cid:3) Polymers (cid:3), https://www.semanticscholar.org/paper/
f3c937585291203a82cf8619f8a8b343a44095c5
[73] Thermal Response of Biocarbon-Filled Hemp Fiber ..., https://pmc.ncbi.nlm.nih.gov/
articles/PMC10157679/
[74] Interconnected carbon nanosheets derived from hemp for ..., https://
pubmed.ncbi.nlm.nih.gov/23651213/
[75] Interconnected open-channel carbon nanosheets derived ..., https://
www.sciencedirect.com/science/article/abs/pii/S0926669017302455
[76] Development of composite hydrogels from hemp-derived cellulose nanofibers for 
biomedical application, http://ethesisarchive.library.tu.ac.th/thesis/2023/
TU_2023_6509035538_18867_28671.pdf
[77] Mechanical Properties of Hemp Fiber Composites with ..., https://www.researchgate.net/p
ublication/250357165_Mechanical_Properties_of_Hemp_Fiber_Composites_with_Carbon_Nanot
ubes_Reinforcement


