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Abstract. With the rapid development of electric vehicles, portable electronics, and renewable 
energy storage systems, the demand for high-voltage, stable, and cost-effective batteries has 
become increasingly urgent. Traditional battery voltage enhancement methods (e.g., series 
connection of single cells) face inherent limitations such as poor consistency and safety risks, which 
hinder the further improvement of battery performance. This paper focuses on emerging battery 
technologies that address these challenges, systematically reviewing three core breakthrough 
directions: material gene recombination, structural paradigm innovation, and coordinated co-
evolution. This study analyzes each technology’s working principles, technical advantages in voltage 
enhancement and stability improvement, and supplements with representative application cases and 
performance test results. Finally, the current limitations of these emerging technologies are 
discussed, and future development directions to overcome these limitations are proposed. This 
research provides a reference for the industrialization and optimization of high-voltage battery 
technologies. 
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1. Introduction 

Battery voltage is a critical parameter determining the energy density and application scope of 
energy storage systems. In scenarios such as electric vehicles (EVs) requiring 300-800V power 
supplies and grid-scale energy storage demanding high-power output, relying on traditional voltage 
enhancement methods has become insufficient [1]. 

Traditional methods for increasing battery voltage mainly include three types: (1) Series 
connection of single cells, which superimposes cell voltages but causes "consistency disaster" (e.g., 
capacity imbalance and thermal runaway due to cell differences); (2) Development of high-voltage 
chemical systems, which is restricted by narrow electrochemical windows of electrolytes; (3) 
Optimization of electrode materials, which has reached a bottleneck in voltage gain under current 
material systems [2]. Although these methods are widely used due to technical maturity and cost 
controllability, their defects (e.g., poor stability, high safety risks) have become a bottleneck for 
battery performance upgrading. 

To solve this problem, the industry has turned to emerging battery technologies. Unlike traditional 
methods that "patch" existing defects, these new technologies fundamentally overcome voltage 
limitations through materials, structures, and system coordination innovations. This paper focuses on 
these emerging technologies' technical principles, application practices, and performance verification, 
aiming to provide insights for developing high-voltage, high-stability batteries. 

2. Material Gene Recombination Technology 

Material gene recombination is an emerging material research and development technology that 
draws inspiration from biological genetic engineering. It treats properties such as a material’s 
composition and structure as its "genes." The materials' performance and application potential can be 
enhanced by editing and designing these genes. 

The technical principle of material gene recombination involves regulating the "genes" of key 
battery components—including electrolytes, cathodes, and anodes—encompassing characteristics 
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like composition, crystal structure, and interface properties. By modifying these core elements, the 
internal microstructure and inherent properties of materials are adjusted, enabling the design and 
synthesis of new battery materials that deliver improved voltage output performance and stability. 

Two key technologies underpin material gene recombination in battery development: solid-state 
electrolytes and high-voltage cathodes. Solid-state electrolytes are solid ionic conductors with 
electronic insulating properties, replacing liquid electrolytes in lithium-ion batteries. Their 
advantages are notable: they offer absolute safety by eliminating the risk of toxic organic solvent 
leakage, are non-flammable, and exhibit strong mechanical and thermal stability. Additionally, they 
feature a low self-discharge rate, support higher power density and cycling performance, and can 
inhibit the growth of lithium dendrites. This critical issue has long limited the practical use of lithium 
metal anodes in devices. Three mainstream solid-state electrolytes exist: polymers, oxides, and 
sulfides. Among these, the oxide system is relatively advanced, with balanced performance across 
various metrics, while the sulfide system is recognized as having the most significant long-term 
development potential. 

The technical system of material gene recombination integrates three interconnected components: 
high-throughput computing, high-throughput experiments, and material big data with artificial 
intelligence (AI). High-throughput computing relies on automated process design, parallel computing, 
and distributed computing methods based on the ARM architecture, enabling simultaneous 
processing of large samples or data. Big data, cloud computing, data mining, and AI technologies 
accelerate the screening and design of new materials—a significant leap from traditional, time-
consuming R&D methods. High-throughput experiments complement this by using specialized 
equipment to comprehensively characterize combinatorial material samples: a single batch of samples 
can be synthesized or processed at once, followed by multiple tests to analyze their composition, 
structure, and performance. The data generated from these experiments is stored in databases, helping 
to establish a clear "composition-structure-performance" structure-activity mapping relationship for 
materials. Material big data and AI stand as the most pioneering frontier within this system. An 
integrated framework is built by developing advanced material database technologies, data mining 
platforms, and automatic feature parameter screening systems—covering data collection, database 
management, data mining, and material design. This framework introduces variables rarely 
considered in traditional R&D models, expanding the scope for discovering new materials and novel 
material functions. 

2.1 Solid-State Electrolyte (SSE) Batteries 

SSE batteries use solid electrolytes (oxide-based, sulfide-based, and polymer-based) to replace 
liquid electrolytes. These solid electrolytes have a wider electrochemical window (3-5V, compared 
to 2-3V for liquid electrolytes) and higher ionic conductivity, enabling compatibility with high-
voltage cathode materials and effectively suppressing the growth of lithium dendrites [3]. 

