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1. Carbon neutrality boosts explosion of energy storage 

technology 

Carbon neutrality refers to achieving net-zero carbon dioxide 

(CO2) emissions by balancing the emission of CO2 with its 

removal, which is indispensable to tackle catastrophic global 

warming. In 2015, the Paris Accord set a global temperature 

rise target of 1.5-2 °C. As an echo, the Intergovernmental 

Panel on Climate Change (IPCC) strategically pointed out that 

carbon neutrality must be achieved by 2050 or by 2070 to 

achieve the 1.5 °C and 2 °C target, respectively. In this context, 

many countries have made commitments and set timetables 

for achieving carbon neutrality. China already committed to 

peak CO2 emissions before 2030 and achieve carbon neutrality 

before 2060. 

As is well-known, CO2 emissions mainly come from fossil 

energy consumption. Accordingly, carbon neutrality called for 

accelerated efforts to better the energy structures and bolster 

the development of clean renewable energy such as solar 

energy, wind energy, tidal energy, geothermal energy, biomass 

energy, and hydro energy, etc.[1] However, due to the uneven 

spatial and temporal distribution of these renewable energies, 

which need to be matched with corresponding energy storage 

technologies and devices to attain effective storage and 

controllable release (Fig. 1). To date, the mature commercial 

large-scale energy storage systems are mainly from physical 

energy storage, e.g., pumped hydro energy storage, accounting 

for about 90% of China's total energy storage scale. 

Nevertheless, limited to geographical and topographical 

environment of physical energy storage, some new energy 

storage technologies such as electrochemical energy storage 

and hydrogen energy are receiving more and more attention. 

A diversified energy storage system is taking shape. 

Benefiting from the merits of stable output voltage, high 

energy conversion efficiency and environmental friendliness, 

the applications of batteries, including lead-acid battery, 

lithium-ion battery (LIB), and flow battery have involved 

various fields and industries, penetrated into people's daily 

production and life, and become an indispensable basic energy 

guarantee. To meet carbon neutrality target, the increasingly 

mature market model and the rapid expansion of low-carbon 

industries are undergoing new era of a large-scale energy 

revolution supported by energy storage technology. 

 

2. Advanced energy storage materials play a key role in 

this revolution 

During this energy revolution, research in advanced energy 

materials is contributing to progress on better energy storage 

systems with lowing carbon footprint. As declared by the 

International Energy Agency (IEA) in May 2021, “the energy 

system has shifted from fuel-intensive to material-intensive”. 

Batteries that achieve high energy density have always been 

the original driving force for the development of energy 

storage materials. The most spectacular success is the 

commercialization of LIB. Three chemists who made 

outstanding contributions to the development of LIB won the 

2019 Nobel Prize in Chemistry.[2] Compared with traditional 

lead-acid and nickel metal hydride battery types,[3] the 

advantages of high energy density, small volume and high 

voltage make LIB the most widely used rechargeable battery, 

its invention has been regarded as a milestone in the history of 

battery development.  

Virtually all batteries are composed of three essential 

components: two electrodes (a cathode and an anode) 

separated by an electrolyte. Therefore, exploration of efficient 

electrode materials plays a vital role in improving battery 

performances. For LIB, the three Nobel Prize-winning 

scientists have all made original innovations on exploring 

novel battery materials. Following them, various types of 

cathode materials such as olivine phosphates, spinel oxides, 

layered oxides and ternary Ni-rich cathodes for LIB have been 

developed. As such, plenty of anode materials including metal 

oxides and sulfides, alloying elements and 
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Fig. 1 Schematic illustration of the important roles of electrochemical energy storage technology played achieving carbon neutrality. 

 

black phosphorus-based composites have been intensively 

studied to substitute the traditional graphite anode.[4] Among 

the available anode materials, Si-based material is one of the 

most promising anode materials because of its superior 

theoretical capacity and attractive low operating voltage.[5] 

However, the poor cyclability originating from the huge 

volume fluctuation upon cycles has severely hindered their 

large-scale commercialization. So far, only a small amount of 

Si-based active particles (with mass content less than 10%) 

can be blended with graphite to prepare commercial anodes.[6] 

Thus, there’s still plenty of room for the LIB improvement. 

