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The Strategic Role of 2D Nanomaterials in Grid Modernization

1.1. Nano4EARTH 
The National Nanotechnology Challenge, Nano4EARTH1 was established to mobilize the nanotechnology community to accelerate the development, scale-up, and adoption of technologies addressing critical energy resiliency and security challenges. This innovation nexus strives toward a grid in which electricity is optimally generated, stored with minimal losses, and intelligently delivered based on relative demand, which we refer to as the Resilient Smart Grid (RSG). The Nano4EARTH community recognizes the crucial role that two-dimensional (2D) materials may play to enable the RSG; thus, this Energy Focus will highlight advancements, challenges, and opportunities related to 2D material utilization for energy generation, storage, transmission, and distribution that support grid efficiency and energy security.

1.2. 2D Materials as a Technology Enabler 
Nanotechnology can play a key role in advancing efficiency and resilience in our energy infrastructure.1 2D materials, which include graphene, transition metal dichalcogenides (TMDs), MXenes, and other compounds in either single layer, multi-layer, or composite form, often exhibit exceptional electrical, mechanical, and thermal properties due to their atomic- or nano-scale thickness and unique electronic structures compared to the corresponding bulk materials. Energy conversion technologies, including photovoltaics, fuel cells (mixed ion-electron conductors), and thermoelectrics, represent ideal candidates for 2D material integration because of the potential to improve integration and energy conversion efficiency. Likewise, energy storage technologies, such as batteries (ion-intercalation materials), or hydrogen storage technologies (metal hydrides), present unique opportunities for inexpensive chemistries, enhanced capacity, and extended cycle life. Energy transmission and distribution efficiencies could be increased by integrating 2D material into smart nanosensors and advanced materials for reconductoring power lines. In addition to these technologies, RDT&E efforts are needed to accelerate 2D material manufacturing at-scale and build industry trust in technologies enabled by 2D materials via rapid integration with current infrastructure. Life cycle assessment (LCA) can also help rationally select new materials. RDT&E, LCA, and other tools demonstrating the advantages of nanomaterials are discussed in more detail below.

1.3. Resilient Smart Grid: Opportunities and Obstacles
The escalating global demand for energy is catalyzing a paradigm shift in electricity generation, storage, transmission, and distribution. As of 2023, distributed energy in the form of solar power has increased by 300-fold since 2005.2 To effectively use solar energy and other intermittent sources of electricity to meet demands, innovative energy storage systems, such as the U.S. Army’s 1 MW redox flow battery system at Ft. Carson, CO, are being developed and deployed.3 This pilot program is demonstrating long-term energy storage to ensure grid stability and ensure power is deliverable for mission-critical applications. Furthermore, distributed energy generation, coupled with advanced technologies from the RSG, may help increase the resilience of energy systems against extreme weather events.4 

A significant opportunity presented by a RSG is the efficient integration of distributed energy resources into the existing power infrastructure. For instance, Denmark's island of Bornholm serves as a living laboratory for smart grid technology, where more than 50% of the electricity supply comes from wind and solar power.5 Bornholm acts as a test bed for new energy technologies and battery storage solutions combined with advanced metering to balance energy output In South Australia, the 100 MW Hornsdale Power Reserve consisting of large-scale lithium ion batteries has significantly improved grid stability by storing excess wind energy for use during peak hours, reducing grid service costs by approximately $40 million in its first year and showcasing the economic and operational benefits of integrating storage into RSGs.6 These examples demonstrates how smart girds can address supply fluctuations.

Despite these promising developments, several obstacles impede the widespread adoption of RSGs. One obstacle, for example, is the intermittent and somewhat unpredictable nature of wind and solar energy resources, both of which can play a role in RSGs of the future. The intermittent nature of variable energy sources, such as solar and wind, inextricably ties their deployment to energy storage infrastructure (e.g., batteries, pumped-hydro, thermal, gravity, compressed air, chemical). To facilitate active monitoring of power demand vs. energy generation, and to direct excess energy to storage systems, intelligent distribution sensors and mechanisms must be integrated into the grid infrastructure.

