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Abstract:Vanadium and titanium are nationally strategic metals that now lie at the heart of many new energy material systems. They
perform functions in energy storage, hydrogen, photovoltaics, power batteries, and wind power equipment that no other materials can
easily replace. Driven by carbon peak and neutrality targets and the building of a new energy system, these two elements have moved
beyond their traditional role as steel additives to become critical industrial supports. This review surveys the fundamental research
landscape, dominant technical routes, and the state of industrial application for vanadium and titanium materials in new energy. It
identifies the chief obstacles currently limiting R&D and commercialization, and then outlines pathways toward high-quality development
—covering technology breakthroughs, supply chain coordination, policy, and deployment in real-world settings. The aim is to provide
both conceptual background and practical guidance for weaving vanadium and titanium materials deeper into the new energy sector,
securing the nation’s energy material supply, and easing the green and low-carbon transition.
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1 Introduction
The worldwide push toward renewable energy and the sheer scale of new energy industry expansion have triggered an enormous need

for materials that deliver high performance without excessive cost. Vanadium and titanium, both transition metals, bring unusual
physicochemical properties that translate into clear advantages in storage, catalysis, and related areas, forming a bridge from mineral
resources to energy applications. China holds rich deposits of vanadium and titanium, but the traditional industries built around them now
face intense pressure to move upmarket and adopt cleaner practices if they are to keep up with the new energy boom. Research and
application work in this space therefore matters a great deal for national resource security, for raising the quality of energy development, and
for realizing the “dual carbon” goals.

2 Fundamental Characteristics and Research Value of Vanadium and Titanium Materials in the
New Energy Field
2.1 Core Characteristics and New EnergyAdaptability of VanadiumMaterials

Vanadium is notable for switching readily among +2, +3, +4 and +5 oxidation states in solution, which makes it an almost ideal active
species for aqueous redox flow batteries. Such batteries stand out for safety, long cycle life, easy scalability, and recyclability, fitting naturally
into long-duration energy storage. At elevated temperatures, vanadium-bearing alloys keep their structural stability and resist creep, which
explains their use in jet engine parts and nuclear power equipment. Vanadium-based catalysts show high activity and selectivity in processes
like hydrogen generation, hydrogenation, and emission control. Moreover, adding micro-amounts of vanadium to steel greatly raises both
strength and toughness, and so vanadium-microalloyed steels are widely adopted in heavy-duty structures such as wind turbine towers,
hydropower components, and photovoltaic mounting systems.

2.2 Core Characteristics and New EnergyAdaptability of TitaniumMaterials
Titanium combines low density, high specific strength, corrosion resistance, and biocompatibility with notable photocatalytic and

hydrogen-storage properties. This blend makes it the preferred candidate for lightweight, long-life, highly reliable structural and functional
parts across the new energy landscape. Titanium alloys appear in wind turbine blades, hydrogen storage vessels, and critical nuclear island
components. Titanium dioxide (TiO₂), in particular, offers strong photocatalytic activity, ultraviolet shielding, and good electron transport; it
has become a cornerstone material for solar cells, photocatalytic hydrogen production, and environmental cleanup. Titanium-based hydrogen
storage alloys absorb and desorb hydrogen reversibly with good stability—an important link in the hydrogen supply chain. Even the ferrous
sulfate byproduct from titanium white pigment production can be repurposed as a raw material for lithium battery cathodes, turning a waste
stream into a resource loop [1].

2.3 Synergistic Enhancement Mechanism of the Vanadium–Titanium Composite System
When vanadium and titanium are combined or co-doped, they typically produce a performance enhancement that the individual metals

cannot achieve. Co-doping vanadium and titanium into lithium manganese iron phosphate (LMFP) can optimize the crystal lattice structure,
accelerate ion and electron transport, and improve the battery’s capacity as well as cycling stability. Vanadium–titanium alloy combines
strength, corrosion resistance and light weight, making it an ideal combination for offshore wind turbine structures and deep-sea energy
equipment. Photocatalysts constructed from these two elements can broaden the spectral response range, capture more sunlight, and thereby
increase the efficiency of hydrogen production. Because vanadium and titanium deposits are often associated in nature, their supply chains
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overlap strongly. Joint exploitation can reduce costs, improve resource utilization, and promote the formation of an integrated development
model that transcends resource, material and energy systems [2].

3 Core ResearchAdvances on Vanadium–TitaniumMaterials in New Energy Science
3.1 Study of the Vanadium Redox Flow Battery (VRFB) Material System

The vanadium redox flow battery (VRFB) remains the most important application direction of vanadium in the field of new energy.
Research focuses on electrolytes, electrodes, ion-exchange membranes and bipolar plates. Progress in the preparation of high-purity vanadium,
stable high-concentration dissolution methods and low-temperature anti-freeze formulations has enabled an energy density of around 30–40
Wh/L, while significantly improving cycling stability. Researchers have used graphite felt or carbon paper as a substrate, enhancing
electrocatalytic activity and electrical conductivity through nitrogen doping or by loading vanadium oxides. The transition from perfluorinated
membranes to porous or non-fluorinated composite substitutes has not only reduced costs, but also improved selectivity and durability.
Bipolar plates fabricated from titanium-based or carbon-based composites possess the required electrical conductivity, corrosion resistance
and light weight, making them highly suitable for large-scale energy storage devices [3].