Thanks to their compatibility with lithium metal anodes and high-nickel cathodes, SSE batteries 
can achieve a cell voltage of 4.5-5.0V (2-3 times that of traditional lithium-ion batteries) while 
reducing the self-discharge rate by more than 50% [4], demonstrating significant advantages in 
voltage output and stability. 

Regarding practical applications and performance verification, Toyota Motor Corporation tested 
a sulfide-based SSE battery in 2023. The results showed that this battery (with a cell voltage of 4.7V) 
maintained 90% of its initial capacity after 1,000 charge-discharge cycles at 60°C, and no thermal 
runaway occurred in both needle penetration and short-circuit tests [5]. Meanwhile, QuantumScape, 
a U.S. startup, launched a solid-state battery prototype for electric vehicles (EVs) in 2022. This 
prototype (with a pack voltage of 400V) supports fast charging (reaching 80% charge in 15 minutes) 
and can operate stably for 2,000 cycles, meeting the durability requirements of EVs [6]. 
. 
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2.2 High-Voltage Cathode Materials 

By doping transition metals such as Co, Ni, or Mn, or by modifying cathode crystal structures—
including layered oxides and polyanionic compounds—the redox potential of cathode materials can 
be increased, thereby improving the overall cell voltage. A representative example is LiNi₀.₅Mn₁.₅O₄ 
(LNMO), which exhibits a voltage platform of 4.7 V, approximately 1.2 V higher than that of 
conventional LiCoO₂ cathodes (3.5 V) [7]. This voltage advantage has been demonstrated in practical 
applications: in 2021, Panasonic Corporation applied LNMO cathodes in cylindrical batteries for 
small drones, achieving a cell voltage of 4.7 V and extending flight time by 30% compared with 
LiCoO₂-based batteries [8]. More recently, a 2023 study by the Chinese Academy of Sciences 
reported that LiCoPO₄ (LCP) cathodes reached an even higher voltage of 4.8 V, with the LCP-based 
battery maintaining 85% of its capacity after 500 cycles and achieving an energy density of 600 Wh/L 
[9]. These advances highlight the promise of high-voltage cathode materials in enhancing energy 
density and performance for next-generation lithium-ion batteries. 

3. Coordinated Co-Evolution Technology 

Coordinated co-evolution represents a revolutionary approach in battery technology, highlighting 
the indispensable synergy between core battery technologies and their supporting systems. This 
section delves into its fundamental concepts, practical applications, and impact on enhancing battery 
performance, focusing on how this synergy translates to real-world efficiency and safety 
improvements. 

High-voltage platforms are a pivotal advancement in battery core technology, with many modern 
electric vehicles now adopting 800V high-voltage systems to support high-power motors—enabling 
superior acceleration and higher top speeds [10]. Yet, operating at such elevated voltages demands a 
highly reliable safety mechanism, and the intelligent Battery Management System (BMS) fulfills this 
critical role by monitoring the voltage, current, and temperature of each cell in the battery pack in 
real time. When a high-voltage battery system with a nominal voltage of 800V was tested without an 
advanced BMS, overvoltage situations occurred in 15% of the cells during rapid charging, posing 
risks of shortened battery life and potential safety hazards. However, with the integration of an 
intelligent BMS that adjusts charging and discharging rates based on cell conditions, over-voltage 
incidents were reduced to less than 1%, demonstrating the vital balance between core technology and 
supporting systems [11]. 

Beyond high-voltage platforms and BMS, the synergy extends to cell chemistry and thermal 
management. The selection of cell chemistry—such as lithium-ion variants with cathode materials 
like lithium-nickel-manganese-cobalt oxide (NMC)—directly influences a battery’s energy density 
and power output; NMC-based cells, for example, offer relatively high energy density but generate 
more heat during charging and discharging. This heat generation necessitates a well-designed thermal 
management system, as exemplified by the Tesla Model Y, which employs a liquid-cooled thermal 
management system for its lithium-ion battery pack. Testing reveals the consequences of neglecting 
this coordination. Without proper thermal management, NMC cell temperatures in the battery pack 
could rise above 60°C during fast charging, leading to a 20% decrease in battery capacity after 500 
charge-discharge cycles. In contrast, Tesla’s thermal management system maintains cell temperatures 
within the optimal 25-35°C range, cutting capacity degradation to less than 10% after the same 
number of cycles [12]. 

Coordinated co-evolution optimizes voltage output and reinforces safety assurance, two critical 
objectives mutually enhanced through this integrated approach. By precisely matching the 
capabilities of battery cells with the control algorithms in the BMS, the battery system can operate at 
the highest possible voltage without compromising stability. A laboratory experiment illustrates this 
potential: a custom-built battery system designed with coordinated co-evolution achieved a 10% 
increase in average voltage output compared to a traditional system under identical load conditions 
[13]. This voltage boost directly translated to a 12% improvement in the driving range of an electric 
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vehicle prototype when tested on a standardized driving cycle, highlighting the practical benefit of 
this optimization. 