2. Energy Generation

2.1. Advanced Photovoltaics
2D materials may enable the next generation of photovoltaic systems in the form of protective coatings, antireflection coatings, current collectors, and light absorbers. Silicon (Si) PV cells are a mature technology that is inexpensive, and robust, but they are generally thick and brittle, although some flexible single-crystal Si PV cells and flexible Si:H PVs have been demonstrated.7,8 Thin-film perovskites, which can be combined with Si to produce 2-junction PV cells with efficiency > 34%,9 may offer lower manufacturing costs and greater flexibility than single-crystal Si PV cells, if current efficiency and stability limitations are improved.

Graphene has been integrated as a current collector (i.e., transparent conductive electrode) to replace indium tin oxide (ITO) in optoelectronic devices.10 In addition to alleviating indium supply chain concerns, the addition of graphene increases stability and durability, and can be integrated as a composite material with conductive polymers or metal nanowires to realize synergistic benefits.11 Graphene-based technologies have also reached commercial potential as protective coatings for perovskite PV cells.11         

In addition to current collection and protective coating applications, many 2D materials can function as light absorbers (Figure 1).12 For example, TMDs have shown promise as photovoltaic materials. In their bulk form, TMDs exhibit indirect bandgaps and thus are suboptimal as the primary absorbing layer in PV cells. However, when exfoliated or directly synthesized as a 2D monolayer (i.e., grown via chemical vapor deposition), many TMDs transition to a direct bandgap semiconductor.13

The direct bandgap creates a large photon absorption coefficient that allows efficient absorption with just a few nanometers of material. Self-passivating air stability makes TMDs good theoretical candidates for PV cells. Unfortunately, schemes based purely on TMDs currently exhibit poor performance as heterojunction and homojunction devices due to suboptimal interface quality and problems with scalability. 14 Thus, like graphene, TMDs are being integrated as hybrid materials into organic and perovskite systems. For example, the introduction of an MoS2 layer into a perovskite PV cell resulted in a 50% increase in stability over 800 hours for the hybrid structure.15 While promising, more research is needed into TMDs, particularly  alternatives to the most studied materials such as MoS2 and into other compounds such as MoTe2, WSe2, NbSe2, etc. More recently, MXenes, 2D materials that are transition metal carbides and nitrides, have shown tailorable non-linear optical absorption16 and direct application to enhance perovskite PV cells.17 

Waste heat from existing fossil and nuclear power plants and from various industrial processes such as the production of steel, cement, and glass could be partially reclaimed by using 2D engineered materials that enable more efficient thermophotovoltaic (TPV) cells and modules. Heated materials can release energy when thermally generated photons tunnel to a closely positioned material (known as near-field energy transfer) or emit from the surface (known as far-field energy transfer). In both near- and far-field processes, nanophotonic 2D material-based lenses with engineered dielectric boundaries spaced apart on the length scale of the wavelength of infrared photons shift most of the photons to higher energy, above the band gap energy of a standard TPV cell18 enabling collection of the energy.
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Fig. 1. Bandgap of various 2D materials (adapted from Chaves et al.12 Copyright 2020 Springer Nature). The bandgap for various 2D materials in the IR-vis-UV range is presented as a line with approximate limits given in eV.