3.2 Research on Titanium-Based and Vanadium–Titanium ElectrodeMaterials for New Energy
Titanium-based materials are finding increasingly broad application as both positive and negative electrodes in lithium-ion batteries,

sodium-ion batteries and solid-state batteries. Lithium titanate (Li₄Ti₅ O₁₂) offers excellent charge–discharge rate performance, cycling
stability and intrinsic safety, making it an ideal choice for fast-charge batteries and grid-scale energy storage stations. Meanwhile, titanium
dioxide nanostructures show potential in the fields of high capacity and long cycle life. Vanadium- and titanium-co-doped cathode materials,
such as lithium manganese iron phosphate (LMFP) and lithium vanadium phosphate (Li₃V₂(PO₄)₃), allow for an improved voltage
plateau, increased ionic conductivity and extended cycle life, thereby promoting the development of high-energy-density and high-safety
power batteries.

3.3 Research on Vanadium–Titanium-BasedMaterials for Hydrogen
Across the entire hydrogen industrial chain, vanadium and titanium materials are widely used in production, storage, transportation and

fuel cells. Vanadium-based catalysts are applied in water electrolysis, photocatalytic water splitting and methanol reforming for hydrogen
production, improving efficiency and enhancing long-term stability. Solid vanadium-based alloys possess reversible hydrogen storage
capacity, good capacity, fast kinetic performance and long cycle life, making them an ideal choice for on-board and stationary hydrogen
storage. Titanium-based hydrogen storage alloys offer advantages such as low cost, excellent stability and a mature industrial base. Titanium
bipolar plates, which are corrosion-resistant, conductive and lightweight, have become an essential structural component in hydrogen fuel
cells. Vanadium and titanium catalysts also help to reduce reliance on platinum and improve the durability of fuel cells [4].

3.4 Research on Vanadium- and Titanium-Based Photovoltaic and Thermophotovoltaic Materials
Titanium-based materials are essential for the photovoltaic industry. Titanium dioxide, used as an electron transport layer in

dye-sensitized solar cells and perovskite solar cells, improves efficiency and stability. Nanoscale TiO₂ photocatalytic technology makes it
possible to simultaneously realize solar hydrogen production and the removal of organic pollutants. In the field of concentrated solar power,
vanadium– titanium functional coatings, with high solar absorptance and low thermal emissivity, can enhance photothermal conversion
efficiency and promote the synergistic development of solar thermal power plants and energy storage technologies.

3.5 Research on Vanadium- and Titanium-Reinforced Structural Materials for New Energy Equipment
Wind, hydro, nuclear and tidal energy equipment all demand high strength, ductility, long service life and the ability to withstand

environmental degradation. High-strength vanadium-microalloyed steels are used in gearboxes, drive shafts and towers of wind turbines to
increase load-bearing capacity and extend service life. Titanium alloys are employed in critical components of offshore wind turbines, hydro
turbine runners and nuclear reactors.

4 Outstanding Problems in New EnergyApplication of Vanadium and TitaniumMaterials
4.1 Gaps in Fundamental Research and Core Technologies

Fundamental understanding remains insufficient in areas such as the crystal structures of high-end vanadium-titanium materials,
interfacial interactions, and ion transport mechanisms. “ Bottleneck ” problems persist for several core materials and components:
high-stability ion-exchange membranes, high-activity electrodes, large-scale preparation of high-purity vanadium and titanium, and advanced
titanium alloy melting techniques. Reliance on imports for some of these items hampers the development of a high-end domestic industry.

4.2 Low-End Product Structure, Insufficient High-End Supply
Much of China’s vanadium-titanium industry still concentrates on primary products. High-end battery-grade, electronic-grade, and

aerospace-grade materials are in short supply and partly imported. The product range is narrow and heavily homogenized, and the share of
high-value-added goods is low. A weak connection between traditional vanadium-titanium products and the production of new energy
materials means that the country’s resource advantage is not yet fully converted into an industrial advantage.

4.3 High Costs,WeakMarket Competitiveness
VRFB systems demand high initial investment, with the electrolyte alone often accounting for more than half of the cost. High-end
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titanium alloys and vanadium-based hydrogen storage materials involve complex, expensive manufacturing processes. Dependence on
imported key components pushes costs still higher, limiting large-scale commercial rollout.