Meanwhile, considering the uneven distribution and low 

abundance of lithium, sodium-ion battery (SIB) with low cost 

has aroused increasing attention, especially for large-scale 

energy storage applications. Over the past decades, 

tremendous efforts have been devoted to developing high-

performance SIB through exploring cathode and anodes 

materials, as well as suitable electrolyte and separator 

materials. Excitingly, the battery company CATL recently 

officially launched the first-generation sodium-ion battery 

with a single cell energy density of 160 Wh kg-1, showing 

obvious advantages in low-temperature performance and fast 

charging. In addition, the flow battery technology represented 

by vanadium redox battery has gradually matured and entered 

the initial stage of commercialization. 

It’s likely not over. In order to further improve the safety 

of LIB, all-solid-state batteries obtained by replacing liquid 

electrolytes with polymers and other solid-state electrolytes 

(SSEs) have become another research thrust in recent years.[7] 

Despite tremendous progress on the discovery of highly 

conductive SSEs, the practical applications of this type of 

battery still face barriers.[8] With respect to the energy density 

target of 500 Wh kg-1, lithium-sulfur (Li-S) battery has long 

been deemed as a viable scheme because of its ultrahigh 

theoretical energy density (~2600 Wh kg-1). The past decades 

have witnessed remarkable progresses on the robust cathode 

and electrolyte design, which has promoted the performances 

of Li-S batteries at the lab-level. However, the practical 

application of Li-S battery is still in infancy owing to new 

challenges regarding low-sulfur-loading cathodes, excess 

anodes and electrolytes.[9] Very recently, Li-CO2 batteries have 

drawn extensive attention from researchers owing to dual 

characteristics of advanced energy storage and effective CO2 

fixation.[10] At present, the research on this type of battery is 

still only at the fundamental stage, including reaction 

mechanism, design of high-efficiency cathode and electrolyte 

materials.  

 

3. Sustainability in the battery industry 

Advances in materials science are tremendously prompting the 

development of energy storage technology. With the advent of 

the electrification era, the recyclability issue facing by 

batteries has caused great concern in industry and government 

departments. Recently, the European Union (EU) has 

proposed a new Battery Regulation aimed at ensuring the 

sustainability of batteries placed on the EU market, thereby 

developing a strong European battery industry and value 

chain.[11] This regulation addresses the climate impact of the 

entire battery life cycle by compulsory carbon footprint 

declaration and subsequent determination of the maximum 

threshold. Besides, it also emphasizes concrete actions to 

promote the recycling of key materials, aimed at improving 

collection and recycling efficiency; increasing the recovery 

rate of lithium, cobalt, and nickel; and mandating the use of 

recycled materials in new battery systems. Moreover, it also 

puts forward specific requirements for longevity and 

performance management. These regulations laid the 

foundation for the EU's efforts to establish circularity as an 

economic opportunity, which is consistent with its long-term 

sustainability goals. In fact, the LIB market is dominated by 

Chinese companies, which account for more than two-thirds 

of the supply chain. In December 2020, the State Council of 

China issued "Energy in China’s New Era", which is a 

blueprint for the development of the energy sector by 2030. It 
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involves guidelines for the development of the battery supply 

chains, which include recycling to supporting energy 

efficiency and regulations to reduce the carbon intensity used 

to power electric vehicles. In the United States, the 

electrification of transportation and the provision of critical 

materials have been declared the top priorities of the Biden 

administration.  

It can be seen that only the sustainable development of the 

battery industry can ensure that the electrification of energy 

production is truly realized. In this process, it is necessary to 

ensure the green and healthy development of all segments of 

the battery industry chain. For example, integrating with green 

power systems, developing green and environmentally 

friendly electrode processing methods, and developing low-

cost recyclable electrode materials. It is indisputable that this 

will be a global revolution that requires the collaboration of all 

parties including material scientists, engineers, manufacturers 

and policy makers. 
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