2.2. Revitalizing Thermoelectrics
Devices that produce electricity from a thermal gradient via the Seebeck effect are known as thermoelectric generators. Thermoelectric devices that use electricity to “pump” energy via the Peltier effect are known as thermoelectric coolers. The efficiency of a thermoelectric device is directly related to the electrical conductivity of the active material but inversely related to its thermal conductivity. Thus, achieving a high thermoelectric figure of merit, ZT (ZT = S²σT/κ, where S is the Seebeck coefficient, σ is the electrical conductivity, T is the absolute temperature, and κ is the thermal conductivity), requires materials that have high electrical conductivity but low thermal conductivity. Researchers have struggled to obtain an optimal balance of these competing properties to realize efficient thermoelectric devices, with the current state-of-the-art materials such as bismuth telluride reaching only ≈ 5% conversion efficiency (ZT = 1.2).19

Due to their unique electrical, thermal, and mechanical properties, 2D materials have emerged as promising candidates to revitalize thermoelectric technology. Regarding electrical properties, charge carrier quantum confinement in 2D monolayers enhances the density of states near the Fermi level, which can increase the Seebeck coefficient, a measure of how efficiently a material can convert temperature differences into electrical voltage.20 For instance, MXenes offer inherently high electrical conductivity, but also present opportunities for adjustable surface chemistry to further tune the Seeback coefficient and minimize thermal conductivity.21,22 For thermal properties, the reduced dimensionality also results in increased phonon-boundary scattering, which reduces lattice thermal conductivity. Such efforts have produced MXene thermoelectric materials with reported efficiencies approaching 20% (ZT = 2.58).23 Additionally, some 2D materials such as phosphorene exhibit anisotropic thermal characteristics as heat flows selectively in one direction, an emergent property which might lead to new, innovative device schemes. 

Additionally, high-throughput combinatorial printing with rapid aerosol-based mixing has been used to fabricate thin-film thermoelectric materials with high power density.24 High-throughput thin-film manufacturing techniques may help to scale up the deployment of flexible and power dense thermoelectric devices and open up a broader application space. For example, thermoelectric materials could be incorporated directly into the built environment from the start.

3. Next Generation Energy Storage

3.1. Beyond Lithium Batteries 
RSGs of the future could draw energy directly from wind and solar sources during peak production hours, but they will need to rely heavily on temporary energy storage technologies to meet 24/7 consumer demands. The keys to these capabilities are long-duration energy storage systems capable of delivering energy on demand. While electric transportation has stimulated a race to make batteries as small, light, and energy dense as possible, the grid-scale paradigm will encourage scaleable affordability and cycle life as priorities. At grid-scale, lithium-ion batteries will introduce significant embodied costs to the commodity energy market, due to limited lithium resources, in addition to safety concerns.25 To enable an affordable RSG of the future, energy must be economically stored at the terawatt-hour (TWh). Inexpensive, abundant battery materials used in non-hazardous configurations are one possible solution

2D materials are emerging as key enablers for next generation energy storage devices, including “beyond-lithium” batteries and for both anode and cathode materials. For example, the use of carbon-based 2D materials such as graphene and covalent-organic frameworks (COFs) has been shown in electrodes26,27 to enhance overall electronic charge transport due to the presence of scaffolds with sp2-hybridized carbon atoms.28 Graphene has been shown to stabilize other nanomaterials under battery operating conditions, and the creation of such composite materials comparatively enhances battery performance.29,30 Some commercially available batteries already use graphene for this purpose.31 Although COF materials are still far from commercialization in energy storage devices, but they exhibit an added benefit inherent in their porosity, namely higher ionic diffusion, which in turn enhances ionic transport.27

2D materials can enhance the performance of alternative battery chemistries, such as sodium-ion, potassium-ion, magnesium-ion, zinc-ion, and aluminum-ion. In addition to improving ion transport by shortening ion diffusion pathways to facilitate faster charging and discharging, some 2D materials can be engineered to have larger interlayer spacing capable of accommodating these larger ions as both anode and cathode materials (Figure 2).32 Two examples are discussed next.