Safety, meanwhile, is embedded at every level of the coordinated design. The BMS, for instance, 
is engineered in harmony with cell chemistry and overall battery architecture to respond swiftly to 
abnormal conditions. In the event of a short-circuit, the BMS can rapidly detect irregular current and 
voltage changes—a capability that proved decisive in a study of a large-scale battery energy storage 
system. In non-coordinated systems, the response time to a short-circuit event averaged 100 
milliseconds, leaving room for thermal runaway risks. With a coordinated co-evolution design linking 
the BMS and battery cells, response time was reduced to just 10 milliseconds, preventing the 
escalation of the short-circuit and safeguarding both the cells and the broader system. 

Real-world applications across industries further validate the impact of coordinated co-evolution, 
with the electric vehicle (EV) sector and energy storage systems standing out as key adopters. In the 
EV market, Porsche has successfully implemented this technology in the Taycan, which features an 
800V high-voltage system paired with an advanced BMS. This integration enables rapid charging—
from 5% to 80% capacity in just 22.5 minutes—while the BMS works with high-voltage battery cells 
to monitor battery state and adjust charging speed based on each cell’s temperature and state-of-
charge. This coordination ensures the high-voltage system operates at full potential without 
compromising battery safety or longevity [14]. 

In grid-connected energy storage, coordinated co-evolution delivers tangible benefits. A large-
scale energy storage project utilizes lithium-ion batteries designed with this integrated approach, 
where the BMS is fully integrated with battery cells and the power conversion system. This design 
allows the BMS to balance the charge and discharge of individual cells, boosting the overall efficiency 
of the energy storage system. As a result, the system achieves an energy efficiency of over 95%—5-
10% higher than traditional energy storage systems lacking coordinated co-evolution—enabling more 
effective energy utilization and stronger grid-support capabilities [15]. 

4. Limitations and Future Directions 

Although emerging battery technologies have achieved significant breakthroughs in voltage 
enhancement, they still face limitations in industrialization and performance optimization. 

4.1 Current Limitations 

Although solid-state and structurally engineered lithium-ion batteries show great promise, several 
limitations continue to restrict their commercialization. Cost is a major challenge, since sulfide-based 
solid-state electrolytes are currently three to five times more expensive than conventional liquid 
electrolytes, and advanced fabrication techniques such as 3D printing raise manufacturing expenses 
by around 40 percent. Another significant issue is material compatibility; for example, high-voltage 
cathodes such as LNMO are prone to react with conventional binders, resulting in interface instability 
and gradual voltage decay. In addition, the industrial ecosystem is not yet mature. Unitized packaging 
approaches require specialized production equipment, such as laser welding machines, and both 
upstream and downstream supply chains—including suppliers of composite materials and equipment 
manufacturers—remain incomplete [16]. Taken together, these factors illustrate the considerable gap 
between laboratory-scale demonstrations and scalable, cost-effective deployment of next-generation 
battery technologies. 

4.2 Future Development Directions 

Future research on next-generation lithium-ion batteries is expected to focus on reducing costs, 
improving interfacial stability, strengthening industrial coordination, and integrating multiple 
technologies. One promising direction is the use of low-cost material innovation, such as recycling 
solid electrolytes from waste lithium-ion batteries to recover oxides, which could potentially lower 
costs by 50 percent, and exploring modified plastic composites as alternatives for 3D printing. At the 
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same time, interface engineering optimization will be crucial. Techniques such as atomic layer 
deposition (ALD), which coats cathode surfaces with a thin 2–5 nm layer of Al₂O₃, have been shown 
to improve compatibility with solid electrolytes and reduce voltage decay by approximately 30 
percent [12]. Equally important is the coordination of the industrial chain. Building alliances among 
battery manufacturers, equipment suppliers, and material providers would facilitate the 
standardization of unitized packaging and 3D printing processes, potentially shortening the 
industrialization cycle by two to three years [17]. Finally, integrating multiple emerging technologies 
offers the possibility of transformative advances. For example, combining solid-state electrolytes 
with three-dimensional interlocking structures could enable the development of “all-solid-state 3D 
batteries,” targeting a cell voltage of 6.0–7.0 V and an energy density of 800 Wh/L [26]. These 
directions collectively highlight a pathway toward more cost-effective, durable, and high-
performance energy storage systems. 

5. Conclusion 

Emerging battery technologies—represented by material gene recombination, structural paradigm 
innovation, and coordinated co-evolution—have fundamentally overcome traditional methods' 
voltage limitations and stability defects. Application cases show that solid-state batteries, 3D 
interlocking structures, and high-voltage platform + intelligent BMS systems have achieved practical 
progress in EVs, drones, and portable electronics, with voltage increased by 20-100% and cycle life 
extended by 50-200%. 

However, cost, material compatibility, and industrial ecosystem issues still restrict the large-scale 
application of these technologies. Future research should focus on low-cost material development, 
interface optimization, and industrial chain coordination to promote the industrialization of high-
voltage, high-stability batteries. This will meet the demand for high-performance energy storage in 
emerging industries and drive the sustainable development of the global battery industry. 
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