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Research progress in multifunctional structural batteries

XU Zhibin, SHAN Xinyu, LI Yang, WANG Songrui, LIU Xingjiang"

(National Key Laboratory of Chemical and Physical Power Sources, Tianjin Institute of
Power Sources, Tianjin 300384, China)

Abstract: With the rapid development of next-generation vehicles such as electric vertical take-off and
landing (eVTOL) aircraft and electric vehicles (EVs) , there is an urgent demand for efficient energy
storage systems that combine high energy density with lightweight characteristics. Multifunctional structural
batteries (MSBs) , as a disruptive technology integrating energy storage and structural support, merge
these two functions into a single component, thereby offering a novel approach to system-level weight
reduction, space optimization, and functional integration. This review outlines the fundamental concepts of
MSBs and surveys the primary technical pathways, focusing on two core integration strategies: embedded
(physical integration) and intrinsic (chemical fusion) architectures. It provides an in-depth examination of
key enabling technologies, including the optimization and modification of carbon fiber electrodes, the
development of structural electrolytes, and interface engineering strategies. Recent advances in enhancing
electromechanical performance through surface modification and composite-phase construction are
summarized. Furthermore, novel structural designs and manufacturing processes are introduced, along
with evaluation frameworks based on electromechanical coupling theory and multifunctional efficiency
metrics. The review concludes by discussing the persistent challenges in the field. Although further
fundamental researchs and technical breakthroughs are required for practical application, MSBs
demonstrate significant potential to revolutionize conventional design paradigms.
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Fig.1 Technology and applications of multifunctional structural batteries
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Table 1 Comparison of conventional energy storage systems and MSBs energy storage systems

Structural battery-integrated energy storage system

Feature Conventional energy storage system
Gravimetric Low: energy storage and structural systems are
efficiency independent

Space utilization ~ Low: dedicated space required for battery installation

Design flexibility ~ Limited: constrained by standard battery form factors

Multi-functionality = Single function: energy storage

System robustness ~ Centralized architecture: vulnerable to localized failure

Manufacturing cost Low to moderate: mature processes with high

High: integration of structure and function enables system-level weight
reduction

High: distributed integration within structures optimizes spatial layout
High: customizable shape and size for conformal integration with
structures

Integrated functions: energy storage, load-bearing, and potential
thermal management

Distributed architecture: offers superior system redundancy and resilience

Relatively high: novel materials and processes, not yet at full-scale

scalability production
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Fig.2 Approaches to multifunctional integration of structural batteries

(a)embedded structure ; (b)laminated structure; (¢)all-fiber structure; (d)fiber battery structure
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[32]

(a)schematic diagram of all-fiber SBC; (b)cross-section of full cell; (¢ )modulus of an all-fiber structural battery full cells before

and after galvanometric cycling; (d)coulombic efficiency and capacity retention of full cell at 0.1 C for 1000 cycles
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Table 2 Electrochemical and mechanical properties of structural battery composites
Energy Young’ s Tensile Flexural Flexural
Anode  Cathode Structural electrolyte density/ modulus/ strength/ modulus/ strength/ Cycle Ref.
(Wh-kg™")  GPa MPa GPa MPa
Gr@CF LFP@CF SEP&.1 mol-L ' LiTFSI  35(cell) 1.8 213 High capacity [54]
in EMIMBF, retention for 50 cycles
CF LFP@CF BPAMA/0.4 mol-1.7! 23.6(cell) 25 300 High capacity [58]
LiBoB+0.6 mol-L.~* retention for 60 cycles
LiTfin EC:PC
Zn@CF  MnO,@CF PVA/ZnCl,-MnSO, 181.5 12.5 293 4.4 181 88.3% retained after  [56]
(active)/55 100 cycles
(cell)
7n NH,V,0,@CF PVHF/KL-Z 159(active) 5.7 166 52.4 584 94.6% retained after  [59]
sheet 500 cycles
T800 NCM111@T800 CF - BPAMA/IM LiTFSI in 84(active) [51]
CF EC:PC
Gr@CF LFP@CF TETRAD-C/1mol-L"  10.0(cell) 221.8 119.8 91.9% retained after  [57]
LiPF; in DEC:DMC:EC 100 cycles
Al NG@T300 CF Epoxy+resin/AlCl, in 22.58 22.12 299.4 150.9 90% retained after [60]
mesh [EMIm |CI (active)/ 500 cycles
8.3(cell)
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Fig.4 Multi-path construction of structural electrolytes

(a)bi-continuous structure'™; (b)porous polymer resin infused with electrolyte!™’; (¢)resin-gel composite structure**!; (d)high-entropy electrolyte

[85]
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Table 3 Tonic conductivity and mechanical properties of different types of structural electrolytes

Matrix Electrolyte Tonic C(inductivity/ Young’s Tensile strength/ Ref.
(S-em ™) modulus/GPa  MPa
DGEBA+iPDA EMIM-TEFSI 0.64X107° 0.53 [65]
Bisphenol A LiTFSI in EMIM-TFSI/PC 4991074 0.85 [86]
BPAMA 1 mol-L ' LiTFSI in EC/PC 2.5X107° [51]
Epon-862-+EK3402 1 mol-L.~! LiPF; in EC/EMC/DEC (1.674£0.13) X107* 1.6640.04 78.974+1.06 [74]
EBPADMA +PEGDA 1 mol-L "' LiDFOB in EC/PC 2.2X107* 3.65 [73]
DMA 0.2mol-L™ ' LiTFSIin [C,HIm][TFSI] ~ 0.1X10°° [64]
AS-89 PV A, 5/epoxy, o/ TiTFSL 5,/ (ALO,),,  1.7X107* 56.9 [81]
TETRAD-C+BACM PVDF-HFP+SN 0.52X107° 0.77 22 [83]
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MSBs 4538 i iz F A b F RO R B B, B RIS 3=
BLAE PR LR O 5 A R I P A T R OB SR AL ST
Few G4 . R A X BT BERE A [ 25 H i
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Fig.5 Interface reinforcement strategy

[27

(a)rivets interlocking structure "’ ; (b)porous composite frame-work'*’; (¢)stitched architecture'*"
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Fig.6  Novel structural designs

(a)multicell structural battery composites'*'; (b)tubular structural battery

(¢)3D-printed structural battery™; (d)coaxial fiber bundle structural battery
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