A study on the energetics and dynamics of chloroaluminate ion intercalation into graphitic single crystals of controlled dimensionality from few-layer graphene (2D) to bulk graphite flakes (3D) revealed that few-layer graphene (FLG) as well as a composite material consisting of few-layer graphene and carbon nanotubes (FLG/CNT) serve as highly effective host materials for AlCl4− intercalation with capacities exceeding that of pyrolytic graphene-based cathodes.33

The mechanism of Na-ion intercalation into MXenes has been reported and is informing efforts to engineer these systems as anode materials.34 These materials are also being investigated for use as Mg-ion cathode materials, which might represent a significant advance over typical cathode materials containing expensive elemental components (e.g., cobalt).35 Similarly, the larger interlayer spacing of 2D-MoS2 enables it to perform as an functional electrode for multiple ion chemistries,36 while also allowing for defect engineering/doping pathways to enhance catalytic performance and crystal phase engineering to tailor conductivity between the metallic 1T and semiconducting 2H phases.37 

Perhaps most important for electrical grid-scale applications, 2D materials, particularly MXenes, promote structural stability by accommodating volume changes during ion insertion and extraction to enhance cycle life and increase the life cycle feasibility of these systems at scale.  Focusing on flexible energy storage, MXenes have recently emerged as viable current collector materials due to their ability to function without binders/conductive additives and their innate electrochemical stability and corrosion resistance.38

[image: Graphical user interface, application

Description automatically generated]

Fig. 2. Cathode and anode materials integrating 2D materials (adapted from Rojaee et al.32 Copyright 2020 ACS Publications). The 2D materials are classified based on their working potentials vs Li/Li+. The atomic structure of these materials are important for introducing different ions and facilitating electronic transport. 


3.2. Solid-State Hydrogen Storage
Issues with hydrogen generation notwithstanding, perhaps the most significant barrier to hydrogen incorporated into the RSGs is storing hydrogen safely and efficiently, as many pressurized/liquified solutions are known to experience significant leakage and are subject to transportation limitations related to sloshing, or even ignition. To enable the RSG of the future, hydrogen could be stored safely in a solid-state system.

Solid-state hydrogen storage leverages hydrogen gas intercalation into solid material, chemically storing it as a metal hydride, complex hydride, or physisorbing it to nanostructured materials. Under certain stimuli (heat, electricity, etc.), the material can release the hydrogen in a reversible reaction. Solid-state storage offers advantages in safety, energy density, and stability over traditional storage methods, though that these benefits come at the cost of system weight has excluded solid-state hydrogen storage from transportation infrastructure.39 For instance, boron is a particularly good hydride acceptor with high volumetric and gravimetric density (Figure 3) but is generally paired with a metal cation which increases the atomic mass of the compound. However, for grid-scale operations, the weight of these systems is less problematic in light of their impressive cyclability and safety parameters.

Alternatively, borophene is a novel 2D material that is attracting significant attention as a solid-state hydrogen storage material.40 Due to its extremely high surface area-to-volume ratio and ability to reversibly physisorb hydrogen, the various phases of this material are being investigated theoretically and experimentally to understand their storage capabilities. Recent research has shown that lithium-decorated borophene can reach hydrogen storage capacities of over 15 mass%, nearly matching the ≈18 % state-of-the-art for its heavier metal borohydride counterparts.41
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Fig. 3. An overview of solid-state hydrogen storage materials based on their volumetric and gravimetric hydrogen density. These materials are plotted with 2020 Department of Energy technology targets (adapted from Møller et al.39 Copyright 2017 Elsevier).


4. Energy Transmission and Distribution

4.1. Nanosensors Everywhere 
To facilitate monitoring, quick repair, and resilience of the grid so energy producers can best serve consumer demands, real-time monitoring of voltage, current, temperature, pressure, light intensity and wavelength, and even vibrations in transmission lines caused by wind or other mechanical stresses42,43 will be facilitated by an integrated sensor network distributed over the generation, storage, and distribution infrastructure. Today, only a few of these parameters are tracked due to sensor installation and upkeep costs (e.g., extensive wiring and periodic battery replacement44),  as well as big data processing limitations. Parameters that are currently tracked (e.g., transmission voltage) require expensive, bulky instrument transformers that also contain additional sensors to measure performance parameters of the transformers themselves, such as temperature and oil pressure. Once technical challenges and scalability issues can be overcome, nanosensors may provide for instant detection of anomalies and faults, optimized energy flow, and reduced equipment downtime through tracking equipment degradation more efficiently to enable the RSG of the future.