4.4 Insufficient Industrial Chain Collaboration and Shallow Integration
Vanadium-titanium mining companies, material producers, new energy equipment manufacturers, and research institutes still operate

with insufficient coordination; the linkage between industry, academia, and research is weak. Standard systems are incomplete, and testing,
evaluation, safety specifications, and recycling systems lag behind. Misalignment between the vanadium-titanium industry and new energy
application scenarios limits the pull-through effect that demonstrations can provide.

4.5 Pressure fromGreen, Low-Carbon, and Resource Constraints
Vanadium and titanium smelting is energy-intensive and generates heavy emissions; the green transition task is therefore formidable.

High-end projects face significant constraints on land, energy quotas, and financing, with small and medium-sized enterprises struggling
under high financing costs. A shortage of high-level talent, innovative teams, and interdisciplinary professionals further restricts the speed of
technological upgrading and industrial transformation.

5 High-Quality Development Pathways for Vanadium and Titanium Materials in New Energy
Science
5.1 Strengthen Top-Level Design, Improve Policy Support System

Align with national strategies on new energy and new materials, and draw up a dedicated plan for vanadium-titanium new energy
materials that spells out goals, priorities, and spatial layout. Issue targeted policies covering technological breakthroughs, commercialization
of achievements, capacity support, demonstration applications, and financial backing— thus forming a full-cycle policy loop. Improve
standards, testing, and certification regimes; push for the internationalization of key material and equipment standards to enhance the sector’s
influence.

5.2Adhere to Innovation-DrivenApproach, Breakthrough Core Key Technologies
Establish industry-university-research innovation platforms focused on critical technologies: electrolytes, electrodes, ion-exchange

membranes, bipolar plates, high-purity vanadium and titanium, vanadium-titanium catalysts, and advanced titanium alloys. Strengthen
fundamental research that reveals structure-property relationships and failure mechanisms, providing the base for original breakthroughs.
Promote R&D into green smelting, short-process preparation, and low-carbon purification to cut energy use and emissions. Pay close
attention to patent layout and intellectual property protection to build core competitiveness.

5.3 Optimize Product Structure, Cultivate High-Value-Added Industrial Chain
Let new energy demand guide the upgrading of products toward higher purity, finer specifications, stronger functionality, and composite

designs. Focus on developing battery-grade vanadium products, vanadium-titanium based electrode materials, hydrogen storage alloys,
titanium bipolar plates, photocatalytic materials, and high-end structural products. Improve the whole chain from resources to materials,
components, systems, and recycling to raise added value and profitability.

5.4 Promote Industrial Integration and Expand DemonstrationApplication Scenarios
Using vanadium-titanium materials as the connecting thread, promote their deep integration with energy storage, hydrogen energy,

photovoltaics, power batteries, and new energy equipment. Carry out demonstration applications in large-scale wind-solar bases, grid
peak-shaving stations, industrial parks, data centers, and hydrogen demonstration cities, letting large-scale deployment drive technological
maturity and cost reduction. Encourage local-level voluntary application exploration, fostering a synergistic development model of
“resources + technology + application scenarios.”

5.5 Strengthen Resource and Factor Support, Consolidate the Industrial Foundation
Secure land and energy supplies for key projects and reduce factor costs. Innovate financial support mechanisms to steer capital toward

high-end projects and breakthroughs in core and fundamental technologies. Implement talent cultivation and attraction programs to recruit
high-level experts and innovation teams, while also training skilled technical workers. Build public service platforms that offer R&D, testing,
pilot production, and incubation services, thereby lowering the innovation costs for enterprises.

5.6 Promote Green and Low-Carbon Development,Achieve Sustainability
Promote technologies such as hydrogen metallurgy, low-carbon smelting, waste heat utilization, and the recycling of waste acid and

wastewater to drive the green transformation of the vanadium-titanium sector. Establish material recycling systems to achieve efficient
recovery of vanadium electrolyte, titanium alloys, and electrode materials, raising the level of resource circularity. Build a green and
low-carbon supply chain that supports full-lifecycle carbon reduction across the new energy sector, contributing to the achievement of carbon
peak and carbon neutrality goals.

5.7Adhere to Open Cooperation, Enhance Industrial Development Resilience
Strengthen domestic regional coordination to promote the complementarity of resources, technology, and markets. Actively participate in

international cooperation, absorbing advanced technology and management know-how while expanding overseas markets. Stabilize global
supply chains to ensure the security of key materials, equipment, and components, enhancing the resilience and risk resistance of the
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industrial chain.

6 Conclusion
Vanadium-titanium materials sit at a strategic junction for the new energy industry, possessing especially high value in fields such as

energy storage and hydrogen energy. Promoting their high-quality development is an important pathway for achieving the carbon peak and
carbon neutrality goals, safeguarding resource security, strengthening industrial chain resilience, and cultivating new quality productive forces.
Future work must closely link innovation and application, transforming resource advantages into competitive edges through technological
breakthroughs, cost reduction, and the expansion of application scenarios, thereby providing a solid underpinning for China’ s energy
transition and ecological civilization.
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