Advancements in 2D materials are enabling the development of nanosensors that can significantly enhance the efficiency and reliability of future RSGs. Several nanomaterial-based alternatives have been proposed to replace sensors used for monitoring and diagnosis of traditional transformers and dissolved gas analysis using Ni-doped CNTs and ZnO nanoparticles.45 New optical voltage sensors based on piezoelectric aluminum nitride (AlN) thin films have demonstrated equivalent performance to benchmark instrument transformers, while outperforming them in cost, size, and environmental resilience.46 In addition to transmission infrastructure, graphene nanosensors can be directly integrated into wind turbine components to report material strain under various environmental conditions,  and they allow real-time system control to balance power output with asset lifetime.47 The low-power nature of these nanosensors, Hall effect-type,48  and both triboelectric and piezoelectric generators of various designs proposed and demonstrated for self-power capabilities,49 have opened the door to nanosensor integration at all levels of the grid.50

4.2. Reconductoring Revolution
Due to their low resistance and low cost, wires and cables will likely continue to transmit most of the power generated. However, while aluminum and copper conductors are inexpensive and robust, the U.S. Energy Information Administration estimates that ≈  5 % of electricity is lost, during transmission and distribution, as waste heat due to electrical resistance.51 
Recent advancements in 2D materials science have uncovered exciting opportunities for copper-graphene composites to exceed the benchmark conductivity of pure silver metal. By sequentially depositing ultra-thin layers of graphene and copper, an electrical conductivity 117% of the International Annealed Copper Standard (IACS) can be achieved at room temperature with just 0.008 % graphene by volume.52 This breakthrough suggests that further reducing the thickness of the copper layers, potentially pushing toward monolayer-monolayer composites, could lead to even higher conductivities. Such enhancements in copper, as well as aluminum, could reduce energy losses in power transmission, paving the way for a more efficient RSG.
In addition to deploying novel technologies and building new transmission lines, improvements can be made on extant lines to significantly bolster current transmission capacity cost-effectively. In addition to grid-enhancing technologies, replacing the conductor cables (reconductoring) with advanced conductor materials can be done simultaneously with new builds to accommodate the growing electrification across sectors.53 Current advanced conductors that could be deployed feature nanomaterial or 2D material composite cores in unique geometries, including ceramic, glass, or carbon fibers. While there are nanomaterials that can already provide improved conductivity and thereby the transmission line’s efficiency and capacity rating, there is still room for further innovation and the federal government is incentivizing research in this direction. For example, DOE’s “Conductivity-enhanced materials for Affordable, Breakthrough Leapfrog Electric and thermal applications” (CABLE) initiative provided funding to accelerate development of improved materials.54 Pursuing an all of the above approach to enhancing our current grid capabilities while expanding capacity should include nanomaterials that facilitate reconductoring. 
5. Integrating 2D Material-Enabled Technologies into Resilient Smart Grids

5.1. Manufacture 2D Materials At-Scale 
Before RSG solutions can be deployed, the difficulty producing high-quality 2D materials at scale must be overcome. Techniques like mechanical exfoliation yield pristine materials but are unsuitable for mass production. Chemical vapor deposition (CVD) methods offer scalability but often result in defects and grain boundaries resulting in sub-optimal material performance. For instance, even the synthesis of large-area, defect-free graphene remains a significant challenge.55 Investing in research to develop scalable, cost-effective manufacturing processes is essential; innovations in chemical synthesis, such as roll-to-roll CVD and liquid-phase exfoliation, are showing promise to produce large quantities of high-quality 2D materials. Achieving usable 2D materials at scales for application, or even demonstration scale of an application will be a significant engineering challenge for may years after optimization of material quality. In addition, modeling and machine learning methods are being applied to understand nanomaterial growth during the CVD process, predict nanomaterial properties, and simulate nanomaterial-based device function to design more efficient manufacturing processes.56,57 Collaborative efforts between academia and industry might provide opportunities to accelerate domestic supply-line sourcing for, and the refinement of these techniques to realize 2D material propagation into the technology space. 

5.2. Integrate 2D Materials into Existing Infrastructure 
New materials bring healthy skepticism, and 2D materials are no exception. To build industry trust, stepwise applications for 2D materials within the current technology grid paradigm should be identified and pursued. For example, embedding graphene into copper conductors to enhance electrical conductivity must ensure that the composite material maintains mechanical robustness and compatibility with standard manufacturing processes; and such efforts with other advanced materials are underway in the DOE CABLE Manufacturing Prize Competition.54 Other broader efforts, such as DOE’s Beyond the Meter Energy Storage Integration Prize and Energy Storage Innovations Prize are also underway to find innovative solutions for grid edge energy.58 Thus, research opportunities include improving both materials and integration techniques to ensure compatibility with existing infrastructure. As the RSG of the future evolves, 2D materials will be incorporated into logical next-step applications with a performance history to enhance industry adoption.

5.3. Evaluate 2D Material Life Cycle Properties at all Stages
Producing, using, and disposing of 2D materials comes with potential risks to the environment, human health, and occupational safety.59 Evaluating the extent to which these risks exist should be integrated early and into each stage of 2D material research and implementation. Doing so reduces the potential risks to researchers, workers, consumers, and the environment, while also increasing the efficiency of bringing new technologies to market by raising early warnings that protect against wasteful sunk costs. Though LCAs have been developed for traditional energy storage technologies such as lithium ion batteries,60 comparable assessments for 2D materials  are limited. Building on past work done on graphene,61 MXenes,62  and post-carbon 2D materials,63  standardized LCAs should be developed for 2D materials with potential use in the RSG. A major hurdle for doing so, though, is a lack of agreed upon functional units that can allow for comparison of unique complex nanomaterial properties with other materials, as well as a lack of life cycle inventory data and characterization methods for nanomaterials in the environment. LCAs of lithium ion technology have also suffered from these challenges.60 Efforts, such as the NaKnowBase, have been made to collect additional potential exposure and health effect information of engineered nanomaterials.64 

For more effective comparisons between the use of nanomaterials and traditional materials, more data will be needed to build comprehensive LCAs. That data will need to be stored and disseminated in such a way that it creates a common resource for other researchers (e.g., the use of FAIR data principles). Once more data becomes available, LCAs should be carried out at each stage of RDT&E, whether through traditional methods or with the help of new tools such as artificial intelligence (AI). Machine learning approaches have been used in past LCAs to help fill in data gaps for life cycle inventories, compute characterization factors, estimate life cycle impacts, and interpret LCA results.65,66 Doing so will maximize the market potential for 2D materials and their derivative products. Integrating the lessons of the past while evaluating 2D materials for RSGs can inform resilient manufacturing practices, guide the development of recycling methods, and mitigate potential risks. By understanding the potential risks, stakeholders (i.e., developers and consumers), can make informed decisions regarding any prospective 2D material’s commercialization potential for future RSGs.

2D material-enabled technologies are positioned to help catalyze the evolution of current grids into RSGs. Resilience will require modernizing the grid and expanding transmission capacity while increasing the efficiency of current infrastructure to accommodate increased electrification across multiple sectors. By addressing the current obstacles through strategic nanoscience and technology research, comprehensive LCA, and collaborative efforts, new levels of efficiency may be unlocked for efficient energy generation, storage, and transmission. Stakeholders across the RDT&E spectrum can create and engage in focused initiatives to overcome the sourcing, manufacturing, integration, and life cycle barriers. Through innovation and national coordination, the RSG of the future can harness the unique properties of 2D materials to provide affordable, efficient, reliable, and resilient power across the world. 
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